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Chloride ion catalyzes the reactions of HOBr with bromite and chlorite ions in phosphate buffer (p[H*] 5 to 7).
Bromine chloride is generated in situ in small equilibrium concentrations by the addition of excess CI~ to HOBr. In
the BrCI/CIO,~ reaction, where CIO, ™ is in excess, a first-order rate of formation of ClO, is observed that depends
on the HOBr concentration. The rate dependencies on CIO,~, Cl~, H*, and buffer concentrations are determined.
In the BrCI/BrO,~ reaction where BrCl is in pre-equilibrium with the excess species, HOBr, the loss of absorbance
due to BrO,™ is followed. The dependencies on CI~, HOBr, H*, and HPO,?~ concentrations are determined for the
BrCl/BrO,~ reaction. In the proposed mechanisms, the BrCI/CIO,~ and BrCI/BrO, ™ reactions proceed by Br* transfer
to form steady-state levels of BrOCIO and BrOBrO, respectively. The rate constant for the BrCl/CIO,™ reaction
(K" is 5.2 x 105 M~* 51 and for the BrCl/BrO,~ reaction (k) is 1.9 x 105 M~% s~ In the BrCI/CIO, case,
BrOCIO reacts with ClO,™ to form two ClO, radicals and Br~. However, the hydrolysis of BrOBrO in the BrCl/
BrO,~ reaction leads to the formation of BrO;~ and Br—.

Introduction reactions have been examined because of the limited com-
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of relevance to several environmental and chemical areasPreparation and purification methtidhas permitted the

Tropospheric ozone depletion in the Arctic region at sunrise investigation of several systems including BrQeactions

is dependent in part on BrClAlso, the formation of Br@-, with 05,1 S(IV),*® CIO,, ' HOCI,* and HOBr!

a known carcinogen, in bromide-containing water is at- _ !N the present study the reactions of BrCl with ¢iGnd

tributed to BrCl reaction with hypochlorite ichRecently, =~ BrOz" are investigated in the p[i range of 5 to 7 by

studies of BrCl reactions have been conducted to gain a betteStopped-flow spectroscopy. We propose that both reactions

understanding of its chemistry. These include its hydrolysis Proceed through BrOXO (%= Cl or Br) intermediates
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BrCl Reactions with BrQ~ and CIO;~ lons

analogous to those formed in the chloride-free HOBr$XO
reactiong1:22

Experimental Section

Reagents.All solutions were prepared with doubly deionized
distilled water. HOBr solutions were prepared by adding liquigl Br
slowly to ice-chilled 0.2 M NaOH solution with rapid stirring.
Bromide was removed from the NaOBr solution by mixing the stock
with AgOH solution (freshly prepared by adding Aghl® NaOH)
and filtering out AgBr?® NaOBr solutions were stored in a
refrigerator. Bromide-free NaCl was prepared by mixing distilled
bromide-free HCI with saturated NaOH followed by gravimetric
standardizatioR.NaCIO, and NaBrQ were prepared and purified
by methods described earli€?? The stock NaBr@ is 63.4%
pure by weight with 7.0% NaBr§) 1.3% NaBr, 1.9% Ng5O,,
14.1% NaOH, and 12.2%4@. Analytical-reagent grade NaPO,
(pKa= 6.26¥2 and NaHPO, were used without further purification.
lonic strength was adjusted @ = 1.0 M with recrystallized
NaClQ,.

pH Measurement. An Orion model 720A pH meter equipped
with a Corning combination electrode was used for pH measure-

Table 1. Equilibrium Constants for a System Containing HOBr; Br
Cl~, and H

reaction equilibrium constant values
BrCl + CI- = BrCl;~ KE 3.8M1
BrCl + H,O =HOBr+ CI- + H* Kn1 1.3x 104 M?
Br, + HLO=HOBr+ Br~ + H* Kha2 6.1x 1079 M2
Cl, + HOO=HOCI + CI~ + H* Kha 1.04x 1073 M?
BrCl+ ClI-=Cl, + Br~ Kgfc' 9.1x 1077
Br, + Br~ = Brs~ K52 16.1Mm1
Br, + ClI~ = Br,Cl~ KE™? 13M1?
HOBr + CI~ ==HOCI + Br~ KO8 6.5x 1076
Cl;+ ClIm=Cl3~ Kg'Z 0.18 M
HOBr=OBr~ + H* ng'OB’ 8.59
HOCI=OCI~ + H* K:om 7.47
BrCl + Br~ = Br,CI~ KEe 1.8x 10°M™!
Cl, + Br- ==BrCly~ KE? 42x 10°PM1
BrCl + H,O =HOCI+ Br~ + H* Kha 8.7x 10710 M2
2BrCl=Br; + Cl, Kgrc' 7.6x 108

a Reference 4 and references within. All equilibrium constants are at 25
°C andu = 1.0 M.

