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The rate of oxidation of CI@ by HOBr is first-order in each reactant and is general-acid-assisted in the presence
of phosphate or carbonate buffers. The products are @d CIGQ~, where the relative yield depends on the
concentration ratio of CI@/OH~. The kinetic dependence indicates the presence of a steady-state intermediate,
HOBrOCIO™ (or HOBIrCIO, ), that undergoes general-acid-assisted reactions to generate a metastable intermediate,
BrOCIO (or BrCIQ,). This intermediate reacts very rapidly by two competing pathways: in one patyr ClO
reacts to form 2CI@and Br, and in the other path OH(or H,O) reacts to form Cl@ and Br. Competition
between these pathways determines the yield o, ®l@ does not affect the rate of loss of HOBr. The reactions
are followed by the formation of Cl{n the presence of excess GIO The rate expression for the loss of HOBr

is ki[ClO2 J[HOBI] 3 (kua[HAD/ (k-1 + 3 (kua[HA])), where k; (for the formation of the intermediate) is 97 ¥

s 1 andkpa/k—; (M~1) values, which depend on the acid (HA) strength, arex3110° for H30™, 8.3 for HLPO,~,

and 0.064 for HC@ (25.0°C, u = 1.0 M). Reactions between HOBr and GlOare much faster than those
between HOCI and CI©.

Introduction the steps leading up to the formation of the metastable

intermediate are regarded as rate-limiting. Studies by Gordon
_ 4,7 i i iti

proposed as transient species in chlorite ion reactions with Eir:lit(i:g i\rllvgrl:;]egon Z%%L?tytrl?eelréfcrtiitn?.ggoqv;gsvsﬁd:gg?l

molecular chlorine, bromine, or iodine, as well as with hypo- . . -

halous acids (HOX, where ¥= Cl or Br)i-16 Taube and over a range of pH and reactant ratios. High concentrations of

Dodgert were the fi,rst investigators to propose a metastable phosphate or acetate buffer were used in these experiments, but

intermediate, GO, in the reactions of Cl@ with Cl, or HOCI. km\(/atllz eﬁZCtS.IOf thet gl;ﬁfr dv_vedr?hnot co?smer?% . ith
Their tracer experiments with radioactive chlorine gave unla- aldes-Aguliera et al- studied the reactions of bromine wi

- . ClO,~ and HCIQ in three buffer systems (HSQ'SOs2-,
beled CIQ and CIQ™ as products along with labeled CIThey
concluded that the main pathway to products involved an CICH,COOH/CICHCOQ, and CHCOOH/CHCOQ") and

intermediate in which the chlorine atoms were distinct from repo[ted that Cl9 was the exclusive OX|dat|on product. (no
one another. An unsymmetrical intermediate ClOs~ was found). They proposed BrCl@s an intermediate

-0 A . _ (eq 5) and, in contrast to the behavior 0£G}, they propose
nisfticc! sgal;;g i%r ((e:qls—cl)4 CI—Q) was proposed with the mecha that the BrCIQ reaction with CIQ~ (eq 6) is the rate-

determining step.

Intermediates of XCl@(where X= ClI, Br, or I) have been

Cl,* + ClO,” — CI*CIO, + CI*~ 1) Br, + CIO, = BrCIO, + Br- (%)
H* + HOCP + CIO, — CIFClIO,+ H,0  (2) BrCIO, + ClO, — 2CIO, + Br- (6)
A complex pH dependence was observed, but kinetic effects
% fast | 4 of the buffers were not considered. They also indicated that
2CI*CIO, — Cl;* + 2CI0; (3) HOBr was much less reactive than,Bn its reactions with
ClO,.
fast

CICIO, + H,O—>CP~ +CIO, +2H"  (4)
(7) Gordon, G.; Tachiyashiki, Environ. Sci. Technol1991, 25, 468—

: : . 474.
The metastable intermediate,.Ob, can decompose either by (g) peintler, G.; Nagypal, I.; Epstein, I. B. Phys. Chem.99Q 94,2954
a second-order reaction (eq 3) to give chlorine dioxide or by a 2958.

first-order reaction with water (eq 4) to yield the chlorate ion. l(gg E?Qﬁ"j 'L Gggiznr;pg”g Q-Ecpgti’;r‘]i?%z_% sztiln44K_-2(135rgén|morg
Equations 3 and 4 are considered to be fast reactions, wherea$ Chem.1982 21, 2192-2196. S T :

(11) Aieta, E. M.; Roberts, P. \Environ. Sci. Technol1986 20, 50—-55.

