Lawrence Berkeley National Laboratory
Recent Work

Title

THE KINETICS OF OXYGEN EXCHANGE BETWEEN BISULFITE ION AND WATER AS STUDIED BY
OXYGEN-17 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Permalink

https://escholarship.org/uc/item/09w7{7gx

Author
Homer, D.A.

Publication Date
1984-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/09w7j7qx
https://escholarship.org
http://www.cdlib.org/

ue-v
LBL-18297

=\

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA RECEIVED

. ] AREMCE
#~ [' Materials & Molecular =" F
I Research Division

S % , DOCUMENTS SECTION

THE KINETICS OF OXYGEN EXCHANGE BETWEEN BISULFITE
ION AND WATER AS STUDIED BY OXYGEN-17 NUCLEAR
MAGNETIC RESONANCE SPECTROSCOPY

D.A. Horner
(Ph.D. Thesis)

For Reference |

August 1984

Not to be taken from this room |

[

[ e

Prepared for the U.S. Department of Energy under Contract DE-ACO03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-18297

k] o THE KINETICS OF OXYGEN EXCHANGE BETWEEN BISULFITE
: ION AND WATER AS STUDIED BY OXYGEN-17
NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

David Allen Horner

Ph.D. Thesis

Lawrence Berkeley Laboratory
- University of California
Berkeley, California 94720

August 1984



The Kinetics of Oxygen Exchange between Bisulfite Ion and Water

as Studied by Oxygen-~17 Nuclear Magnetic Resonance Spectroscopy

By

David Allen Horner

ABSTRACT

The nuclear magnetic relaxation times of 6xygen—17 héve been:
measured in aqueous sodium bisulfite solutions in the pH range from 2.5
to 5 as a function of temperature, pH, And S(IV) concentration, at an
ionic strength of 1.0 m. The rate law for oxygen exchange between
bisulfite ion and water was obtained from an analysis of the data, and

1s consistent with oxygen exchange occurring via the reaction

The value of k-l was determined, and is in eﬁsential agreement wiﬁh the
results of a previous determination by relaxation measurements.

Direct spec;roscopic evidence was found for the existence of two.
isomers of bisulfité fon: one with the proton bonded to the sulfur
(HS047) and'the other with the proton bonded to an oxygen (SO3H ). (The
symbol SHO3~ in the above chemical equation refers to both isomeric
forms of bisulfite ion.) The relative amounts of the two isomers were
defermined as a function of temperature, and the rate and mechanism of

oxygen exchange between the two was investigated. One of the two
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isomers, presumably SO3H_, exchanges oxygens with water much more

~rapidly than does the other.

A two-pulse sequence was developed which greatly diminished the
gsolvent peakvin the NMR spectrum. ' This pulse sequence allowed accurate

measurements of the linewidth of the éolute peak to be made.

. Mathematical expressions were derived for the linewidth of the solute

peak in the presénce of chemical exchange of nuclel between the solvent

and solute environments.
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INTRODUCTION

When sulfur dioxide dissolves in water it retains its molecular
structure as 802. Although the resulting solution is acidic, the
undissociated free acid Hy504 has never been shown to exis't:;li—s in order

to ionize to bisulfite ion and hydrogen ion the sulfur dioxide must

react with a water molecule. The first and second ionizations of sulfur

dioxide are represented as

k _
1 _ + ‘ .

so2 + HZO 2 sao3 + H | (1)
k)

and

- kz 2_ +
SHO, T 80,0 +H . _» (2)
k_y

(The symbol SHO3™ refers to all isomefic forms of bisulfite ion.)
Previous investigatorss’7 have apparently measured the rate of reaction
1, but their values of k_, differ by more than a factor of 30, and thus
are not in good agreement. The present study was undertaken to
redetermine the rate of reaction 1; It was also hoped that information
could be gained concerning the rate and mechaniém of'the dimerization of

bisulfite ion® to produce the species 82052—:

(9% )

. - 2— ’ )
28HO, 3 8,0,° + H)0 . _ (3

+



In the céurse of the study, evidépce was obtained of the existence
in solution of two isomers of bisulfite ioﬁ, one having.the proton
bonded to the sulfur and the other having the proton bonded to an
oxygen.- The equilibrium concen;ratioﬁ_ratio of the two isomeric forms
was determined, and the kinetics of the transformation of one form to ' ~
the other was studied. | o

Since reactions 1, 2, and 3 as.well as the isomerization of -
bisulfite ion involve oxygen exchange among the S(IV) species and
‘between the S(IV) sbecies and water, the rates and mechanisms of these
reactions may be obtained from a study of the kinetics of the exchange
of oxygen befween the various species in the aqueoﬁs S0, - SHO3 - 8032—
system. It was recognized several years ago9 that the oxygen exchange
processes in this system could be studied using oxygen—-17 nuclear
magnetic resonance (NMR) specfroscopy. In the present work, information
about oxygen>eXChange processes was derived from the widths, positions
and number of peaks in the 170 NMR spectra of bisulfite solutions.