ment. The electrode was calibrated with previously standardized was used for regression analysis, and MathC¥dwés used for

HCIO, and NaOH to correct pH to p[H, where p[H] = — log-
[Hf] and K, is 13.60 (25.0°C, 1.0 M NaClQ).?
Spectrophotometry and Kinetics.A Perkin-Elmer Lambda 9
UV —vis—NIR spectrophotometer was used to standardize,BrO
(6295 = 115 M1 cm*l),25 C|Ozf (6250 = 154 M1 Cn’rl),22 and
OBr~ (e329 = 332 M1 cm™1).26 An Applied PhotoPhysics SX18
MV stopped-flow spectrophotometer (APPSF, optical path length
= 0.962 cm) equipped with a PD.1 photodiode array for simulta-
neous multiwavelength detection and a photomultiplier tube for
single-wavelength detection was used in studying the kinetics of
the reactions. The kinetics of the BrCl reaction with excess,CIO
were followed at thelax Of the product, CIQ (€359 = 1230 Mt
cm1),22 eqs 2-4. The term [HOBr equals the sum of [HOBI]
and [OBr] in the absence of Cl Upon the addition of chloride,

d[HOB
- % = KgpedHOBI] @)
_ d[_HZ’tB”T = K[cI0, JHOBr], + K{'[CIo, J[BrCh  (3)

Shsa= K[CIO, ] + akj'[CIO, ] 4)
low levels of the other nine species in Table 1 form, including the
highly reactive BrCl. Thea term is the BrCl concentration that
forms relative to [HOBH (eq 5) as will be discussed in a later
section. The BrCIl/Br@ kinetics were studied by following the

_ [Bry]
“ = [HOBH];

®)

loss of BrQ~ in the 240 to 245 nm region where [HOBI$ present
in large excess with respect to BrO(egs 6-8). SigmaPlot 8.5

(22) Furman, C. S.; Margerum, D. Whorg. Chem1998 37, 4321-4327.

(23) Noszticzius, Z.; Noszticzius, E.; Schelly, Z. A.Phys. Cheml983
87, 510-524.

(24) Mollino, M.; Melios, C.; Tongolli, J. O.; Luchiari, L. C.; Jafelicci,
M. J. Electroanal. Chem. Interfacial Electroche@®79 105 237—
246.

(25) Lee, C. L.; Lister, M. WCan. J. Chem1971, 49, 2822-2826.

(26) Troy, R. C.; Margerum, D. Winorg. Chem.1991, 30, 3538-3543.

(27) SigmaPlot 8.0 for WindowsSPSS Inc.: Chicago, IL, 2002.

complex algebraic treatments.

d[HOB
_ % — K& JBrO, ] ©)
_ % = KP'THOBI);[BrO, ] + K{'[BrClI[BrO, ] (7)

orsa= KPTHOBI]; + akf THOBI]; (8)

Product Analysis. A Dionex DX-500 chromatograph was used
to identify the products of the BrCI/BrQ reaction by a method
similar to EPA 300.2° Samples were injected via an autosampler
(AS 40) through a 25L injection loop onto quaternary amine
anion-exchange guard (AG9 HC) and separation (AS9 HC)
columns. Analytes were eluted with 9 mM pCO; at a flow rate
of 1.0 mL/min. Gas-assisted suppressed-conductivity detection (ED
40), with an ASRS-Ultra suppressor in the self-regenerating mode
and a current of 100 mA, was used to determine the analytes.
Residual NaOBr was removed by the addition o8& to each
sample immediately prior to injection to prevent column dange.

