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The nuclear magnetic transverse relaxation time of oxygen-17 in aqueous sodium bisulfite solutions in the pH
range from 2.5 to 5 was measured over a range of temperatures, pH, and S(IV) concentrations at an ionic strength
of 1.0 m. From these data the rate law for oxygen exchange between bisulfite ion and water was determined and

found to be consistent with oxygen exchange occurring via the reactions SHO;~ + H* == SO, + H,0, SOzH™ +

k16a leb kl
SHO;~ = SO2?~ + S0, + H,0, and SO3H™ + SHO;~ == S,05% + H,0, where the symbol SHO;™ refers to both
isomeric forms of bisulfite ion, one in which the hydrogen is bonded to the sulfur (denoted HSO3~) and another in
which the hydrogen is bonded to an oxygen atom (denoted SOsH™). The SO3H™ isomer exchanges oxygen atoms
with water much more rapidly than does the HSO3~ isomer. The value of k—; was determined and is in essential
agreement with the results of a previous determination by relaxation measurements. The value of kisa + Kigp Was
also found, and kig, is at least as large as kig.. The rate and mechanism of oxygen exchange between the two
bisulfite ion environments were studied by analyzing the broadening of the HSO3;~ resonance. Oxygen exchange
occurs through isomerization caused by proton transfers.

Introduction SO;H™ isomeric forms. (The hydrogen atoms in HS@nd
SO;H™ are bonded to the sulfur atom and an oxygen atom,
respectively.) Thus the rate of reaction 2, for example, is
éhe sum of the dissociation rates of the HS@nd SQH~
isomers. The rate constakt, and the equilibrium quotient,

When sulfur dioxide dissolves in water, it retains its
structure as S@rather than forming sulfurous actdCon-
sequently, its first and second ionizations are represented a

Kk _ 4 Q., for this overall reaction can be expressed in terms of the
SQ, +HO = SHO; +H @ total bisulfite ion concentration, which we denote as [SHO
q The rate of reaction 1 has been measured previously.
an Eigen, Kustin, and Maa3studied the frequency dependence
K ” N of the attenuation of sound waves in sulfur dioxide solutions
SHG; ==S0," +H (2) of pH < 2 and 0.1 m ionic strength. The sound absorption
. SUTE (1) (a) Gerding, H.; Nijveld, W. JNature1936 137, 1070. (b) Rao, B.
where SH@ represents bisulfite ion in both the H§Cand P.Proc. Indian Acad. Sci. A944 20, 292. (c) Simon, A.; Waldmann,
K. Z. Anorg. Allg. Chem1956 283, 359. (d) Falk, M.; Giguee, P.
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Oxygen Exchange between Isomers of Bisulfite lon

was presumed to shift the equilibrium of reaction 1. Betts the free induction decays were acquired at a frequency of 67.8 MHz
and Vos$ studied the kinetics of oxygen exchange between using a Bruker NMR spectrometer fitted with a broad-band,
sulfite ion and water as a function of sulfite concentration Multinuclear, 10 mm probe, and the transverse relaxation time of

and pH in alkaline solutions (pkt 8) of ionic strength 0.9

M by using oxygen-18 as a tracer. They reported a value o
k.; and also a value oks; the rate constant for the
dimerization of bisulfite ion:

2SHO,” = S0 +H,0 (3)
More recentlyk_; has been measured by polarographic and
voltammetric methods. Reynolds and Yéams well as
Tolmachev and Schersbmeasured the limiting current
during the reduction of bisulfite solutions. In both studies
the rate of S@reduction was assumed to be limited by the
rate of its formation from bisulfite ion. Values &f, reported

170 in the water site was found by the CaRurcel-Meiboom—

fGiII method? The length of the 180pulse was approximately 45

us. Widths of the bisulfite peaks were obtained by fitting Lorentz
line shapes to spectra in which the solvent signal had been
suppressed by a two-pulse excitation sequénce.

Each data point represents a single Lorentz line shape fitting of
a single solution. Uncertainties assigned to the line widths were
those obtained from the least-squares fitting of the peaks with
Lorentz line shapes and reflect goodness of fit rather than
reproducibility of the data. Uncertainties are reported as plus or
minus one standard deviation. Some possible errors not accounted
for by the error bars are errors in solution pH, concentration of
bisulfite ion, and magnetic field inhomogeneity correction. Such
errors would appear as systematic errors in data obtained from a
single solution.

by these four groups are in poor agreement, differing by more Longitudinal relaxation times ofO were measured using the

than a factor of 30. We undertook the present work to

inversion recovery methé®#land the pulse phase-shifting technique

redetermine the rate of reaction 1, gain information about of Cutnell et al't The value ofT; of the water site was determined

the kinetics of reaction 3, and explore the individual kinetic
roles of the two bisulfite isomers.

We have studied the kinetics of reactions-3l using
oxygen-17 NMR method5 Line-broadening analysis was
employed in the region between pH 3 and 5, in which the

S(IV) and water resonances are distinct but exchange-

broadened. In the SO SHO;"—S0O;?~ system the analysis

is complicated by exchange between the two isomers of

bisulfite ion” We investigated the rate and mechanism of
the isomerization reaction

— k4 —
HSO;™ === SOH 4)
by studying the broadening of théO resonance of HSO.

Experimental Section

NMR Measurements.Details of the NMR spectrometer, sample

by fitting the amplitude of the water peak at 10 different values of
7 to the expression

A(T) = A(o){1 — (1 + W) exp(~7/T1)}, wheret is the time
between 180 and sampling pulsed\(z) is the amplitude of the
water peak at time, andW is a parameter that compensates for
incomplete inversion of the magnetization by the 1 g0Ise!?

On our chemical shift scale the water peak was always assigned
a shift of zero and downfield shifts were positive.

Solution Composition. Total concentrations of S(IV) are
reported in units of molality, which is defined in this work as moles
of S(1V)/55.5 mol of water. Concentrations of the various species
in the bisulfite solutions were calculated from the equilibrium
quotients of reactions-14 and the water dissociation reaction using
values at 298 K of); = 10 33" m1314Q, = 10 634m 1314pQ,, =
13.7913 Q; = 0.082 M1,15 and Q4 = 4.97 Qs was determined at
an ionic strength of 1.0 M, whil®,, Q,, andQ, were measured at
1.0 m ionic strength. In calculating solute molalities, we ignored
the small difference between molarity and molality in our solutions.
At 298 K and 1.0 m ionic strength the equilibrium quotients for

temperature control, and the preparation of oxygen-free sodium the acid dissociation of S®~ and HSQ~ are 5.5x 107 and 2.7

bisulfite solutions have been reported elsewHerae 170 and'H

x 1076 m, respectively.

resonance frequencies were 27.4 and 200 MHz, respectively. A Using a pH meter calibrated against standard buffers, hydrogen

broad-band, multinuclear, 10 mm probe was used in @
experiments, whiléH NMR spectra were acquired ugim 5 mm
proton probe.