These spectral features are.all sensitive to the rates of the exchange
reactions (see Figure 1). Rate laws and.Arrhenius parameters of the
corresponding rate constants were obtained from the dependence of the
half widths of the NMR peaks upon the experimental variables of
temperature, pH, and S(IV) concentration, which affect the magnitudes of
the pseudo first order rate coﬁstanﬁs for oxygen exchange Between sites
having different resonance frequencies or relaxation times. 10 ™

Preliminéry experiments indicated that 170 NMR could best be

<

employed to study the SO, - SHO3_ - 8032_ system in the region between
pH 3 and pH 5. This is because the chemical exchange between bisulfite

ion and water is not rapid enough to cause coalescence of the S(IV) and
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&ater resonances throughqut the entire region, yet 1s not so slow that
the linewidths of ﬁhe peaks are insensitive to the rate of that exchange
process. The ionic strength of the solutions was chosen to be near that
of one of the earlier studies to ensure meaningful comparison of
resﬁlts.

One of the problems which arose very early in this work concerned
the presence of the lafge solvent (water) resonance in the !70 NMR
spectrum. It was desirable to study the broadéning of the S(IV) peaks
in the spectrum, because a reaction which exchanges oxygens between two

species, such as reaction 1, which exchanges dxygens between bisulfite

ion and water, increases (in the slow exchange limit) the linewidths of

the two peaks by amquﬁts which are iﬁversely proportionalbto the
concentrations of the corresponding chemical species. However, the
chemical shifts of the S(IV) peaks weré small enough to place these
resonanceé on a "wing” of the water resonance. The location of the
solute peaks on a wing of the solvent peak, together with inevitable
small inaccuracies in the phase adjustment of the spectrum, precluded
accurate méaSurement of the half widths of the solute resonances. A
pglse sequence was déveloped which all but eliminated the solvent peak
from the spectrum, and mathematical expressions were derived for the
linewidth of the remaining solute peak in the presence of chemical

exchange with the solvent.

«
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EXPERIMENTAL PROCEDURE

Sample Preparation

Analytical reagent grade sodium metabisulfite, sodium chloride,

hydrochloric acid, and sodium hydroxide from the Mallinckrodt Chemical

Company were used without further purifigatioﬁ unless otﬁerwise noted.'

Aqueous solutions of bisulfite and sodium chloride were pfepared by
dissolving weighed amounts of sodium metabisulfite and sodium chloride
in 3.00 ml of water.v’In most‘céses the:sodium chloride was dried in a
110°C oven and cooled in a desicqator prior to weighiﬂg. The water used
in the prepargfion of samples for oxygen-17 NMR measurements was
enriched to ;1rca 50 mole percent oxygen—-17 and 40 percent oxygen-18,
with naturallabdndancé hydrogen and deuterium. It was obtaiﬁed from
Monsanto Research Corporation's Mound Facility in Miamisburg, Ohio; and
purified in the manner described below. Proton NMR sambles were
prepared with ordinary distilled water.

The pH of each solu;ion was measured with a Beckman Altex model
531164 combination éH electrode and an 6rion Research model 601A digital
meter. They were calibrated using standard buffer solutions of pH 4 and
7. Adjustments of the pH were made by adding small amounts of 6M HCl or
6M.NaOH to the bisulfite solutions.