Results and Discussion

Chloride Catalysis of HOBIr/CIO,~ Reaction via a BrCl
Intermediate. The reaction of HOBr with CI@ is known
to produce CIQ@with an established stoichiometry (eq?).
The reaction kinetics are on the stopped-flow time scale. Our

)

studies show a large increase in the reaction rate even with
millimolar levels of CI. We assign this acceleration to BrCl
because we know it is a highly reactive spet@w chloride

is not. We also know that BrCl forms readily from HOBr
and CI (eq 1)37° The large chloride acceleration levels off
when [CI'] is ~0.1 M. This is consistent with a mechanism
where BrCl and CI@ react to produce BrOCIO as a steady-

HOBr + 2ClO,” + H" —2CIO, + Br~ + H,0

(28) MathCad 8 for WindowsMathSoft: Cambridge, MA, 1998.
(29) EPA Method 300,1U.S. EPA: Cincinnati, OH, 1997.
(30) Liu, Q. Ph.D. Thesis, Purdue University, 2000.
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state species (egs 10 and 11). BrOCIO as an intermediate Wavelength, nm
has been proposed in an earlier stddiyrurman and 330 350 370

kyC!

BrCl + ClO,” == BrOCIO+ CI~ (10) 5038
k_,°! o
0.6
_k _ |
BrOCIO + CIO,” —+ 2CIO, + Br (12) \ .
_ 09 \ £02
Margerum have found that BrOCIO can either hydrolyze or B \\\ < 0.0
react with a chlorite ion as shown in eqs-4”4 and 11, £ \ 350 400 450
respectively. S 07! \ Wavelength, nm |
g o
HOBr + ClO, = HOBroCIO (12) =
o
Q
HOBroClO™ + HA —BrOCIO+ H,0+ A~ (13) § 0.5t
5
BrOCIO + CIO,” — 2CIO, + Br~ (11) §
0.3t
BrOCIO + H,0— ClO,” + Br~ + 2H" (14) time

o 3-204 msec
In the current study, the rate of Ci@rmation is followed

at 359 nm upon the addition of Clvhere CIQ™ is in large 0.1y (a)
excess over HOBr to give ClCas the main product. Data
collected with the photodiode array APPSF confirm that IO
is a product of the reaction (Figure 1a). The large absorbance 03}
band at lower wavelengths is due to chlorite that is present
in large excesseo= 154 M1 cm1.22 The CIQ, formation
follows first-order kinetics whether Clis present or absent.
However, the presence of chloride ion leads to a greater rate
of ClO, formation (Figure 1b). Subtraction of the rate
constant for the uncatalyzed HOBr/GlQreaction Kqosricio,
= k“[CIO,]) from the observed rate constak(,) yields
a rate constant that we attribute to the BrCl/€l@eaction

Sl = aky [CIO27]) as shown in egs 15 and 16.

(i)

0.2

oW

Abs., 359 nm
S o o ©

0.1}
0.0 0.4 0.8

Abs., 359 nm and 0.962 cm cell

ok [CIO, ] = kpeg— K [CIO, ] (15) .
time, s

I _ e
CrCI - Cbsd_ kHOBr/CIO[ (16)

0.0 : : :
Figure 2a shows the saturation kinetics exhibited at high 0 5 10 15 20

[CI7]. Aniincrease in CI@ and Hf concentrations (Figures time, s
3 and 4a) also increases thgm values_. Figure 1. (a) APPSF photodiode array spectra of gf@rmation in the
Small amounts of BrClI€10~7 M) build up when HOBr BrCI/CIO,™ reaction: [Ct] = 19.1 mM, [PQ]t = 5.0 mM, [HOBr} =

is mixed with CI under our experimental conditions. The 0.252mM, [CIG] = 28.3 mM, 25.0°C, andu = 1.0 M. The inset shows
the typical absorption spectrum of the Gl@roduct measured with a narrow

dependence of the rate on [BrCl] requires an accurate band-pass spectrophotometer. The large absorbance at lower wavelength

evaluation of the [BrCl] relative to the total concentration is due to the excess species gfO(b) Kinetic traces for the first-order
i i formation of CIQ in (i) 0.0 mM CI~ and (iij) 0.192 M Ct: [HOBr]t =

.Of h)l/pobrontwm;sBa(é:j_and hypol:IJromlt(te, [POBY_(llebq:)- E‘e 0.114 mM, [CIQ] = 25 mM, [PQ]t = 5 mM, p[H*] = 6.68, 25.0°C,

involvement of BrCl in a complex set of equilibrfalable = 1.0 M, andi = 359 nm. ()KS,;= 0.30 s and (ji) k4= 6.10 s

1, must be taken into account. We developed an equation

ESuplporItl?gtlhnfodr.nlan? Appfen”dn; fr‘]) and used I\/ItﬁthCa? 8 11 and 14). We find thatt is nearly constant throughout

tg)caé:ua?h € distn l:'ot.n ora fot tells-|poege*SBIg|* esygs €M the reaction (Figure S1), which means that as [H@Br]
zise on the concentrations of fota a » AN Gecreases the BrCl concentration decreases. Figure S1

H™ and the known equilibrium constants. This algorithm is : .