(1) Taube, H.; Dodgen, Hl. Am. Chem. S0d.949 71, 3330-3336. (12) Ni, Y.; Kubes, G. J.; Van Heiningen, A. R. P.Pulp Pap. Sci1993
(2) Emmenegger, F.; Gordon, thorg. Chem.1967, 6, 633—635. 19, J1-J6.
(3) Gordon, G.; Kieffer, R. G.; Rosenblatt, D. H.Rrogress in Inorganic (13) De Meeus, J.; Sigalla, J. Chim. Phys.-Chim. Bioll966,63, 453—
Chemistry Lippard, S. J., Ed.; Wiley-Interscience: New York, 1972; 4509.
Vol. 15, pp 201-286. (14) Epstein, I. R.; Kustin, KJ. Phys. Chem985 89, 2275-2282.
(4) Tang, T.; Gordon, GEnwiron. Sci. Technol1984 18, 212—-216. (15) Valdez-Aguilera, O.; Boyd, D. W.; Epstein, I. R.; Kustin, K.Phys.
(5) Rabai, G.; Beck, M. Tlnorg. Chem.1987, 26, 1195-1199. Chem.1986 90, 6696-6702.
(6) Rabai, G.; Orban, MJ. Phys. Chem1993 97, 5935-5959. (16) Emerson, D. WInd. Eng. Chem. Re4.993 32, 1228-1234.
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In wastewater treatment, chlorine is a widely used disinfec- and CIQ™.

tantl” Chlorine hydrolysis (eq 7) is relatively rapid with a
hydrolysis rate constant of 22.3%sat 25.0°C 18

Cl(aq)+ H,0=HOCI+ H" + CI~ (7)

Furman and Margerum

The present work addresses the kinetics and
mechanism of this reaction.

Experimental Section

Reagents. Solutions were made with deionized, distilled
water. Working solutions of NaOCI (ClO-free) were prepared

A typical range of bromide ion concentrations in groundwater from a stock solution obtained by slowly bubbling (g

is 0.01-3 mg/L2® Chlorine reacts extremely rapidly with Br
(the rate constant is 7 10° M1 s72) to give BrCl(aq), which
hydrolyzes rapidlyK > 10° s™1) to give HOBr2° The reaction
between HOCI and Bralso is proposed to proceed through
BrCl, followed by rapid hydrolysis to HOBr. The rate constant
for the overall reaction (eq 8) is 1.56 10° M1 571,21

HOCI + Br~ — HOBr + CI” 8)

Mixtures of HOCI and HOBr can react to generate chlorate

ion (eq 9) or bromate ion (eq 183.

HOBr

3HOCI Clo,” + 3H" +2CI

9)
2HOCI+ HOBr— BrO,” + 2CI" + 3H"  (10)

Bromate ion is a carcinogen and nephrotd3r?® The

through stirred solutions of NaOH-Q.1 M) maintained at 64
°C. The NaOCI solutions were standardized spectrophotometri-
cally. The molar absorptivity for NaOCIl was determined by
two methods. lodometric titrimetric methods gaye, = 362
+ 2 M 1cm 12 In a second method, a solution of NafhO
was added in excess to the NaOCI, and the mixture was adjusted
to pH 5 with acetic acid. After complete reaction, the solution
was diluted and analyzed for NOby capillary electrophoresis
(CE) methods. The [N®] determined was used to calculate
the [OCI]. This gave 362+ 5 M~1 cm™! as the molar
absorptivity for OCI at 292 nm, in agreement with the
iodometric method.

Commercially available NaClQwas recrystallized by using
a procedure modified from previous repottsThe carbonate
content of the commercial solid (measured by CE) was removed
by precipitation with a solution of Bagl (Some Ba(ClQ);
coprecipitated.) The remaining supernatant liquid was collected
and cooled in an ice bath. The NaGl@as recrystallized in

Environmental Protection Agency has proposed that the maxi- e temperature range frofb to —15°C, collected by vacuum

mum contaminant level (MCL) in drinking water should be less
than 0.01 mg/L, with a maximum contaminant level goal
(MCLG) of no detectable Brey.1° Data on the health effects
associated with exposure to GlQare not complete, so chlorate
ion will not be regulated as part of the Disinfectants and
Disinfection Byproduct Proposed Rui&. However, it is a

filtration, and washed with 100% acetone. A final recrystalli-
zation step was performed on the solid from a 75:25 acetone/
water mixture. The solid was washed, and argon gas was used
to evaporate residual acetone from the final product. The
NaClG; was stored over 405 in vacuo and kept in the dark.
The purity was determined by standard iodometric titrimetry,

candidate for future regulation. On the other hand, the proposed@nd the product was confirmed to be free of other anionic

MCL for chlorite ion (CIQ;") is 1.0 mg/L. Reactions between
mixtures of HOCI and HOBFr initially produce chlorite ion and
bromide ion (eq 1132

HOCI+ HOBr—CIO, + 2H" Br~ (12)

If HOCl is in higher concentration than HOBr (which is typically
the case in water chlorination), the Bpenerated is rapidly

impurities by capillary electrophoresis. The purified NaglO
has a molar absorptivity of = 154.0+ 0.7 M1 cm™t at 260
nm. Sodium chlorite solutions were prepared from the recrys-
tallized solid (99.98%).