The transverse relaxation time'00 in the water of each bisulfite
solution was found by fitting a Lorentz line shape to the water

ion molalities were calculated from the pH meter readings, assumed
to be equal to-log(ay+), and an activity coefficient of 0.754. Here
the mean activity coefficient of 0.01 M HChil m NaClé was
substituted for the unknown activity coefficient of ti the bisulfite
solutions. The pH meter reading will be referred to by the term

peak in a spectrum obtained by Fourier transformation of the sum “pH”,
of between 200 and 6000 free induction decays produced by single  Concentrations at temperatures other than 298 K were calculated
pulses. Preacquisition delay times were selected according to theafter first correcting the equilibrium quotients for changes in

method of Canet et & The measured transverse relaxation time
was corrected for an extra broadening of 2.9.8 s* arising from
magnetic field inhomogeneity, the magnitude of which was

estimated from the difference between the measured line width

(half-width at half-height) and the T{ of 27O in the water of a 1.0
m NaCl solution. For one solution ([S(IV} 0.45 m, pH= 4.98)

(3) Betts, R. H.; Voss, R. HCan. J. Chem197Q 48, 2035.

(4) Reynolds, W. L.; Yuan, YPolyhedron1986 5, 1467.

(5) Tolmachev, Y. V.; Scherson, D. A. Phys. Chem. A999 103 1572.

(6) Jackson, J. A.; Taube, K. Phys. Chem1965 69, 1844.

(7) Horner, D. A.; Connick, R. Elnorg. Chem.1986 25, 2414.

(8) Canet, D.; Goulon-Ginet, C.; Marchal, J. P.Magn. Resonl1976
22, 537.

(9) (a) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630. (b) Meiboom,

S.; Gill, D. Rev. Sci. Instrum.1958 29, 688.

(10) Farrar, T. C.; Becker, E. DRulse and Fourier Transform NMR
Academic Press: New York, 1971; p 20.

(11) Cutnell, J. D.; Bleich, H. E.; Glasel, J. A. Magn. Resonl97§ 21,
43.

(12) Levy, G. C.; Peat, I. RJ. Magn. Reson1975 18, 500.

(13) Smith, R. M.; Martell, A. ECritical Stability ConstantsPlenum: New
York, 1976; Vol. 4.

(14) Frydman, M.; Nilsson, G.; Rengemo, T.; SilleL. G. Acta Chem.
Scand.1958 12, 878.

(15) Connick, R. E.; Tam, T. M.; von Deuster, Borg. Chem1982 21,
103.

(16) Harned, H. S.; Owen, B. Brhe Physical Chemistry of Electrolytic
Solutions Reinhold: New York, 1943; p 575.
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temperature using the van't Hoff equatiép. andQ. were corrected
for changes in temperature using 298 K valuesAsf at 1.0 m
ionic strengthAC,°, and d\C,°/dT,*” while Q,, was calculated using
298 K values ofAH at 1.0 m ionic strength andC,°.18 Values of
AH;, AH,, and AH,, at ionic strength 1.0 m employed in this
calculation were—3.99,—0.12, and 13.71 kcal/mol, respectively.
They were calculaté@from the reaction enthalpies at ionic strength
017 or 0.5 m!2 and relative partial molal enthalpies of solutes at
ionic strength 0.5 and 1.0 M, with the relative partial molal
enthalpy of NaHC@aq) substituting for the unknown relative
partial molal enthalpy of NaHS{aq). Q; was calculated at
temperatures other than 298 K usifigl, = —2.9 kcal/mol, which
was determined at 298 K and ionic strength 1.0 Qs was
calculated using the 298 K, ionic strength 2.1 m reaction enthalpy
AH3 —1.1 kcal/molt®> because the relative apparent molal
enthalpies needed to corretHj; to ionic strength 1.0 m were not
available.

Results

Introduction. The 'O NMR spectra of sodium bisulfite
solutions having S(IV) concentrations in the range from 0.1
to 0.5 m and with pH between 2.5 and 5 exhibit resonances
at ca. 195, ca. 175, and 0 ppm arising fromsBQ HSG;,
and HO, respectively:?* Spectral changes resulting from
variation of the pH of the solution are illustrated in Figure
1 of ref 7. The SGH™ peak at 195 ppm broadened with
increasing temperature and decreasing pH and below pH 3.

Horner and Connick
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Figure 1. Temperature dependence of the difference between the measured
T2 and 1T, of the 17O in the water (site A) of sodium bisulfite solutions
f [S(IV)] = 0.1-0.8 m and various concentrations of H1/T,)a is the

was too broad to observe. The water peak also broadenedneasured half-width at half-height of the water peak. The term “pH” refers
as the pH decreased from 5 to 3.5 and then narrowed as thde the pH meter reading at room temperature. The curves show values

pH was decreased below 3.5. The HS@eak at 175 ppm
broadened with increases in temperature, pH, and S(IV)
concentration. At and above pH 5 we did not observe sep-

calculated from egs 13 and 17 using rate constants deduced in this work.
Data acquired at other [S(IV)] and pH values are not shown but gave similar
results (see Supporting Information).

arate 195 or 175 ppm resonances; the pH 5 spectra contained These spectral features are consistent with the oxygen
a single solute resonance at approximately 192 ppm thatexchange scheme ABC, where A H,O (0 ppm), B=
broadened with increasing temperature and whose areaSO;H™ (195 ppm), and G= HSG;™ (175 ppm). The rate of

corresponded to the total concentration of bisulfite ion.

The difference betweenT/ and 17, of 'O in the water
site, shown in Figure 1, along with the pH and temperature
dependence of their difference, provides evidence for an
oxygen exchange process involving water. The ratio of the
additional broadening (T4 — 1/T,) of the water peak to that
of the SQH™ peak is about equal to the inverse of the ratio

oxygen exchange between A and B increases with decreasing
pH, producing the coalescence of 50 and water reso-
nances below pH 3.5. The rate of exchange increases
with pH, causing the two bisulfite resonances to be coalesced
at and above pH 5. We interpret the observed decrease of
1/T, — 1/T; of the water with increasing temperature at low
pH as the exchange narrowing of the coalescegH5@nd

of peak areas, as would be expected if chemical exchangeVater resonances.

occurs between these two speciés.