. : . presents [HOBH in descending order to reflect the con-
an expansion of one established by EuOur equation sumption of HOBr during the course of the reaction
accounts for the effect of the Bformed on the distribution P o 9 _ ‘
of the species shown in Table 1. Table 2 shows the levels The plot ofkg/a versus [Cf] (Figure 2b) shows that
of Cl,, BrCl, and Bp that form as a function of chloride ion  high [CI-] suppresses the rate whek§c/a is the rate
concentration under the conditions of the BrCl/giGtudy. constant for the BrCI/CI@ reaction divided by the relative
In the course of the reaction, Biforms as a product (eqs concentration of BrCl with respect to the total HOBr

7414 Inorganic Chemistry, Vol. 43, No. 23, 2004
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[C17],M 160
0.0 0.1 0.2 0.3 0.4
120 T T T
100 o ® 120
°
80 f "o
— - O _
= 5 60r e E 80 F
m
e
= (a) o
40 e o
l®
20 40 b
»
0 3.0
2.5 0 | 1 1
0.00 0.01 0.02 0.03 0.04
20 Ty
3 [ClO,” .M
1.5 ° 0 Figure 3. Greater than first-order dependence in [€iDfor the rate
Ny constants of the BrCI/CI® reaction. The solid line is a fit of the data to
© eq 20. Conditions: [CI] = 37.6 mM, [HOBr}r = 0.305 mM, [PQ]r =
1.0 = 5.0 mM, p[H"] = 6.01, 25.0°C, andu = 1.0 M.

4b). On the basis of these data, the mechanism in egs 10,
0.5 11, and 17 is proposed. The term B eq 17 represents all
bases that catalyze BrOCIO hydrolysis includingd;iOH",

T T T 0.0
_ K _
0.0 0.1 0.2 0.3 0.4 BrCl + CIO, ?E BrOCIO + Cl (10)
[CI”],M K
Figure 2. (a) Saturation behavior of the BrCI/CJOreaction upon the BrOCIO+ CIO, — 2CIO, + Br— (12)

addition of CI. (b) Chloride ion suppression is observed after accounting

for the relative concentration of BrCl (i.e., accounting for theerm). The ke

solid line is a fit of the data to eq 20. Conditions: 49.25 mM €10 BrOCIO+B — C|03’ +Br +2H"+B~ (17)
[HOBr]t = 0.295 mM, p[H] = 6.04, [PQ]t = 5.0 mM, 25.0°C,u = 1.0

— Cl __ 1 o Cl —
M, andi =359 nm.k;’ = 5.2(1) x 10° M™% 571, K-ks = 0.59(3). and HPQ?. Treating BrOCIO as a steady-state species leads

Table 2. Concentration of Molecular Halogens in the Presence of to eq 18. The solid lines in Figures 2b and 3 show that the
Chloride lon for BrCI/XQ~ Reactions experimental data fit well to eq 18.
cl, M Clp, M BrCl, M Brs, M a=[BrCI/[HOBI]+ IB]
BrCl/ClO,~ Reaction Cl — — 4
1.0x 103 1.21x 1012 2,01x 10° 5.81x 10°® 7.04x 107 ClCI kz[CIO; ]{ICIO, ]+ ks )
5.0x 103 1.35x 10711 1.00x 10 1.29x 1077 3.50x 105 = (18)
1.00x 102 3.81x 1071 1,99x 10® 1.81x 1077 6.96x 1075 o K., K2[B]
3.00x 102 1.96x 101 59x 108 3.07x 1077 2.06x 1074 —JCI1+[Clo, ] +
5.00x 102 4.21x 10710 9.75x 108 3.91x 107  3.41x 104 Ks ks
BrCIl/BrO,~ Reactioft ) )
1.0x 103 2.49x 10712 1.51x 10® 1.59x 1076 3.26x 1076 On the basis of the dependence inCthe rate constants
5.0x 103 2.78x 101 7.55x 108 3.55x 107 1.63x 1075 ; ol _ 11 iy — )
1.00x 102 7.87x 107 1.51x 107 5.01x 10°° 3.25x 10°5 obtained ard; = 5.2(1) x 10° M~* s andk-5/k 0'5_9
3.00x 102 4.09x 10710 451x 107 8.60x 1075 9.71x 104 (3). Although CI accelerates the HOBr/CIO reaction
500x 102 8.81x 1070 7.48x 1077 1.10x 105  1.61x 10 beacause of BrCl production, high levels of Gluppress
a[HOBr]r = 0.28 mM, p[H] = 6.04, x = 1.0 M, and 25.0°C. this acceleration (Figure 2b), as can be seen in eq 18. The
P[HOBr]r = 4.64 mM, p[H'] = 6.37,4 = 1.0 M, and 25.C°C. results obtained for the [CKO] dependence are in agreement
with those in the [CI] plot. The yield of CIQ from the
concentration. Alsokglc,/a versus [CIQ7] yields a qua- HOBI/CIO,™ reaction is dependent on the concentration of