Chlorine dioxide was synthesized by a process described in
a review paper by Masscheleih.Acetic anhydride was added
to a solution of NaCl@ and argon gas was used to strip off
ClO; from the main reaction tower. A second tower contained
a 5% solution of NaCl@and served as a scrubber to remove

converted back to HOBr (eq 8). As a consequence, the nextany possible Glthat may have formed in the process. The
stage in the halogen redox process is the reaction between HOBIC|0O, was trapped in a third gas collection tower which contained

(17) Maxted, J. R.Proceedings Wastewater Disinfection Alterast
Design, Operation and Effectiveness Workshop Water Pollution
Control Federation, Washington, DC, 1983.

(18) Wang, T. X.; Margerum, D. Winorg. Chem1994 33, 1050-1055.
(19) USEPA. National Primary Drinking Water Regulations; Disinfectants
and Disinfection Byproducts; Proposed Rufed. Regist1994 59,

38668-38829.

(20) Wang, T. X.; Kelley, M. D.; Cooper, J. N.; Beckwith, R. C.; Margerum,
D. W. Inorg. Chem.1994 33, 5872-5878.

(21) Kumar, K.; Margerum, D. Winorg. Chem.1987, 26, 2706-2711.

(22) Lewin, M.; Avrahami, M.J. Am. Chem. S0d.955 77, 4491-4498.

H,0 at 0—4 °C. Solutions of CIQ were freshly diluted prior
to use. Small amounts ofpentane were added to the solutions
to cover the surface and retard the evaporation of ,CH3
recommended by Lengyel and co-worké&sThe molar ab-
sorptivity was found to be 123@ 10 M1 cm~ at 359 nm by
using standard iodometric titrimetry.

Solutions of BrQ~ and CIQ~ were prepared from their
respective sodium salts obtained from Aldrich. Reagent purity
was confirmed by standard iodometric (for BrQ and Cé*/

(23) Japanese Ministry of Health and Welfare, Cancer Research Report, F€ (for ClO3™) titrations.

1976, pp 744745 (Aug 1977).

(24) Kurokawa, Y.; Hayashi, Y.; Maekawa, A.; Takahashi, M.; Kokubo,
T.; Odashima, SJ. Natl. Cancer Inst1983 71, 965-982.

(25) Kurokawa, Y.; Maekawa, A.; Takahashi, M.; Hayashi,Bfwiron.
Health Perspect199Q 87, 309—-335.

(26) Gosselin, R. E.; Smith, R. P.; Hodge, H. C.; Braddock, J. Elitrical
Toxicology of Commercial Produgt¥racy, T. M., Ed.; Williams &
Wilkins Inc.: Baltimore, MD, 1984; pp Il 34, 110-112, lll 74—
77.

(27) Budavari, SThe Merck IndexMerck & Co., Inc.: Rahway, NJ, 1989;
pp 1212-1213.

(28) Loebl, SThe Nurse’s Drug HandbogRohn Wiley & Sons Inc.: New
York, 1989; pp 1164, 1166.

Solutions of bromide-free HOBr were made by the reaction
of HOCI with Br~ in a 1:1 mole ratio. An aliquot of this
solution was made basic, and the solution was standardized
spectrophotometrically based on the molar absorptivity of
NaOBr, e = 332 M1 cm™® at 329 nm*® Under reaction

(29) Beckwith, R. C.; Margerum, D. W. Unpublished results.

(30) Fabian, I.; Gordon, Gnorg. Chem.1992 31, 3785-3787.

(31) Masschelein, W. J. Am. Water Works Assot984 76, 70—76.
(32) Lengyel, I.; Li, J.; Epstein, I. RJ. Phys. Chem1992 96, 7032—
(33) T8y, R. C.; Margerum, D. Winorg. Chem.1991, 30, 3538-3543.
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conditions where an impurity of BriO (4—5%) was problematic ~ Table 1. Observed Rate Constants and Fraction of Jfbduced
in our analyses, an alternate preparation of HOBr was usedfrom HOBr Reaction with Excess ClO®

where liquid Bp was added to cold solutions of NaOH. This [CIOs], M p[H*] Kobsa S fraction CIG,
solution was relatively free of BrO (less than 0.0uM). The 0.001 344 6.68 0.0281(6) 0.178
Br~ generated by this alternate preparation was removed by  .001 973 6.67 0.042(3) 0.258
reaction with AgOH* 0.002 653 6.68 0.0582(4) 0.345