Several precautions were taken to exclude oxygen from.the bisulfite
solutions and prevent the oxidation of aqueous bisulfite ion by
molecular oxygen. Following the weighing of spdium bisulfite and sodium
chloride, all reagents were transferred to é glove bag, which was theh

sealed and flushed with nitrogen for about thirty minutes. Nitrogen was



rﬁen ﬁubbled through the water for 15 minuteé, followed by an additional
5 minutes of flushing the glove Bag. The water used to rinse the
electrode and in soﬁe.casee the HC1l and NaOH solﬁtions had also had
nitrogen bubbled through them prior to being placed inside the glove
bag. 1In the glove bag the salts were dissolved in water transferred by
’pipet, the pH adjustment was made, and the solution was transferred to a
thin-walled glass NMR sample tube, which was then sealed with a pressure
cap and paraffin film. The solutions were stored in the glove bag under
a nitrogen atmosphere. |

Due te its high cost and limited availability, it was necessary to
recover the oxygen~17 enriched water from the bisulfite solutions after.
NMR measurements were made,>so that the water could be used in later
'samples. Recovery and purification were accomplished by three
successive vacuum distiilations. Prior to the second distillation the
solution was made basic by the addition of a small amount of sodium

bhydroxide to prevent the production of SOzvby the disproportioration of
bisulfite, and the subsequent distillation of the SO,.

The compositions of the various bisulfite solutions are shown in
Figure 2. Enough sodium chloride was. present in each solution to give
an ionic strength of 1.0 m at.25°C.'

Some discussion of the units.in which the S(1IV) concentration is
expressed in Figﬁre 2 (and elsewhere in thié work) 1s appropriate. The
‘total volume of any of the bisulfite solutions was not known, so
molarity could not be used as a unit of concentration for S(IV). The.
number of_moles of S(IV) and the volume of H,0 used in preparing each
solution were known, so knowledge of tﬁe.deﬁsity of the water would

allow the concentration of S(IV) to be expressed in terms of moles of
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S(IV) per kg of H,0. This.traditionél definition of molality was
thought to be unsatisfactory for the present work, which involved the
userof 17O.enriched water, because 1t ylelds different concentrations of
S(IV) for two solutions prepared in exactly the same manner save for the
use of water having different mole fractions of the oxygen isotopes.
Since the cheﬁical behavior of two such solutions would be expected to I
be,ﬁearly identiﬁal, their differing concentrations in units of moles of
S(IV) per kg of HZO w0u1d be somewhat misleading., It was decided,
therefore, to employ a unit of concentration which would yield equal
S(1IV) concentrations for solutions prepared using an eqﬁal number‘of
moles of S(IV) and equal volumes of water, and would correspond to the
traditional definition of molality if the water used were of normal
isotopic composition. The unit chosen, moles of S(IV) per 55.5 moles of
Hy0, 1is called "molaiity"'and abbreviated‘by the symbol "m” throughout
this dissertation.
| In the course of interpfeting the NMR data iﬁ was necessary to know
the concentrations of various specieé in the bisulfite solutions. It
was also necessary to know the concentrations of the ionic species in
order to determine the amount of NaCl neeaed to bring the ionié strength
of each solution up to 1.0 m. Therefore, the concentrations of SOZ(aq)’
‘bisulfite 1on, 5032—, 82052-, #', c17, and Na® which were contributed by
the sodium metabisulfité, water and added HCl or NaOH in each solution
were calculated from the known S(IV) and hydrogen ion concentrations

using the following equilibrium quotients,11 appropriate for conditions 4

of 25°C and ionic strength 1.0 m:

SO, + H.O = H' + SHO,

2 9 log10 K, = -1.37

1



2-

- +
sHo,” = H' + 50, | log , K, = -6.34

H.0.= H + oH 1 K = -13.79
27 = %810 "w T <17

and the equilibrium quotient, Kd, for the dimerization of bisulfite ion
fo produce metabisulfite. The latter was estimatéd for an ionic
strength of 1.0 M from the work of Connick, Tam, and von Deuster !2 by
first obtaining the equilibrium.quotient at [Na*] = 5.0 M and a
particular concentfation of S(IV) by interpolation, and then
extrapolatihg the result to an ionic strength of 1.0 M using their plot

1/2

of ldg Ky vs. u , aésuming that the slopé of the curve is 1ndependent
of the S(IV) concentration. Calculated values of K; ranged from 0.081
to 0.084. The equilibrium quotients are given in units of molarity; all
were assumed to have the same values in units of molality.. |

The calculation of concentrations at»25°C'required the use of the
hydrogen_ion concentration of each solution, which was calculated using
the pH meter reading, assumed to be -log;y(ay+), and an estimated value
of‘tﬁé activity coefficient. The valug of the mean activity coefficient
of 0,0l MHC1 in 1 m NaCl,13 equal to 0.754, was considered ﬁo be a
reasonable substitute for the unknown activitf coefficient of H' in the
bisulfite solutions because the ionic strength of each solution was 1.0
m, and the primary salts present were NaCl (with a concentr&tion pf at
least 0.5 m), and the 1-1 salt NaHSO5.