dratic dependence in [CKJ] (Figure 3). After correction the buffer (Figure 5). On the basis of the percent of £lO
for the relative [BrCl], the rate constant for the BrCI/GIO  formed and using eq 1%;" %/ks is 0.19 andd;?/ks is 1 x
reaction shows no dependence in ebncentration (Figure  10* M. In the study of the BrCIl/CIQ  reaction, low

Inorganic Chemistry, Vol. 43, No. 23, 2004 7415
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10°[H" |, M 100 ; : -
00 04 08 12 16
50 : : :
°
40 | 90
°
"m 30 o
2 20 o’ 5 80
& (a) 3
>
10 9(\1
° &)
70
26 F
w24t
S 60 | )
°5 22t o ®
Al 0 o
e L ' \
T 20F 000 001 002 003 004
18l (b) [HPO42- |, M
' Figure 5. Dependence of Cl®yield on [HPQ?] for the HOBI/CIQ~

' ' ' reaction: [HOBr} = 0.102 mM, [CIG"] = 6.00 mM, p[H"] = 6.24, 25.0

00 04 08 12 16 °C,u = 1.0 M, andi = 359 nm.K{"%¥ks = 0.19,K°/ks = 1.0 x 1074 M.
p . The solid line is a fit of the data to eq 19.

10" [H ],M

. cl . _ , to produce Br@ with an established stoichiometry (eq 21).
Figure 4. (a) Increase ok, as a function of acid concentration. (b) h . ki . | h he Ki . f th
Lack of acid effect on the BrCI/CIQ rate constants after accounting for 1 N€ réaction kinetics are slower than the kinetics of the

thea term. Conditions: [CI@] = 49.4 mM , [PQ]r = 5.0 mM, [HOBr} analogous HOBI/CI@ reaction but are still on the stopped-
= 0.253 mM, 19.1 mM Cl, 25.0°C, x = 1.0 M, and at 359 nm.

_ _ , HOBr+ BrO, —BrO, +Br +H" (21)
concentrations of phosphate and a high concentration of
ClO," are used to make the reaction in eq 11 the dominant fio,y time scale. The present study confirms the rate of the
pathway (relative to eq 17) for BrOCIO loss. Thus, eq 18 is oBy/BrO,~ reaction but also shows that chloride ion
reduced to eq 20, which is used to calculatekfiandk o/ increases the rate. We attribute this acceleration to the BrCl/
ks values. This explains the lack of effect of acid (Figure o, reaction. As in the HOBI/CI® case, the acceleration
4b) and buffer (Figure S4) on the BrCl/ClOreactions. In |eyels off at~0.1 M CI-. A mechanism consistent with these

fact, the acid dependence in Figure 4a is due to the formationfindings is proposed in egs 22 and 23 where BrOBrO is a
of BrCl (eq 1) and to shifts in the other equilibria in Table