A 1.0 M NaOH solution was prepared by diluting a saturated ~ 0.003 294 6.66 0.075(2) 0.359
NaOH solution into He-sparged water. It was stored in 8-882 ggi g-gg 8-232?5(? 8-22?
polypropylene bottles under Ascarite 1l to protect from £O 0.005 313 6.68 0:121(5) 0.450
absorption and standardized titrimetrically against primary 006 578 6.66 0.162(5) 0.499
standard KHP to a phenolphthalein end point. Stock HCIO 0.007 877 6.67 0.21(2) 0.542
solutions were standardized with a NaOH solution. These  0.01051 6.66 0.22(1) 0.646
solutions were used for pH adjustments where necessary. 0-02100 6.67 0.49(1) 0.746
Phosphate buffer solutions were prepared from pR® and 8'821 gtl) g'g; 8';%3 8'2%2

NaHPO,. Carbonate buffer solutions were prepared from

NaHCQ; and NaOH. The ionic strengti) for all experiments, 2 Conditions: [Br(l)] = 0.0525 mM, 0.10 M [PG}r, x = 1.0 M

except for those where capillary electrophoresis was involved, NaClQs 25.0°C. The numbers in parentheses are standard deviations.

was controlled with analytical reagent grade NaCtiat was T_hg fraction Qf ClQ is defmed as the concentration of Gl@®und
divided by twice the [HOB¥]

recrystallized from water, redissolved, and standardized gravi-

metrically. , , to form N-chloroethylenediamine that does not interfere with
~Methodology and Instrumentation. An Orion model 720A  the analysis of CI@ by CE. There also was no interference

digital pH meter eqmppeq with a Corning combination electrode fom the excess ethylenediamine, as it is a water-soluble

(model 2513) was used in all pH measurements. The electrodecompound that is present as a cation under the conditions of

was calibrated through ftitrations of standard HgEI@ith the separation.

standard NaOH to correct the measured pH values td o Chlorate ion recovery from the reaction between HOBr and

25.04+0.1°C andu = 1.0 M. Analysis of the titration data by  gxcess Cl@- was determined by CE. Prior to the analysis, the
the method of Grait was followed by a linear regression of  gsample solution was placed into a gas collection tower and

measured pH and p[f] values. We use p[H = —log [H] gegassed with He to remove any dissolved £IO
because values are expressed in molarities rather than in gpecirophotometric measurements of the reaction between
activities (pH= —log ay). HOBr and CIQ~ were performed on a Perkin-Elmer Lambda

A Hewlett-Packard *°Capillary Electrophoresis System g yyjvis/near-IR spectrophotometer used in conjunction with
equipped with a negative power supply, a variable-wavelength pecss (Perkin-Elmer computerized spectroscopy software).
UV detector, and Hewlett-Packard extended light path capillaries paster rates of reaction were followed with either an Applied
(i.d. = 75um, Le = 72 cm, Lo = 80.5 cm) was used for the  ppotophysics stopped-flow spectrophotometer interfaced to a
product identification of anions. The capillary was contained acorn RISC PC using kinetic software (v 4.25) or with a
in a Peltier temperature-controlled cartridge maintained at 15.0 pjonex-Durrum model D-110 stopped-flow instrument inter-
+0.1°C. A pressure sample injection mode was used. Data faced to a Zenith 151 CPU with a Metrabyte DASH-16 A/D
acquisition was performed with the HPCE Chemstation and  jnterface card. All reactions were run under pseudo-first-order
software. The run buffer consisted of 0.10 M boric acid and ¢ongitions with CIQ~ in large excess relative to the initial
5.0 mM sodium borate at pH 8.0. Naphthalenedisulfonic acid [HoBr). The rates of the reaction were monitored at 359 nm
(disodium salt from Kodak) (NDS) was incorporated into the {or the appearance of CIO Reactions were followed for at
buffer for the indirect detection of anions. Diethylenetriamine |aast 4-5 half-lives. Reactions were thermostated at 25.0
(Aldrich) was added to the buffer to reverse the electroosmotic g 2 °c and were maintained at an ionic strength ¢f 1.0 M.
flow to allow for the detection of the anions in the samples. As The rate constants reported are the results obtained from an
the separated ions migrate past the detector window, they are;yerage of 510 traces. The observed pseudo-first-order rate

measured as negative peaks relative to the high baseline of thg.gnstant is defined by eq 12, where [HOBE: [HOBI] +
NDS. By reversing the signal and the reference wavelengths [OBr].

on the diode array detector of the Hewlett-Pack¥&@apillary
Electrophoresis System, a positive signal was obtained. —d[HOBI]
Hypochlorite stock solutions were tested for chlorate ion after d—T = Ky,sd HOBI ¢ (12)
treatment of an aliquot of the hypochlorite solution with L
analytical reagent grade (neat liquid) ethylenediarfn This The integrated form in terms of the observed chlorine dioxide

solution was subsequently injected onto the CE system to obtain. " ~. . )
any signal due to CIQ. Ethylenediamine was used in 25- is given by eq 13. The fraction of HOBr that is converted to

fold excess relative to the original hypochlorite concentration g&??nvizefsw'th the reaction conditions, but these terms cancel

(34) Noszticzius, Z.; Noszticzius, E.; Schelly, Z. A.Phys. Cheml983
87,510-524. [CIO].,
(35) Rossotti, F. J. Rossotti, H. J. Chem. Educ1965,42, 375-378. n = Kypsd (13)
(36) Bolyard, M.; Fair, P. S.; Hautman, D. Prwiron. Sci. Technol1992 [Cloz]oo - [Cloz]t
26, 1663-1665.