After the calculations for 25°C had established the exact amount of

added HCl or NaOH in each solution, calculations of concentrations,

including that of hydrogen ion, at temperatures other than 25°C were



made after first correctiné the values of the equilibrium quotients Ky»
K2’ and Kw for changes in temperature using the tabulated enthalpie§ of
reaction -4, -3, and 13.55 kcal/mole,11 respectively..‘The enthalpy
values épply to solutions of lower ionic strengthé than those in this
study, and are given énly for a temperature of 25°C, butvthey were used
in lieu of better values and were aséumed (out of necessity) to be
tgmperature independent. The small temperaﬁure.dependence of Ky was

ignored.12

NMR Measurements

Oxygen—-17 nuclear magnetic fesonance spectra were obtained with the
use of a pulse NMR spectrometer consisting in part of a Cryomagnet
Systems 4.7 Tesla supercoﬁddcting magnet, -a homebuilt receiver and
transmitter, a Nicolet Instrument Corporation 293A” programmable pulser,
a Nicolet Instrument Corporation 1180 Data System, and a broadband,
multinuclear probe built for 10 millimeter (outside diameter) sample
tubes. All experiments were run without a field-frequency lock on
samples spinning at roughly 20 revolutions per second. No vortex plugs
were used inside sample tubes, an omission which had no observable
effect uﬁon oxygen—-17 linewidths. Data in‘the form of digitized free
induction decays were stored on a magnetic disk. Data analysés were
performed on the Fourier ;rénsforms of the free induction decays.l“ The
NTCFT computer program of Nicolet Technology Corporation was employed
for data acquisition and analysis..

Sample teﬁperature was controlled during the oxygen-17 experiments

10



by passing a flow of nitrogen gas, initially at a temperature below the
desired sample temperature, through a heater and thence past the
sample. An electronic relay device connected to both the heater and a

thermocouple located directly below the sample provided regulation of

‘the temperature by switching off the heater whenever the temperature

measured by>the thermocouple exceeded a preset value.

Because of the poor thermal contact between the thermocouple and
the sample, it Qas known that the thermocouple potential, while useful
for the purpose of temperature regulation, waé_an inaccurate measure of
the temperature of the sample. .Therefore, the chemical shift difference
between the proton NMR peaks of an ethylene glycol sample contained in a
sealed capillary placed within the lafge sample tube was used as the
measure of the temperature of the bisulfite solution. The temperature
dependence of the chemical shift difference of the ethylene glycol peaks
has been determined by several workers; in this work the calibrétion
curve used was that of Kaplgn, Bovey, and Cheng-.lvs Although the water
in the bisulfite sample contributes a mu;h larger proton NMR signal than
the ethylene glycol, the peaks of the iatter were large enough and
located far.enough away from the water peak to be easily seen.

Since the proton frequency of 201 MHz was outside the tunable range
of the broadband probe's oﬁservation coil circuit (and because, even if
the proton frequency were accessible, it would héve been inconvenient to

retune the circuit every time a temperature measurement was desired) the

ethylene glycol proton NMR signal was obtained by pulsing and observing

with the decoupler coil, which was tuned to 201 MHz. Both the output of
the frequency'syﬁthesizé; and the necessary hardware changés within the

transmitter and receiver of the spectrometer were computer controlled,

11



12
- simplifying the task of changing between the oxygen-17 and proton
frequencies. |

The decoupler coil contained a slightly larger volume than the
oxygen-17 observation coil which was enclosed by it; 1t was assumed that
the temperature obtained from the proton NMR spectrum was an accurate
measure of the temperature of that portion of the sample within the
oxygen-17 observatibn coil. The caiibtation curve used hasvan estimated
uncertainfy of +0.9 degrees. The temperature was regulated to 0.2
degrees.

At each temperature the procedure followed was to set the

2

temperature and allow 30 minutes for stabilization, shim the z, z“, and

23 magnetic field gradients on the proton NMR signal of the sample,
measure the temperature, acquire the NMR data, and measure the
temperature again.

A small number of proton NMR spectra were acquired for purposes
other than temperature measurement (using samples other than those used
in the ;70 measurements). These spectra were obtained with the
instrument described previously, in which the multinuclear probe had
been repla;ed by a proton probé which accepted 5 mm (outside diameter)
sample tubes.