(17) Goldberg, R. N.; Parker, V. Bl. Res. Natl. Bur. Stand.985 90,
341.

(18) Rock, P. A.Chemical Thermodynamic&Jniversity Science: Mill
Valley, CA, 1983; p 530.

(19) (a) Vanderzee, C. EJ. Chem. Thermodyn1981, 13, 947. (b)
Vanderzee, C. E.; Noll, L. AJ. Chem. Thermodyri987, 19, 417.

(20) (a) Berg, R. L.; Vanderzee, C. E.Chem. Thermodyi978 10, 1049.
(b) Vanderzee, C. E.; Noll, L. Al. Chem. Thermodyi983 15, 1015.
(c) Parker, V. B.Thermal Properties of Aqueous Uni-uaient
Electrolytes National Standard Reference Data Series NBS 2; U.S.
Department of Commerce, National Bureau of Standards, U.S.
Government Printing Office: Washington, DC, 1965.

(21) (a) Littlejohn, D.; Walton, S. A.; Chang, &ppl. Spectrosc1992
46, 848. (b) D. Littlejohn (private communication) has performed
additional Raman measurements that confirm the identification of the
two bisulfite isomers.

(22) Pople, J. A.; Schneider, W. G.; Bernstein, H.High-Resolution
Nuclear Magnetic ResonanceMcGraw-Hill: New York, 1959;
Chapter 10.
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Oxygen Exchange between HS© and SO;H ™. The rate
law for oxygen exchange out of the HgGsite was found
by examining the broadening of the H$Opeak as a
function of pH, temperature, and S(IV) concentration. The
broadening of the HS® peak at and below pH 3.5 was
analyzed using the slow-exchange limit for two site chemical
exchang® between site C and the combined-B site. At
these acidities exchange between80and HO was fast
on the NMR time scale while exchange between either of
these sites and HSOmet slow-exchange conditions. Under
these conditions the half-width at half-height of the HSO
peak, (1T2)c, is given by? (1/T2)c = 1/Toc + 1/c, Where
1/T,c is the half-width at half-height due to relaxation
processes other than chemical exchange amd i%/ the
pseudo-first-order rate constant for oxygen exchange out of
site C. Figure 2 shows the line width of the HS(peak at
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l T T ' 7 about 1050 8!, so the [S(1V)] independent term inch/must

be greater than 600 5at 341 K. Near this temperature the
line width increase produced by changing the pH of 0.1 m
solutions from pH 2.58 to pH 3.01 was only 5000 s,
some of which is due to the term intg/that is first order in
S(IV). Hence, the [S(IV)]-independent term must be between
0 and—0.2 power in the hydrogen ion concentration.

To determine the exact hydrogen ion dependencewf 1/
we prepared plots of (Th)c vs [S(IV)H{ (an+)208k}P for
several values of. If 1/zc = N + L[S(IV)]/[H T]", with N
andL constant, then the plot should be a straight line when
p = n, provided the activity coefficients have the same values
in all the solutions at any given temperature. Graphs of
(1/T,)c data from solutions having S(IV) concentrations
ranging from 0.10 to 0.46 m and pH values ranging from
2.58 to 3.52 were most linear when= 1, suggesting that
the L[S(IV)]/[H *]" term in 1fc can be written a&'[SO:?7].
However, all the graphs showed systematic deviations from
linearity. The data were fitted better when a third term, first
order in SHQ", was added to %¢ to give

2500

2000

1500

(1M (s7)

1000

1. =N+ L'[SO*] + R[SHO, ] (5)

500

In Figure 3, both the experimental values oflg)¢ and those
determined from preliminary weighted linear least-squares
fits at each temperature to the slow exchange expression,

[S(IV)] (m) with 1/zc given by eq 5, are plotted against [$Q. The
Figure 2. Dependence of the half-width at half-height of the HS@eak quantity 1mM,c + N was treated as an adjustable parameter
(site C) upon the concentration of S(IV). Data at each temperature were jn the least-squares analyses.

obtained from the same set of four sodium bisulfite solutions. At@%he . . .

ionic strength of every solution was 1.0 m, and theddtivity as measured Reactions consistent with the rate law of eq S are
by a pH meter ranged from 9.6 10~*to 1.00 x 1073, Weighted least- ,

squares fittings of the data at each temperature are shown as solid lines. —\% - —\% -

Data acquired at 274, 287, 303, 318, and 333 K gave similar results (see (HSO3 ) + SHQ (SQH ) + SHO3 (6)
Supporting Information).

k
. i HSO,)* — S 2=\ % + H+ 7
pH 3 and various temperatures as a function of the S(IV) (HSG; ) k7 (S&™) Q)

concentration. The plots are essentially linear and have

nonzeroy-intercepts that increase with temperature. Since (HSO,)* + SQZ’ % (SQZ’)* + SHO,~ (8)

1/T,c of a quadrupolar nucleus should decrease as temper- °

ature increase®,1/tc must be the sum of terms that are zero K

and first order in S(1V). (HSQ,)* + SOQH™ = (SO, )* + SO, + H,0  (9)
At least one term in Tt must be of negative order in

[H*] to account for the broadening of the Hg(peak with

increasing pH. A given pH change had a much greater effect

upon the line width of the peak in spectra of 0.2 m solutions . kg, ~ .

than in those of 0.1 m solutions, suggesting that the term (8G™ )* + SHG; == (SGH )* + SG; (11)

that is first order in S(IV) is also a function of [l The o )

following comparison of the data of Figure 2 to the change |ne asterisk is used to tag the oxygen atoms. Reactions 6,

in line width resulting from a pH change of about 0.4 unit 8, and 11 are not el_ementary reactions because they contain

in 0.10 m S(IV) solutions shows the [S(IV)]-independent SHO:™- Other reactions that exchange oxygens out of the

term in 1lkc to be essentially independent of {H By HSO;~ site were omitted from the apove mgchamsm either

extrapolation of 274 K dafato [S(IV)] = 0, an upper limit ~ Decause they are slow compared with reactiongBor are

to 1/T,c of about 450 st is obtained. BecauseTh decreases mechamstlcally mprobabl@.ln particular, the mechanism

as the temperature is raised, it must be less than 45ats includes no reactions that exchange oxygen atoms between

341 K. The total line width at 341 K and [S(IV}E O is sites C and A. We expect the fastest reaction of this type to
be HSQ™ + HT = SO, + H0, but the rate law contains no

term that is first order in H.

(SOZ)* + HY === (SOH)* (10)

(23) Abragam, A.The Principles of Nuclear Magnetisr®xford: New
York, 1961; Chapter VIII.