(37) sla—lseﬂjégﬁan, D. P.; Bolyard, Ml. Am. Water Works Assot992 84, Results and Discussion

(38) Bolyard, M.; Fair, P. S.; Hautman, D. B. Am. Water Works Assoc. Products. The chlorine dioxide formed from the reaction
1993 85, 81—88. ) - SO
(39) Gordon, G.; Adam, L. C.; Bubnis, B. P.; Hoyt, B.; Gillette, S. J.; between HOBr and excess GIOs used to monitor the kinetics.

Wilczac, A.J. Am. Water Works Assot993 85, 89—97. Table 1 gives the yield of CI9in terms of the fraction Cl®
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Table 2. Chlorate lon Found from the HOBr and GiOReaction
as Determined by CE

p[H*] [ClO37] found, M CIG;~ recovered, (%)
6.10 8.2x 1075 54
6.56 9.3x 10°° 61
7.06 1.0x 107 66
7.51 1.2x 104 79

aReaction conditions: [Cl®] =3.761 mM, [HOBr} = 0.151 mM,
0.02 M phosphate buffer (total), and 25.Q.  Percent is relative to
[HOBTTo.

produced f{= [ClO2]sound 2[HOBI];) based on the stoichiometry

in eq 14. The other product is C§O (eq 15).
HOBr+ 2CIO, — 2CIO, + Br + OH ™ (14)

HOBr+ ClO,  — CIO;” +Br +H" (15)

The yield of CIQ increases with increase of GiJOconcentra-
tion and with acidity. In the presence of excess £1@he CIQ

Furman and Margerum
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Figure 1. Chlorite ion dependence of the observed first-order rate
constant for the reaction of HOBr with excess [GID Conditions:
[HOBr], = 0.0525 mM, p[H] 6.67 &+ 0.01, in 0.1 M [PQ]t, « = 1.0

M (NaClQy), 25.0°C. The second-order rate constant determined from
the slope is 23 M' s™%.

intermediate. We propose that BrOCIO is extremely reactive.

product is relatively stable and does not decay over the time It can react rapidly with another C}Oto give 2CIQ and Br,

intervals of the measurements. The relative yields of Gt

or, alternatively, it can react rapidly with Otbr H,O to give

ClO;~ depend on competing kinetic pathways, but we will show CIOz;~ and Br. The ratio of products depends on the ratio of
that this occurs after the rate-determining steps. Therefore, oneks[CIO, 1/kjJOH ], but neitherks nork, is in the rate expression

or more intermediate species must be present. Chlorate ion waecause these reactions occur after the rate-determining forma-
confirmed as a reaction product by capillary ion electrophoresis tion of BrOCIO. With HOBrOCIO as a steady-state species,

measurements. The CJOyield increases with p[H], as shown
in Table 2.

Kinetics. The observed first-order rate constant is directly
proportional to the concentration of excess chlorite ion (Figure
1). Despite the fact that two C}O are needed per HOBr for
CIO; formation (eq 14), and despite large variations in the yield

the rate expression for the loss of HOBr is given by eq 19,
where HA is any acid.

—~d[HOBr]; _ k;[CIO, JHOBII( Y (kya[HAD)
dt Kyt Y (kuaHA)

(19)

of CIO; as conditions change, the reaction is always first order |, ¢ studies. HA is HO*, H,PQ,~, HCOs~, or H,O. The

in [CIO2~]. Thekopsqvalues increase with increased concentra-
tions of [H'], [H2POy~], and [HCGQ™]. A mechanism is needed

expression forkgpsg (€q 20) has a first-order dependence in
[CIO,7], does not depend on the or k4 rate constants, but is

that accounts for this acid assistance, the first-order dependencq,]igmy dependent on the concentrations of acidic buffer species

in both [HOBr] and [CIQ~], and the relative yields of CIO
and CIQ™.

Proposed Mechanism. In the proposed mechanism (eqs-16
18), a weak complex is formed between HOBr and £1O

k_
HOBr + CIO,” =-=HOBrOCIO" (16)

HA + HOBrOCIO™ ~* BrocIO + H,0A™ (17)

Kk .
+ClO,” —=2CIO, + Br
BrOCIO

(18)
— k4 — — +
+OH ——ClO;” +Br +H
ast

This requires an expansion of the number of valence electrons

around the bromine atom from 8 to 10, in a manner similar to
the bonding in B§ or in HOBrI—.3% The intermediate given

in eq 16 indicates ©Br—0O bonding in HOBrocCIO, but
O—Br—ClI bonding is also possible, which would correspond
to a HOBrCIQ™ intermediate. Intermediates of this type have
been proposed by Gordon et¥dbr the reactions of HOCI with
CIlO,~, where HO-CI-CIO,~ precedes the formation of €l
ClO,. In our mechanism, HOBrOCIO is a steady-state

in accord with our observations.