1. Division of K /ks by thek8/ks values obtained in Figure - -
5 gives relativeziate constgnts for the reaction of BrOCIO BrCl + Bro, ey BrOBro+ Cl (22)
with CI~ compared to the base-catalyzed hydrolysis reactions
with values ofkS,/K®® = 5.9(3) x 10° M~ and k°,/K;P BrOBrO+ B~ —- BrO,” + Br +2H"+B~ (23)
= 3.1(2).
steady-state species. BrOBrO is a species similar to the
) 100(Z;[CIO, ) BrOCIO proposed in the HOBr/CIO reaction. The reaction
% yield CIO, = KICIO T + KPP THPO 21 + KO (19) in eq 23 is base catalyzed (B= HPQ,2~ or H;0), as will
SCIO; 1+ kT HPO,™ ] K, be discussed later. Products analysis shows that the concen-
cl kC'[CIO 12 tratio_n of_ Br&;~ formed is not affected by the presence of
rcl 2 2
= (20) chloride ion.
a k;z[CI‘] +1[Clo, ] In the present study, we confirm the rate of the HOBr/
ks 2 BrO,~ reaction in the absence of Cand determine its rate
in the presence of Clby following the loss of Br@. To
Chloride Catalysis of HOBI/BrO ,~ Reaction via a BrCl minimize its self-decomposition, BEO is used as the
Intermediate. The reaction of HOBr with Br@ is known limiting species. Figure 6a shows data collected with the

7416 Inorganic Chemistry, Vol. 43, No. 23, 2004
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Wavelength, nm
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time, s

Figure 6. (a) APPSF photodiode array spectra of Brdbss in the BrCl/
BrO;~ reaction: [HOBr} = 2.52 mM, [CI'] = 15.3 mM , [PQ]t = 80
mM, p[H*] = 6.28, [Br&;"] = 70uM, 25.0°C, andu = 1.0 M. (b) Kinetic
traces for the first-order decay of BsOin (i) 0.0 mM CI~ and (ii) 20 mM
Cl=: [HOBr]t = 0.724 mM, [BrQ~] = 70 uM, p[H*] = 5.95, [PQ]r =

80 mM, 25.0°C, u = 1.0 M, andi = 240 nm. ()5 = 4.61(3)x 1073

st and (ii) Ky = 1.16(1) x 102s7L,

photodiode array for the loss of bromite absorption. This
loss follows first-order kinetics (Figure 6b). A step similar
to that in eq 11 is not included in the mechanism because a
simple first-order dependence in BrOis observed. In a
behavior similar to the HOBr/CI©O reaction, we find that
CI™ increases the rate of BpOloss. Subtraction of the rate
constant for the HOBI/Br@ reaction Knoswsio, =
k'THOBr]+) from the observed rate constakgy,) yields a
rate constant that we attribute to the BrCl/BrQeaction

oo = ok]'THOBr]1) as shown in egs 24 and 25. The BrCl
levels are low under the conditions of this study, [Br@&l]
106 M.

Br

ok [HOBr]; = K3l ., — K" [HOB], (24)

Br

Br __ _
rCl = Mobsd

kHOBr/BrOZ* (25)
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Figure 7. (a) Saturation behavior of the BrCl/BsOreaction upon the

addition of CI. (b) Chloride ion suppression is observed after accounting

for the relative concentration of BrCl (i.e., accounting for theerm). The

solid line is a fit of the data to eq 26. Conditions: [HOBH 4.87 mM,
p[H*] = 6.37, [PQ]r = 80 mM, [BrO; ] = 0.1 mM, 25.0°C,u = 1.0 M,
andA = 245 nm.kB" = 1.9(2) x 10° M~ 572, KB/ = 2,6(6).

Table 2 shows the concentrations of,rClI, and Bg
that are present under these conditions. AJ@ependence
study shows that the increase ki, with [CI-] also
exhibits saturation behavior (Figure 7a). A {Csuppression
trend is observed when the relative concentration of BrCl,
o, is taken into account (Figure 7b). The tearthat was
defined in eq 5 is used. The purpose of this term is to define
[BrCl] in terms of total HOBr concentration. An increase of
[HOBI]+, which is present in large excess over BrQalso
increases thekg/o. value (Figure 8). In addition, the
results indicate that the BrCl/BgOreaction is base-catalyzed
(Figures 9a and 9b). lon chromatographic data show that
BrO;~ is a product of this reaction (Figure S10).