(24) (1Imy)c vs [S(IV)] data at 274 K may be found in the Supporting (25) Horner, D. A. Ph.D. Dissertation, University of California, Berkeley,
Information. CA, 1984; pp 54-67.
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2500 T T = kg, andR = ks + ko(1 + 1/Q4)~1. By assuming Arrhenius
i behavior forks, ks, andR and that 1T,¢ is proportional to
281K % 1/T; of water?® we found k;, ks, and R as functions of
295K temperature by a single, 7-parameter weighted-least-squares
310K fitting of the (1/T,)c data, with (1T1)a, [SO27], [SHOs],
325K T | andT as the independent variables. We obtained

4 >B OGO

2000 -

MK 1/Tsc = (0.364+ 0.052)(1T)a,
In ky/s™t = (11.894 0.23)+ (—1658=+ 74)/T (covariance
= —17.29),
i Y In ke/(m™* s71) = (19.41+ 0.54) + (—1622 + 166)T,
; ‘g (covariance= —88.51), and
In R(m™* s71) = (26.0 & 2.6) + (—6452 + 856)T
g Y (covariance= —2205), whereT is in kelvin.
I ? Combination ofk; and Q/?° yielded Ink_7/(m™* s71) =
" & (29.59+ 0.23) + (—3098 £ 69)/T, with a covariance of
A ® —15.8.
1000 [-& . It should be possible to observe the proton resonance of
r ] HSGO;™ if the only mechanisms for exchange of the sulfur-
& L] ® @® bound proton are those that also produce the slow oxygen
- % @® ® exchange with S@H~ (including HSQ™ dissociation). For
0.2 m S(IV) at pH 3.0 and 25C the value of Ii¢ is about
500 l@@O 4 650 s1. Proton exchange at this rate would yield a broad
. . ! but distinct proton NMR peak if the resonance is no less
0 1 2 3 4 than 1600 s! (1.3 ppm on our instrument) from the water
. . resonance. However, we were unable to detect any solute
[SO," 1% 10" (m) peak in proton NMR spectra of a 0.2 m sodium bisulfite
Figure 3. Dependence of the half-width at half-height of the HS@eak solution of pH 3 nor in spectra of 0.2, 0.4,cah m solutions

(site C) upon the concentration of O. At each temperature the data ; ; ; ;
were obtained from the same set of six sodium bisulfite solutions. At 25 of pH 2, in which 1fc is small. SUpprESSIOn of the water

°C the ionic strength of each solution was 1.0 m, and in order of increasing P€ak using the two pqlse sequence, lowering the Femperature
[SOs27] the pH meter reading was 2.58, 3.01, 3.00, 3.01, 3.02, and 3.52. to nearly 0°C, and shifting the water peak by adding DyCI

The solid symbols and error bars represent the experimental data. The operhp to 0.02 m all failed to produce an observable solute
symbols are points obtained from the weighted linear least-squares fitting ’

of the data at each temperature with the functio{t/= 1/Toc + N + resonance. The 500 MHz proton NMR spectid an sodium
L'[SOs?7] + RISHOs7]. The quantity 1T>c + N was treated as a single,  bisulfite solutions of pH 2 and pH 4.6 also exhibited no solute
adjustable parameter. Data acquired at 274, 287, 303, 318, and 333 K gavepeakso

similar results (see Supporting Information). '

1500

(M) (67

Oxygen Exchange between S~ and H,O. We

One obtains Ik from reactions 611 by writing the  investigated oxygen exchange betweerntt$Oand HO by
expression for d[(HS®)*]/dt, from which [(SQ2)*] is studying the broadening of the water peak intf@ spectra.
eliminated by the steady-state approximation. An expressionBecause the population of oxygen in water greatly exceeded
consistent with the empirical rate law is obtained if it is its populations in either isomer of bisulfite ion, the treatment
assumed thak_;o > k_; andk_1; > k_ 26 Since reaction ~ Of Swift and Connick! is applicable. Neglect of direct
10 belongs to the class of rapid reactions involving proton HSGs"—H,O exchange (vide supra) yields as a good
addition to an oxygen of the conjugate base of an inorganic @PProximation
oxyacid,k 10 probably exceeds & 10°°M~! s 127 Our data
showf that proton addition to a sulfite oxygen atom proceeds X 4+ 1

much more rapidly than protonation of the sulfur atom, i.e., (l) _1 P 1 &(i)z TeA (13)
k10> k_7, as otherwise these two reactions would lead to  \T,/o Toa PaTea Pa\Tea (X i L)Z +Y2
rapid isomerization. It is also likely thit 11> kg, because Tga
reactions 8 and 11 are the general adidse catalysis
analogues of reactions 7 and 10. With these assumptions wevhere
obtairf®
Y= A + Pcf 1)z Awc
Lre = k; + kSO ] + (kg + k(L + 1/Q,) }[SHO; ] — A% T ({) 1. 1) 2
—+—] +(Awy)
(12) (Tzc TCB)

Comparison of this expression with eq 5 yieNs= k;, L' (28) See Figure 6S in the Supporting Information forT(){ data.

(29) Q7 = Q1 + Q).
(26) Details may be found in the Supporting Information. (30) McKenna, S. T. Private communication, 2002.
(27) Eigen, M.Angew. Chem., Int. Ed. Engl964 3, 1. (31) Swift, T. J.; Connick. R. EJ. Chem. Phys1962 37, 307.

1888 Inorganic Chemistry, Vol. 42, No. 6, 2003



Oxygen Exchange between Isomers of Bisulfite lon

11

1\2 2
—| +——+(Aw
_Pc 1 (Tzc) Toc Tcs J 1
Xt (1 1) tT
Pe Tce (_ + _) + (ch)z 2B
Toc  Tcs

and the symbols have the following meanings:

(1/T,)a = the half-width at half-height (line width) of the
A (water) peak;

1/T, = the natural line width of sitg, i.e., the line width

Betts and Vossmeasured the rate of oxygen exchange
between S(1V) species and water in basic solutions and found
a rate law consistent with the existence of three single-step
oxygen exchange reactions:

k_
SOH™ +H" <==50,+ H,0, (15)

(SOH)* + SHO, =22 (SO)* + (H,0)* + SO (16a)

the peak would have in the absence of chemical exchange;gng

l/rj = the pseudo-first-order rate constant for oxygen
exchange from sitéto sitej;

pi = the fraction of'’O nuclei that are in sité

Aw; = the precession frequency of th&® nuclei in site

— k16b

(SOH)* + SHO; == S,(0)*05* + (H,0)* (16b)

In acidic solutions, the pseudo-first-order rate constamga;l/

i in the absence of chemical exchange minus the spectrakor oxygen exchange between sites B and A due to the above

frequency at which the water peak has its maximum héfght.