[H]
[H+] + KaHOBr
ot S (koalHAD

In the proposed mechanism, OBs not a reactive species. The
value of K "OB" is 8.59 under our conditiorf§,so correction
for the [HOBTr]/[HOBr]y ratio is needed at higher pH. Equation
20 includes this correction.

The yield of CIQ (eq 21) depends on the competition
between the BrOCIO reaction with CjOand its reaction with
H,O or OH™ (eq 18).

KICIO, T (ka[HA]

Kobsd™= (20)

2k[ClO, ]
k" + k,°M[OH™] + 2k[CIO, ]

f = CIO, fraction= (21)

Figure 2 shows the dependence of the £}@ld on the CIQ~
concentration at p[H = 6.67 & 0.01. Figure 3 shows the
p[H"] dependence of the Clield when the CI@~ concentra-
tion is constant (3.761 mM). These data give valuekfg®©/
ks = 1.84(0.04) x 1074 M andks°"/ks = 6.83(@-0.05) x 1C°.
The ratio of k®H/k,%° is 3.71 x 10 M™%, so the OH

intermediate that undergoes general-acid-assisted reactions t@40) Gerritsen, C. M.; Gazda, M.; Margerum, D. Wiorg. Chem.1993

eliminate water and form BrOCIO (or BrCHpas a metastable

32, 5739-5748.
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Figure 2. Yield of CIO, vs excess [CI@]. The fraction of CIQ is
defined as the concentration of Gl@und divided by twice the initial
[HOBTr]. The dotted line is the least-squares fit obtained from eq 21.
Conditions: [HOBr} = 0.0525 mM, p[H] 6.67+ 0.01, 0.10 M [PQr,

u = 1.0 M (NaClQ), 25.0°C.

path dominates above pfifi7. In contrast to the strong buffer
dependence found for the rate constants in eq 17, the yield of
ClO, is not affected by changes in HFO or CO2~ concentra-
tions.

Acid and Buffer Dependence uporkepse The dependence
of Kopsg from p[H*] 5.00 to 9.01 in 0.10 M phosphate or
carbonate buffer can be accounted for in terms of the reaction
mechanism (eqgs 1618) and eq 20. Because HOBrOCI®
a steady-state intermediate, we can evaluate the ratip,@f
k-1 rate constant, but not the individual rate constants for its
acid-assisted conversion to BrOCIO. The resulting expressions
for kopsgin phosphate buffer is given by eq 22 and in carbonate
buffer by eq 23.

Kobsa=

ky[H ] kHzm H]
kl( T MO, ][C'OZ]W
1+k”l£i] kH2P04[H2PO4]
(22)
Kobsa™=
Kio kH[H] B H7]
et ”C'O“m

(23)

Theky,o/k-1 term is negligible for the phosphate buffer region
and, therefore, is not given in eq 22. The correction term for
the OBr~ concentration is small for most of the phosphate data
but becomes appreciable for the carbonate data. The depen
dence okopsgon the [HPO,~] concentration at p[H] 5.92 and
6.42 is given in Figure 4. The [HCGO] dependence is shown

in Figure 5, and the p[H dependence is given in Figure 6. All
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Figure 3. Yield of ClO, as a function of p[H]. Conditions: [CIQ];

= 3.761 mM, [HOBr}, = 0.0525 mM, 0.10 M [PG}r, u = 1.0 M
(NaClQy). The dotted line is the least-squares fit based on eq 21.
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Figure 4. Effect of HLPO,~ concentration on the observed first-order
rate constant. Conditions: [C}J = 3.761 mM, [HOBr}, = 0.0525
mM, p[H* ] 5.91-5.92, or 6.39-6.45 in 0.10 M [PQlt, « = 1.0 M
(NaClQy). The dashed line is the nonlinear least-squares fit based on
eq 22. The y-interceptsd) are the calculated rate constants for the
term without phosphate.
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Figure 5. Effect of the HCQ~ concentration on the observed first-
order rate constant. Conditions: [GIQ = 3.761 mM, [HOBr}, =
0.0525 mM, p[H ] 8.49-8.52in 0.10 M [CQ]+, u = 1.0 M (NaCIQ).