When BrOBrO is treated as a steady-state species, egs 26
28 are obtained. Equation 26 shows the dependenki of
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Figure 8. Linear dependenc@{CI on [HOBr};. Conditions: [BrQ™]
70 uM, p[H*] = 5.91, [CI'] = 20 mM, [PQ]r = 80 mM, 25.0°C, u
1.0 M, andA = 240 nm.

on CI- and total hypobromous acid concentrations. The
rearrangements of eq 26 to the forms in 27 and 28 show the B

dependence in Hand HPQ?~ concentrations. The solid line
kgu . kgr[HOBr]T

@ e
1+ —Zi ]

ks [B]

k5" POy
o _ \KZSICIJ(L + [HVKT™)
o k" (PO

POICIT 1 + [HVKEP)

(26)

ks THOBI];

(27)

HPO 2—
4[HPQ,
(M ETHOB],

ko _ \ KHICI]
* ks"{HPO,” ]
KESICI ]

(28)

in Figure 7b shows the fit of the data to eq 26, which yields
K" = 1.92) x 16 Mt st and K®/k8 = 60(20) M.
Similarly, experimental data in Figure 8 fit to eq 26 as
[HOBIr]t is increased. A linear fit of the data in Figure 8
gives a slope of 8.1(2x 10* M~1 s™1. We find the reaction
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Figure 9. (a) Acid suppression of the BrCI/BgO reaction. Conditions:

[HOBr]t = 2.87 mM, [CI'] = 15.3 mM, [Br&;] = 0.1 mM, [PQ]t = 80
mM, 25.0°C, u = 1.0 M, andA = 245 nm. The solid line is a fit of the
data to eq 27. (b) The rate of the BrCl/BrOreaction is accelerated by the
basic form of phosphate buffer. [HOBrk 2.78 mM, p[H'] = 5.99(2),
[CI7] =15.3 mM, [Br&Q:] = 0.1 mM, 25.0°C, u = 1.0 M, andi = 245
nm. The solid line is a fit of the data to eq 28.

dependence in [HOBy] [H'], [HPO,], andkB" = 1.9(2)
x 1P M1 574, the value of®/kE" is 2.6(6).

Comparison of BrCl/Bromite and BrCl/Chlorite Reac-
tions. We propose that reactions of both BrCl/GiCand
BrCI/BrO,  proceed by Bt transfer mechanisms to form
BrOXO and Ct (egs 10 and 22). The BrCl/CiO reaction
is 27.4 times faster than the BrCl/ByOreaction. This kinetic
behavior is attributed to the relative stabilities of BrOCIO
versus BrOBrO. Gas-phase calculations by Guha and Fran-

in eq 23 to be catalyzed by the basic form of phosphate, gisct show that BrOCIO is thermodynamically favored over

HPO2, and the data in Figures 9a and 9b fit the rate

expressions in eq 27 and 28 (solid lines). From the (31) Guha, S.; Francisco, J. $.Phys. Chem. A997 101, 5347-5359.

7418 Inorganic Chemistry, Vol. 43, No. 23, 2004



BrCl Reactions with BrQ~ and CIO;~ lons

Table 3. Summary of Constants for BrCl/BeO and BrCl/CIQ:~ Y~ loss. The Lewis acid strength has a less important
Reactions contribution on the rate. The rate constants feiCXO,™ are
constants values in agreement with the electrophilicity scale where BrCI(8.9)
S 5.2(1)x 10M 15 > Cly(8.2) > Bry(7.3). However, the fact that electron
kPO 0.19 transfer is the dominant pathway for Bmplies that if a
Kk 1.0x 10-4M Br* transfer mechanism existed for BTIO,™ it must be
K ks 0.59(3) negligible with a rate constant much smaller th&h = 1.3
KCL P 3.1(2) x 10 M~1st
KEL/KE0 5.9(3)x 1°M~* The BrCl/BrQ,~ reaction is also compared to the,Cl
K5 1.9(2)x 1Mtst BrO,~ and Be/BrO,~ systems (egs 33 and 34). Similar to
KE kg 2.6(6) the CIQy~ case, we find that the reactions in eq 83/¢' =
KE/KE™ negligible 8.7 x 10° M1 s )2 and in eq 34 KB"B" = 58.4 M1 s71)32
BrOBrO. Table 3 summarizes all the constants obtained for _ ke _
the BrCI/BrQy~ and BrCI/CIQ~ reactions. The BrCl/Xg@ Cl, + Bro, —— BroCIo+ Cl (33)
reactions proceed by a different mechanism than gig@,~ s -
reactions® However, both BrCl and ©react with CIQ~ at Br, + BrO, —— BrOBrO+ Br (34)

a greater rate than with BgO. Nicoson et al. attributed the

greater rate of electron transfer in/OlO, ™, relative to that have negligible effects on the BrCl/BsO study. When

in O4/BrO;~, to the stability of the initial product, Cl{eqs comparing the reactions of BgOwith Cl,, BrCl, and B,