The pseudo-first-order rate constant for oxygen exchange
between the S¢H~ site and HO, 1frga, Was evaluated from
eq 13. The value of Th, was assumed to equal Ta. We
set 1M,c equal to the value obtained from the fitting of the
HSG;™ line width data (vide supra) and estimated thabd/
was equal to (I))a £+ 100%, but 1lfsa was relatively
insensitive to these valuésEquation 5 was used to calculate
1/tce. In calculating the population ratiqs/ps and ps/pa,
we assumed that resonances of the minor speci®g®S
SO, and S@* were coalesced with that of S8, so that
the B site comprised these speciéfin solutions with S(1V)
concentrations greater that m the $0s?~ did contribute
significantly to peak areas and the(  and bisulfite
resonances were coalesced.) The valueAwo§ and Awc
were approximately 33 500 and 30 200,sespectively, and
were corrected for small changes resulting from the coales-
cence of the A and B resonances at low {5H.

For any (11,)a two values of 1#fga are obtained upon
solving eq 13. When both were real and positive, we chose
the correct value by examining Figure 1 to see whether the
water peak broadened (smaller value) or narrowed (larger

reactions has the form

Ps
Psop-

1

ol

- ) =3 (Ko gH T +kdSHO ) (17)

BA

where pso- is the fraction of oxygen nuclei present in
SOsH™ andkys = kiga + kien TO cOmpare our data with this
rate law, we examined the dependence afslpon [H]
and [SHQ]. The dependence of @a)(Pe/Pson-) Upon
hydrogen ion concentration for six solutions having [SHO

= 0.19 mis shown in Figure 4. The variation of the ordinate
with [H*] is due almost entirely to changes indd, because
the values of (fs/pson-) all fall between 1.04 and 1.07. At
high acidity 1tsa approaches first order in [H but shifts

to a smaller order at lower acidities. At each temperature
the data are fitted well (dashed curves) by the expression

|

whereF andG are temperature-dependent parameters. The
data in Table 1 show thatdds is independent of [S(IV)] at

Ps
Psop-

1

TBa

=GH+F (18)

value) as the temperature increased. In spectra of pH 5pH 3, whereF is insignificant, and therefore must be

solutions the HS@ and SQH™~ peaks were coalesced; in
these cases we calculated a second valuewf Ifom the
width of the S(IV) peak. Because the exchange between
bisulfite ion and water was in the slow-exchange limit at
pH 5, the half-width at half-height of the S(IV) peak is (1/
T,)s = 1/MT,s + lltsa, Where the combined S(IV) site is
labeled with the letter S. To obtaintiA we replaced Tka

with [ps/(ps + pc)l(L/tsa) and calculated Ths, the line width

of the S(IV) peak in the absence of oxygen exchange with
water, using the two-site exchange expression

iz( Pe )L+( Pe )L
Tos \PeTPc/Tos \Pe t Pc/Tac
pBZpC2 2
m (Awg — Awc) (e + 7cp) (14)
B c

for the width of the exchange narrowed S(1V) péakalues
of 1/tga determined in this manner agreed well with those
obtained from the water peak line width data.

zero order in S(IV), in agreement with eq 17.

Above pH 3 theF term is nonnegligible, and dda
increases with increasing [S(IV)]. Figure 5 shows plots of
the function (1#ga)(pe/Pson-) — G[H '] vs [SHO; 7] at each
temperature for solutions having a pH of 5, all at 1.0 m ionic
strength except for the solution having [SEQ= 0.69 m,
which had an ionic strength of 0.9 m. The data are not highly
precise because the,@ peak is only slightly broadened at
pH 5. Nevertheless, the data in Figure 5 do suggestist
proportional to [SH@"]. Although the points from the 0.19
m solution lie above lines drawn through the origin, a
nonzeroy-intercept in Figure 5 would correspond to a term
in F that contains [SH@] to zero or a negative power. Such
a term could be explained by adding the reactiontbO—

(32) This is not Swift and Connick’s definition adfw;, but it is a good
approximation because the chemical shifts of the S(1V) peaks relative
to water were large in comparison to changes in the position of the
water peak.

(33) Reference 25, pp 9396.

(34) Reference 25, pp #577.

(35) Reference 25, pp 981.03.

Inorganic Chemistry, Vol. 42, No. 6, 2003 1889



Horner and Connick

and Inkyg/(m™ts7%) = (19.524+ 0.37)+ (—3141+ 120)T,
with a covariance of-44.34, where€T is in kelvin. Results
of this fitting are shown as the solid curves in Figures 4 and
5. To confirm the rate law of eq 17, the line broadenings
predicted by these values &f;5s and ks were calculated.
The results, shown as the solid curves of Figure 1, compare
favorably with the experimental line broadenings.

Oxygen Exchange between Bisulfite lon and Disulfite
lon (S;05%7). No separate £s> resonance was observed
in the’O NMR spectra of any of our solutions. In particular,
in spectra of a solution in which both,G?~ and SHQ~
made an appreciable contribution to peak areas ([SEV)]
4.7 M), the SO~ and SHQ™ resonances were apparently
coalesced with each other but not with the water peak. By
what mechanism is oxygen exchanged between bisulfite ion
and disulfite ion? The mechanism proposed earlier for
exchange between SHOand SO, reaction 16b, also
produces oxygen exchange between bisulfite ion and water.
We attempted to determine whether an exchange process
such as (16b) can account for the simultaneous existence of
a coalesced S(IV) peak and a separate water peak due to the
large chemical shift of water relative to the S(IV) species or
whether the peak pattern requires the existence of an

10°

104

(1775 (Pe/Pso,n-) (s

10°

2 1 L L | N
" 3.0 35 4.0 45 5.0 additional SHQ —S,0s>~ oxygen exchange pathway that
does not produce oxygen exchange between these species
~log [H" ] and water, such as S& SHO; = S,0:2 + H*.