The dashed line is the least-squares fit based on eq 23. The y-intercept
(O) is the calcuated rate constant based onkilile_; term.

these data were used together in a least-squares fit of the ratg[H'] 8.51 + 0.02 permit us to estimate thdt,o/k_; is

constants that gavg = 97(6) M1 s71, ky/k—; = 3.1(5) x 1C°
M1, knpo/k-1 = 8.3(6) ML, andkyco/k-1 = 0.064(4) ML

It was not possible to obtain a reliable value kgyo/k-1 because
the contribution of this term to the reaction rate is very small.
However, the intercept in Figure 5 and the valueskigk-; at

approximately 2x 1074, The dashed line in Figures 4 and 5
show the fit of eqs 22 and 23 to these rate constants. Three
calculated lines are given in Figure 6 in order to show the
contributions of each acid as the pH changes. The dashed line
for the phosphate-buffered reactions is obtained from eq 22.
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0.0 T T T T Table 3. Summary of Rate and Equilibrium Constants
0.5 . k= 964 6 M~1s7L, pKHOBr = 8 50
e ks = (1.84+ 0.04) x 104 M
-L0 \gj&&% . KiOH/ks = (6.83+ 0.05) x 1C0°
5 N S 1 HA PKHA Kialk 1, ML
g 20y N T HyO" 172 (3.1+05)x 1°
2 a5t N | H.PO,~ 6.26' 8.3 (:0.6)
AR HCO5™ 9.48 0.064 (£0.004)
3.0 N %y H,0 15.74 ~3.5x 10761
35 \-\ aConditions: x = 1.0 M (NaClQ), 25.0 °C, pKy = 13.60.
4.0 . . . e ] b reference 40¢ —log(55.5).4 Determined for reaction condition$The
45 55 65 75 85 95 value is from—log(K./55.5)." Value calculated fromk{ia"2°/k-1)/55.5.
p[H] 6..1...,.0.
Figure 6. Dependence on the observed first-order rate constant as a 4t J
function of solution p[H]. Conditions: [HOBr} = 0.0525 mM,
[CIO;] = 3.761 mM, in 0.10 M total buffer<¢, phosphate 0O, -~ 27 b
carbonate)uy = 1.0 M (NaClQ), 25.0°C. The calculated nonlinear = o
least-squares fits based on eq 22 with (- - +-&hd HPO,”) and ¢+) ;: 0r 1
H*, H,0, and HCQ™ based on eq 23, and forttand HO terms only < Ll _.-O |
=) S
S 4L ]
Scheme 1. Proposed General-Acid-Assisted Path To
Generate BrOCIO (or BrClg) -6 Y ]
HOBr + ClO; I S
ki ¢ Tk-l -16-14-12-10 -8 -6 -4 -2 0 2 4
log(K ,q/p)
HOBrOCIO™ . . . .
Figure 7. Bregnsted plot for general-acid assistance of the reaction
TAH l Kpa between the steady-state intermediate, HOBrOClé&hd HA, where
:*: Ka is the ionization constant of HA. The slope of the lirng gquals
0.59+ 0.01 (eq 24).
ORI YRR
A-- H--0%- BrOCIO _ ) "
data points. Rate constants for the acid-catalyzed decomposition
L of the complex, HOBrOCIO, increase with increasing acid
strength.
A"+ H0 + BroCIO XCIO; Intermediates. Taube and Dodgéraddressed the

connectivity of the intermediate &,. Their results showed
The dotted line for the carbonate buffered reactions is obtainedthat CLO, was not symmetrical (i.e., it is neither €0—0O—
from eq 23. The dashedtot line shows the contribution of  Cl nor O—CI—CI—0) but could be either Y-shaped (0]:[8)
H3O" and RO if H,PO,~ and HCQ™ are not present. or chain-like (CHFO—CI—-0). Although many authors imply
Brgnsted—Pedersen Relationship. The buffer dependence  Y-shaped structures for &€, and BrCIQ, the connectivity is
uponkobsd is a result of general-acid assistance by HA in the not known in aqueous solution. We have written the metastable
transfer of a proton combined with,B—Br bond cleavage in  intermediate as BrO—CI—0O because of some related studies
the step leading to BrOCIO formation (eq 17 and Scheme 1). between HOCI and Br© .42 However, the present work cannot
The ratio of rate constantk{x/k-1) that we resolved fromthe  djstinguish between BrO—CI—O and BrCI-J On the
p[H*] and buffer dependence studies show a Brensted relation-other hand, chloryl chloride (CI-Ciphas been prepared in both
ship (eq 24)? noble gas matrixes and in the gas phase, and evidence was found
for a Y-shaped intermediafé. Photolysis of matrix-isolated
Kaa . CICIO; resulted in the isomers CIOCIO and CIOOCI. In the
log Flp = log G, + alog(K.a/p) (24) gas phase, CIClOdecomposes into CkOand Ch. At room
temperature and a partial pressure of 1 mbar, the half-life of
wherep is the number of equivalent proton sites on the acid CICIO, is 1 m|n_.43 The isomer, CIOCIO, has been prepared in
form of the buffer, HA,q is the number of equivalent basic noble gas matrixes by Jacobs and co-wprk*érMolecules of
sites on the conjugate base; /Ga is the Bransted proportion- CIOCIO, BrOCIO, and IOCIO have been isolated and character-