29 and 30)28 In the current study, the stability of BrOCIO  a trend similar to that of XCIO,™ is not observed. The order
of Cl, and BrCl is reversed. We attribute this inconsistency

O, + ClO,  —CIO, + 05~ (29) to the greater stability of the interhalogen intermediate,
BrOCIO, in the C}/BrO,~ reaction over BrOBrO for the
O;+ Bro, —BrO,+ 05 (30) BrCI/BrO,~ and Br/BrO,~ reactions, respectively. This is

in agreement with what has been discussed in an earlier
over BrOBrO leads to a larger rate constant for the BrCl/ section regarding the difference in the rate of the BrCl

CIO,™ case. The suppression by Gh the overall reactions  reactions with bromite and chlorite ions.

(Figures 2b and 7b) provides evidence that Bansfer rather Characteristics of XOXO Molecules. Several authors
than electron transfer is the process by which BrCXO 1 5e proposed the presence of CIO&®and BrOCI(F133.3
reactions proceed. as intermediates in the gas phase and in solution. In the

Comparison of Molecular Halogen ReactionsThere is ¢ rrent study we propose BrOCIO as an intermediate in the
a need to establish whetherzBnd Cb, which are present  g,cy/clo,~ reaction. We also introduce BrOBrO as the
at low levels along with BrCl, contribute to the observed analogous intermediate for the BrCl/BrOreaction. These
reaction rate under our_experi_mental conditions. The rate 5. proposed as steady-state intermediates as opposed to
constants for Clg" reactions with Gl and Bp have been  56yi0us studies in which the intermediates were kinetically

reported’”* The concentrations of Brand Ch present in  \hatastable species that reacted very rapidly to give prod-
the BrCI/CIG;~ system are calculated using our algorithm 5223236 The distinction of the BrOCIO and BrOBrO

as detailed in Table 1 and Supporting Ir?formatlon Appendix gnecies as steady-state intermediates in this case is a result

A. Nicoson and Margerufireported & = 5.7(2) x 10° of an appreciable reverse path 4) that is in competition

M~ s7 for CI/CIO; (eq 31), whereas b and F&ian™ it the forward pathks andks) to give products. In other

reportedk®z = 1.3(2) x 10° M™* s7* for the Br/CIO, system®323BrOCIO and BrOBrO were reactive intermedi-

reaction (eq 32). By use of the molecular halogen concentra- 5es that were not restricted to the steady-state approximation
because the reverse path was not appreciable compared to

|
Cl, + Clo, == ClOCIO+ CI” (31)  the forward path. Yet these intermediates were required to
- give the observed reaction products.
Br, + CIO, — Br, +CIO, (32) As the evidence in the HOCI/BEO study indicateg?
BrOCIO has a chainlike structure. We also favor the chainlike
tions in Table 2 and the rate constants feflO," reactions,  strycture for BrOBrO rather than a Y-shaped form. On the
we find that the effects of Brand Ch on the BrCl/CIQ™ basis of the electrophile/nucleophile argument, it is more
reaction are negligible. likely for the more electronegative O atoms of BrQthe

We can compare the reactivity of molecular halogens with cleophile, to attack the electrophilic bromine of BrCl to
ClO,™ on the basis of the electrophilicity scale described by gigplace Ct. Such interaction would form a chainlike
Jia et af In that study Jia et al. found that the rate aHN'/  sirycture analogous to that of the BrOCIO intermediate.
XY (X = Bror Cl; Y =1, Br, or Cl) was dependent on the
energetics of both the new-\X bond formation and the 54y taupe, H.: Dodgen, HI. Am. Chem. S0d.949 71, 3330-3336.

(35) Schmitz, G.; Rooze, HCan. J. Chem1987, 65, 497-501.
(32) Nicoson, J. S.; Margerum, D. Vihorg. Chem 2002 41, 342-347. (36) Jia, Z.; Margerum, D. W.; Francisco, J. |8org. Chem.200Q 39,
(33) Tah, Z.; Faian, 1. Inorg. Chem.200Q 39, 4608-4614. 2614-2620.
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Conclusions the formation of the highly reactive BrCl if the system

includes bromine-containin ecies.
This work shows that chloride ion catalyzes HOBr/XO ineiudaes ! _I g Species )
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