Figure 4. Product of the pseudo-first-order rate constant for exchange of ~ WWe acquired spectra of a solution in which [S(1\5]4.7
70 from site B to HO (site A) and the population ratio of all oxygensin M and pH= 4.5 at several temperatures between 258 and

site B to oxygens in SgH~, plotted as a function of-log [H*] for six . ; ;
different sodium bisulfite solutions of [S(IV)}¥ 0.20 m and ionic strength 323 K, conditions for which the populations of oxygen atoms

1.0 m. Solid and open symbols denote values obtained from analysis of thein the SHQ™ and SOs*~ environments were approximately
broadening of the water peak in tA@ NMR spectra of the solutions, equal®® Analysis of the line width and chemical shift data

while the x symbols denote values obtained through analysis of the ; ; 2—
broadening of the coalesced S(IV) peak (located at ca. 192 ppm) in the revealed that the chemical shift 0tG5*" is roughly 164

spectrum of the solution of highest pH. Uncertainties on the S(IV) data are PPM and that the psuedo-first-order rate constant for oxygen
not shown but are smaller than the uncertainties in the corresponding waterexchange from SHO to S0~ exceeds 15007% at 263

peak data. Each dotted curve represents the weighted linear least-square : ;
fitting of the expressiorr + G[H*] to the displayed water peak data at a R. The spectral features described above do not require a

single temperature, while the solid curves show the valuek a§H*] + SHO;"—S,0s*~ oxygen exchange mechanism other than

khe[SHO{])B obtained bly a Singlgl fit(tin? of the water peakﬁd ?‘at? at reaction 16b yet do not exclude such reactions. Moreover,
all temperatures, pH values, and S(IV) concentrations with the function e i :

given in eq 17. Data acquired at 282, 295, 310, 325, and 341 K gave similar Kiep iS ,“kely greater t_han or equ‘?‘l tose Details may be
results (see Supporting Information). found in the Supporting Information.

SO, + OH™ to the proposed oxygen exchange mechanism Discussion

but is ruled out by Betts and Voss’ ddtahey found no  geyeral possible explanations exist for our inability to
evidence for a term of this sort, although it would necessarily jpserve the HS© peak in proton NMR spectra. First, our
have been the dominant term in their basic solutions. Even assignment of the 175 and 195 ppm resonances tosHSO
if their largest oxygen exchange rate were attributed to such ;g SQH-, respectively, may be incorrect, in which case
a term, it is easily shown that this term would be negligible |, HSQ- and SGH- would exchange protons rapidly with

at pH 5. It is thus IikeIX that the points in Figure 5\ ater the former via reaction 1 and the latter via reaction
corresponding to [SHO] = 0.19 m contain a systematic 19 This possibility seems ruled out by the results of

error. The data from this solution are also graphed as the  jyejohn et al., who showed that the temperature depen-

pH 5 data in Figure 4, where the likely systematic ermor yence of the intensity of the Ramarrs stretch of bisulfite

appears as 14, values that seem too large. solutions matched qualitatively that of thEO NMR
Having tentatively established that the rate law of eq 17 (osonance at 175 ppth.A second, more likely reason is

accounts for our data, thetgA data at every temperature, o+ the HS@ and HO peaks in the proton spectrum were
pH, and bisulfite ion concentration were fitted with the form

of eq 17 in which the Arrhenius parameterskofs andkie (36) The spectrometer on which the spectra of the 4.7 M and 0.800 m

served as regression parameters. Weighted nonlinear least-  solutions were acquired was similar to the spectrometer described in
s . 11\ — the Experimental Section but had a magnetic field strength of 4.2 T,

squares fitting of the data erlded ka15/(m . s7)=(30.54 corresponding to ak’O Larmor frequency of 24.4 MHz. It accepted

+ 0.11) + (—3511 4+ 36)/T, with a covariance 0f-4.12, 20 mm (outside diameter) sample tubes.
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Table 1. Effect of S(IV) Concentration upon (@da)(ps/psos-) at pH 3 and Various Temperatures
10-3(1/zea)(Pe/Psos) (571

—log [H*]2 [S(IV)] (m) pe/Psogt-2 288 K 295 K 310K 318K 333K 340 K
2.89 0.101 1.04 4% 12 52+ 10 71+7 80+ 6 81+ 4 83+5
2.88 0.199 1.06 5% 6 60+ 5 79+ 4 87+3 96+ 3 93+3
2.89 0.326 1.07 5% 5 62+ 4 76+ 3 82+ 2 92+ 3 94+ 3
2.90 0.456 1.09 5 3 54+ 4 75+3 80+ 2 85+ 3 87+ 3

apt 298 K.

coalesced or fortuitously superimposed. Third, if there exists activation for the dissociation of the HgOisomer,AS;* =
any mechanism, such as H*$0O+ H* = HSG;~ + (H)* —38 cal/(mol K), seems unusually negative, but the net
or H*SO;~ + H,O == HSG;~ + H*HO, that exchanges  entropy change for this reaction is45 cal/(K mol)73 In
protons between HSO and HO without leading to oxygen  an acid dissociation reaction most of the overall entropy
exchange between HSO and other species, then our change should appear &S because the activated complex
estimate of 1/ for proton exchange would be too low. will have the proton already well separated from the anion.
Isomerization of HS@ to SQH™ proceeds primarily via In their study of oxygen exchange between;5Cand
proton removal from HS@. In our solutions, proton transfer  water, Betts and Vodsfound evidence for an exchange
to SO (reaction 8) was more rapid above pH 3.5 than process that is second order in S(1V), which they attributed
proton transfer to a water molecule (reaction 7), while to the dimerization of bisulfite ion (reaction 3). We also
isomerization via reactions 6 and 9 was a minor contributor detected an exchange process that is second order in S(1V),
under all conditions. From the ratl@g/k; one calculates the  but ascribe it to two reactions: 16a and 16b. Although neither
exponents in Brgnsted’s equatich for base catalysis of  our data nor those of Betts and Voss distinguish between
HSGO;™ dissociation to be 0.6 at 298 K, a value typical of reactions 16a and 16b, we think it likely that reaction 16a,
general base catalysis. General adidse catalysis is of the general acidbase catalysis analogue of reaction 15,
course expected when the rate-determining step involvescontributes appreciably to oxygen exchange with water. Not

proton transfer. The rate of addition of'Ho SQ? to form
HSG;™ is well below the diffusion limit, in contrast to the

only would general acidbase catalysis be expected for
reaction 15, but the ratik-15/kis iS consistent with the

rate of association expected for the same two ions to form Brgnsted relation for acidbase catalysi&. The experimental

the oxyacid. The rate constant for acid dissociation oftf$O

value of this ratio is reproduced when Brgnsted’s exponent

is about 50 times greater than that for the dissociation of ¢ is about 0.5. Tolmachev and Scheralso found evidence
HSG;™ at room temperature. Dissociation and recombination for general acid catalysis of the formation of S@om
of SOH™ are sufficiently fast to make all three S bisulfite ion. Nevertheless, this reasoning in no way rules
oxygens equivalent on the NMR time scale provided the out reaction 16b. Reaction 9, one of the two elementary
S—-0 and S-O—H resonances are separated by no more thanreactions that contribute to reaction 16a, is unimportant
a few thousand hertz. because the upper limit t is about 90 m* s* at 298 K,