ality constant, and is the Bransted coefficient. The value ized in argon matrixe$> These molecules have been found to
can range from 0 to 1 and reflects the degree of proton transfer'¢arrange to XCIQ(X = Cl, Br, or ) upon exposure to visible
in the transition state. Table 3 summarizes the valueg&fgor radiation, but CICIQ and BrCIG can be isomerized back to

k_; andKzH for each acid, HA. Théw,o/k 1 value is divided e chain form by near-UV radiatio.
by the molarity of water (55.5 M) to convert it to the same
units as the other acids. Figure 7 is a Brgnsted plot with a (42) Perrone, T. F.; Margerum, D. W. To be submitted for publication.

+ _ _ (43) Muller, H. S. P.; Willner, Hlnorg. Chem.1992 31, 2527-2534.
slope () of 0.59+ 0.1 based on thed®", H,PQ;", and HCQ (44) Jacobs, J.; Kronberg, M.; Muller, H. S. P.; Willner, HAm. Chem.
So0c.1994 116,1106-1114.
(41) Bell, R. P.The Proton in Chemistry2nd ed.; Cornell University: (45) Johnsson, K.; Engdahl, A.; Kolm, J.; Nieminen, J.; Nelander].B.
Ithaca, NY, 1973; p 198. Phys. Chem1995,99, 3902-3904.
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Recently, Guha and Franciséhave calculated geometries, Scheme 2. Proposed Reactions of BrOCIO To Give GIO
vibrational spectra, and relative energies of BrOCIO, BrIO  and CIQ™
CIBrO,, CIOBrO, and other XBr@isomers in the gas phase.

These calculations show that BrGlOs more stable than

BrOCIO by only 3.7 kcal moil. Solvation effects are not

known, and in agueous solution the relative energies of these :F
two forms could shift significantly. The above studies show

that either BrOCIO or BrCl@is a reasonable intermediate for

3
the proposed mechanism. +Cloy [Br(OClO)z
Reaction Pathways. The general-acid-assisted dependence

that we have observed and assigned to eq 17 in the mechanism  gocio

requires that proton transfer occur during the process of :*:
generating BrOCIO (or BrClg). If proton transfer occurred -\ |: 0
Br --0— Cl

Br + 2CIO

in a prior equilibrium to convert HOBrOClOto H,OBrOCIO

before the rate-determining step, the reaction rate would depend

only on the H concentration, as opposed to the experimental

dependence on general acid (HA) concentrations. Therefore, l

OH(-)

we suggest the transition state shown in Scheme 1, where the

oxygen-bromine bond breaks as proton transfer occurs. The _ o
Bransted value of 0.59 indicates that a significant degree of Br + 0 —Cl
proton transfer occurs in the transition state, leading to BrOCIO N\ ol

(or BrCIO,) formation.
Scheme 2 shows the proposed pathways for the conversion _
of BrOCIO to products. Under our conditions, the reactions of Tl OH
BrOCIO with CIG,~ and with OH occur after the rate-
determining step. Hencég and ks, do not contribute to the _
kobsq Values, but the ratios d&[ClO,/(ks*° + kCH[OH™]) Clo3 + H20
determine the yields of Clocompared to CI@ . As seen in
Scheme 2, OH attack k, path) at the chlorine atom of BrOCIO  two CIO, molecules. Alternatively, Clg attack on bromine

will lead to the elimination of Br and the formation of Clg . in BrOCIO could give a (OCIOBrOCIO) intermediate that
Valdez-Aguilera et al® studied the Brreaction with CIQ~ breaks up to form CI@+ Br~ + CIO..
and reported a BrClQintermediate that reacts rapidly with The observed rate constafitsfor CIO, formation in the

CIO,~ with a rate constant of 2.94 10° M~1 s™L. This value reactions of HOCI with Cl@~ appear to be 12 orders of
meets our requirement th&[ClO,~] is much larger than magnitude smaller than those for HOBr with GtOunder

ksY kna[HAJ/(1 + Skua[HA]). A self-exchange rate constant — similar conditions. The buffer dependencies for the HOCI
for CIO,/CIO;~ has been evaluatétio be 3.3x 10* M~1s™1, reactions have not been resolved, so it is difficult to make exact
It seems unlikely that the less favorable electron-transfer reactioncomparisons.

would occur rapidly between BrCicand CIGQ ™ to give CIG ) ]

and BrCIQ~ (followed by breakup of BrCl@ to Br- and Acknowledgment. This work was supported by Envm_)n-
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into Br- + 2CI0,. The intermediate might be formed by Glo ~ Sciénce Foundation Grant CHE-96-22683.
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