Agreement between the experimental data and the pre-compared with a value & of about 8000 m* s™*. Because
dicted curves in Figures 1, 4, and 5 is quite good considering isomerization of HS@ is slow, the reactions of S8~ with
that only four adjustable parameters were used to fit dataHSO;~ must not contribute significantly thye.
covering a wide range of temperature, [SHPand pH. The In Table 3 our rate constants for reactions that exchange
poorer quality of fit at high and low temperatures suggests oxygen between bisulfite ion and water are compared with
some inaccuracy in the temperature measurements, but thehose obtained by other workers. The distinction between
directions of the deviations are incompatible with a consistent molar and molal units is probably unimportant compared to
systematic error. In some parts of Figure 1 the predicted yncertainties in the rate constant values. The existence of
water peak broadenings are systematically too small. Mosttwo isomers of bisulfite ion necessitated a reinterpretation
likely these deviations arose from an underestimate of the of the data of Eigen et &lReaction 15 is much more rapid
inhomogeneity correction. The deviations of experimental than both reaction 16 and the isomerization reaction at the
data from the predicted curves of Figure 5 were discussedacidities at which Eigen et al. worked, so their measured
earlier. No significant improvement in fitting the data was relaxation time,r;, may be attributed to reaction 15 only,
obtaineq by adding other reasonable oxygen exchangeje. 7, ={k 1([H*] + [SO:H ] + Qi)} ~L. Their relaxation
mechanisms. time data then yielded a value &f 5, from which we

Table 2 lists the rate constants evaluated in this work and calculatedk_; at 0.1 m ionic strength. This value was also
the corresponding enthalpies and entropies of activation. The
uncertainties assigned to our values are unusually small be<37) (a) Bell, R. PAcid—Base CatalysisClarendon: Oxford, U.K., 1941;
cause they are standard deviations of least squares parameters Chapter V. (b)The Proton in Chemistry2nd ed.; Cornell: Ithaca,

. . NY, 1973; Chapter 10.

and, therefore, may underestimate the actual uncertaintiegsg) rrost, A. A.: Pearson, R. Ginetics and MechanisnWiley: New
significantly. York, 1953; Chapter 7.

The activation entropies in Table 2 are reasonable for (3% Wagman, D.D.Evans, W. H., Parker, V. B.; Schumm, R. H.; Halow,
reactions of ions in aqueous solutinThe entropy of

I.; Bailey, S. M.; Churney, K. L.; Nuttall, R. LJ. Phys. Chem. Ref.
Data 1982 11, Suppl. 2.
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estimate the activity coefficients of the reactants and activated
complex of reaction 15 for a solution composition of 0.2 m
NaHSQ and 0.8 m NaCf?

Our experimental value df-; agrees well with that of
Eigen et al. (compare the fifth and sixth entries of Table 3)
but is less than one-third of Reynolds and Yuan’'s value
and is 1 order of magnitude smaller than the value reported
by Tolmachev and Schersémlthough our rate law agrees
with that of Betts and Voss,our rate constants differ
substantially from theirs. Betts and Voss’ reported value of
k-, exceeds ours by about a factor of 20 but really differs
by a factor of 60 because their reported rate constants are
inexplicably smaller, by a factor of 3, than those we
calculated from their data. Betts and Voss’ valuekof is
nearly equal to that of a diffusion-controlled reaction,
surprisingly large for a reaction that involves the breaking
of a sulfur-oxygen bond.

Reynolds and Yuan’'s value d€-; is presumably less
precise than the others in Table 3 because it was determined
from measurements at just two pH values. Rate constants
determined by their polarographic method contain a system-
atic error if, as seems likely, the conversion of bisulfite ion
to SQ is catalyzed by the buffer. Tolmachev and Scherson’s
data are not fitted well by their general acid catalysis model.
In particular, the slope of the pH dependence of their Figure
3 does not match the expected value, and the precision of
the fitting of their rate data as a function of'Hnd acetic
acid concentrations decreased markedly when the data set
was enlarged to include more than one pH. Furthermore,
although both groups worked at high ionic strengths, neither
made activity coefficient corrections in analyzing their data.
Consequently the rate constants found by these groups can
only be taken as quite approximate.

We were especially uneasy with discrepancies between
our results and those of Betts and Voss because of the
simplicity of their method. Surprisingly, oxygen exchange
rates calculatéd from our rate constants agree with Betts
and Voss' rate vs pH data at a fixed [S(IV)] of 0.30 M (their
Figure 1). For example, at pH 9.80 and [$0Q = 0.30 M
we calculate—log[rate/(mt s71)] = 3.89, while Betts and
Voss' Figure 1 gives-log[rate/(M* s™1)] = 3.85. Betts and
Voss' plot of —log(rate) vs 1T at [S(IV)] = 0.30 M (their
Figure 3) also agrees well with one calculated from our rate

3000
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3000

(1152)(Pe/Psoyr) — GIH'T (s7)

2000

1000

[SHO;™] (m)

Figure 5. Graph of (1tga)(ps/psop-) — G[H'] vs the calculated
concentration of bisulfite ion for five different sodium bisulfite solutions . .
having room-temperature pH values ranging from 4.97 to 5.13. The most CONstants. We also carried out an oxygen exchange experi-

concentrated solution ([SHO] = 0.69 m) had an ionic strength of 0.90  ment® to verify Betts and Voss’ rate data: we prepared a

m, while the other four had ionic strengths of 1.0 m. Each dashed line 0.30 m sodium sulfite solution by dissolving sodium sulfite
represents the weighted least-squares fitting of the data at a single.””

temperature, while the solid lines represent the valuek,g8HOs™1/3 in *’O-enriched water, adjusted the pH to 10.0 with HCI,
obtained by a single fitting of the data at all temperatures, pH values, and and then measured the areas of the’S@nd HO peak$’
S(IV) concentrations with the function given in eq 17. Data acquired at 17 : :
282, 295, 310, 325, and 341 K gave similar results (see Supporting in the 'O NMR spectrum at 14 d'ff‘?re”t times between 0
Information). and 105 h. Analysi of these data yieldeetlog[rate/(nrt

s 1)] =4.50 at 21.3C, compared with Betts and Voss’ value
corrected to ionic strength 1.0 m using Pitzer's equafions of —log[rate/(M™t s71)] = 4.22 at 24.7°C. Although the

and the ionic interaction parameters of Rosentlatih

(42) Reference 25, pp 12431.

(40) Pitzer, K. SJ. Phys. Chem1973 77, 268. (43) This experiment was done on the Bruker NMR spectrometer described
(41) Rosenblatt, G. M. IfFlue Gas DesulfurizatigrHudson, J. L., Rochelle, in the Experimental Section.

G. T., Eds.; ACS Symposium Series 188; American Chemical (44) The S@ resonance was observed at 210 ppm.

Society: Washington, DC, 1982; p 57. (45) Duffield, R. B.; Calvin, M.J. Am. Chem. S0d 946 68, 557.
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Table 2. Summary of Rate Constants Obtained in This Study

Arrhenius parameters AHoodt ASpedt
rate const value at 298 K A EJR (K) covariancé (kcal mol™1) (cal K"t mol?)
k7 (5.6+£0.1)x 1?s?t 11.894+ 0.23 1653+ 74 -17.3 2.7£0.1 —37.9+0.5
k-7 (2.08+0.06)x 1®m1st 29.59+ 0.23 3098+ 69 —15.8 5.6+ 0.1 —-1.7+£05
ks (1.17£0.05)x 1P m1st 19.414+ 0.54 1622+ 166 —88.5 2.6£0.3 —22+1
k-1s (1.40+£0.01)x 1B m~tst 30.54+ 0.11 3511+ 36 —4.12 6.38+ 0.07 0.2+0.2
kye? (8.0£0.3)x 1 m1st 19.524+ 0.37 3141+ 120 —44.3 5.6+ 0.2 —21.7+£0.7

aCovariance of IPA and —E4/R. P kis = kiea+ kien (S€€ tEXt). For comparison, the single oxygen-exchange experiment at pH 10.0 an@ ZieRled
k]_e =5x 10 mis?
Table 3. Comparison of Rate Constants of Reactions That Exchange Oxygen Atoms between Bisulfite lon and Water

SHO; +H' —X1 5 $0,+H,0

k. Reference T (°C) ionic strength
(2.5+0.3)x 10° * 3 24.7 0.9M
(1.15£0.01) x 10* 4 this work 24.7 1.0m
(1.2£0.15)x10°“ 5 233403 0.5M
1.9 x 10° @4¢ 2 20 0.1m
1ox 1085/ 2 20 1.0m
(9.7+0.1)x 10" > this work 20.0 1.0m
3.7%x10%° 4 not reported 1.0M

2SHO;™ —*4 5 S0, +H,0+S0,>  2SHO, —B 5 $,05 + H,0
k=ka+kg reference T (°C) Ionic strength
700 % 200 *° 3 24.7 0.9M
6600 + 240 >¢ this work 24.7 1.0m

aUnits areM 1 s71, b Units are n1 s71, ¢ Value reported in ref 3. The data from ref 3 yield a value three times greater (se¢ @atyulated using—;
= k_15/(1 + Q47%). ¢ Obtained by first calculating-1s using data from ref 2 (see text). The valuekof in ref 2 was reported to only one significant figure.
f Estimated value, obtained by applying approximate activity coefficient correction to value at ionic strengthd@aloulated using = kig/(1 + Q479).

factor of 2 discrepancy is puzzling, Betts and Voss’ rate vs This interpretation would be consistent with our finding at
pH data at 0.3 M S(IV) are generally confirmed. pH 10 of a rate ca. 2-fold lower than the Betts and
Our rate constants do not reproduce Betts and Voss’ Voss rate. Moreover, in two experiments where they ad-
oxygen exchange rates for other S(IV) concentrations (their justed the pH with hydrochloric acid rather than boric acid
Figures 2 and 4). While Betts and Voss found an overall buffer, Betts and Voss’ rates were ca. 3-fold lower than in
reaction order in S(IV) of 1.15 0.03, our results predict their experiments with boric acid buffer. In the three ex-
that the observed order in S(IV) would be 2 at their pH. periments where their pH was adjusted with ammonia, the
Betts and Voss allowed the ionic strengths of their solutions rates were about the same as with boric acid buffer, but
to range from 0.90 to 1.80 M and at 0.90 M adjusted ionic ammonium ion could have increased the rate by general acid
strength by replacing the-21 electrolyte NagSO; with a 1—-1 catalysis as its acid ionization constant is close to that of
electrolyte. When Betts and Voss’ data are corrected for ionic boric acid.
strength difference¥ their observed order in S(IV) increases ~ The uncertainty in the S(IV) dependence along with their
to about 1.5 and their rate constants come closer to ours,extremely high value ok-; makes Betts and Voss’ results
but a substantial discrepancy remains. guestionable. This uncertainty could be removed by measur-
In most of Betts and Voss’ experiments a boric acid buffer ing the [SQ?"] dependence of the oxygen exchange rate
(no concentrations given) was used to stabilize the pH. under more carefully controlled conditions.
Possibly the boric acid was providing general acid cataly- Our rate constank_;s, is only 1000 times smaller than
sis so that at low sulfite concentrations the reaction was that of a diffusion controlled reaction. It differs markedly
first order in sulfite ion and boric acid while at high sulfite _ : :
ion concentrations it approached second-order sulfite ion “4®) frfc',"itsbzhggmaégfag&&;e??iBéfgﬂvvﬁe?/heN";'VSVtQ’o?fk’Bl‘gg?;
dependence. Boric acid is a known general acid catéflyst. p 218.
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from the rate constant of the analogous reaction between Acknowledgment. This work was supported by the
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hydrogen. in HCG" |_s bonded to an oxygen atom. For this Supporting Information Available: Plots of data for solutions
.reason .E|gen, Ku?“”' and Ma{;lss suggested that thes;HSO and temperatures not shown in Figures5] a figure showing (1/
isomer is responsible for the high rate of reaction 1, but our T)a vs T, details of the analysis of the rate law derived from
results show that S®I~ reacts more rapidly with Hto reactions 6-11, details of the analysis of oxygen exchange between
produce S@and HO. The great difference in rates between pijsulfite ion and disulfite ion, and details of the comparison of our
the bisulfite and bicarbonate reactions may be due to therate constants to those of ref 3. This material is available free of
small amount of atomic rearrangement needed for the charge via the Internet at http://pubs.acs.org.

O—S-0 remnant of bisulfite ion to attain the bent 8O |~450692N

structure compared with the amount required to transform
the O—-C—0O fragment to linear C® (47) Gibbons, B. H.; Edsall, J. T. Biol. Chem1963 238 3502.
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