The tranverse relaxation time of the oxygen-17 in the water of each
bisulfite solution was determined by fitting a Lorentz lineshape
equatioﬁ to the water_peak in a spectrum obtained by acquiring between
200 and 6000 free induction decays following 5 usec (17°) pulses in a 4K
data file, using quadrature phase detection, a spectral width of 62500

Hz (31250 Hz on each side of the pulse frequency), and Bessel filters

with the 3 dB point set at 31250 Hz. A long delay time of approximately



13

200 usec bétween the énd of the pulsé and the beginning of data
.acqqisition eliminated rolling baselines caused by pulse breakthrough.
Because the use of phase correction which varies linearly with frequehcy
was also dndesirable, the exact.length of this delay was set equal to a
time at which the free induction decay signal arising from the water was
in phase with the signal arising from the bisulfite,16 i.e. the inverse
of the frequency difference between the water and bisulfite.peaks plds
-the time taken by the signal to reach the computer.17 Fourier
transformation of the free induction decay was preceeded by its
multiplication by an exponential fﬁnction énd the addition.of‘zeroes at
its end to improve the signal to noise ratio and spectral appearance,
respectively, in the frequgﬁcy‘domain. The amount of line broadening
pfoduced by exponential multiplication was subtracted from the linewidth
obtained from the Lorentzian ﬁurve fit t6 give the true linewidth.
Mﬁgnetic field inhomogeneity produced no detectable line broadening in a
room temperature sample of acidified water. |

A two-pulse excitation sequence (Gx—r-e_x—acquire; 8<45°) was used
to suppress the strong signal arising from ﬁhe solvent water
magnetization and allow accurate measurement of the widths of the
bisulfite peaks. 1In this pulse,sequencé the frequency of the pulse (and
thus the frequency of ﬁhe rotating frame of reference) is set equal to
_the Larﬁor frequency of the nuclei in the solvent site. The first
pulse, applied along the (+x)-axis of the rotating frame, causes all
spins to precess about this axis, tilting the magnetization in the
yz-plane toward the y-axis. During the time T the solute magﬁetization
precesses Iin the rotating frame with a frequency v

solute ~ VYsolvent’®

while the solvent magrnetization remains oriented in the yz-plane. The



length of time ‘T between the pulses is set equal to half the inverse of
the difference in frequency between the solute and solvent peaks, i.e.
the time required for the solute magnetization to precess one-half cycle

in the rotating frame, after which it is again oriented in the yz-plane,

but 180° out of phase with the solvent magnetization. The second pulse,

applied along the (-x)-axis, tilts the solvent magnetization back to the

z-axis, but tilts the solute magnetization fprther toward the
xy-plane. Because only the component of ﬁagnetization in the xy-plane
is detected by the spectrometer, the solvent magnetization does not
contribute to the subseqﬁent free iﬁduction‘decay.-

Probably because of the occurrence of a non-negligible amount of
relaxation and chemical exchange during the time between pulses, it was
found necessary to make small a&justments to the length of the second
pulse, the wait time between pulses,.and the radio frequency of the
pulses, in order to find the combination which produced the greatest
diminution iﬁ the height of tﬁe water peak. The optimal settings for
the oxygen-17 spectra occured when the second pulsé was slightly shqrter
than the first, and the time between pulses was a bit less than half the
inverse of the ftequency_difference of tﬁe water and bisulfite peaks,
and resulted in a reduction in height of the water peak of up to a
factor of 1000. After the acquisition of the free induction decay, the
width of the bisulfite peak was determined in the same manner as the
width of the water peak in the one-pulse spectrum.

Measurements of the longitudinal relaxation times of oxygen-17 in
the water of the bisulfite solutions were carried out using an inversion
recovery pulse sequencel8 (180°-1~6~acquire; 6<90°), in thch the phase

of the 6 pulse is shifted by 180° each time the pulse sequénce.is

14
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repeated. The alternation of the phase of the 6 pulse eliminates the

effects upon the T, measurement of transverse magnetization produced by

imperfections in the 180° pulse.!? The time between repétitions of the
pulse sequence was greater than six times T; to allow the magnetizétion:
to decay to its equilibrium Qalue prior to each inverting pulse. T, was
determined by fitfing the amplitude of the wate;‘peak at ten different
values of T to the expression

"’T/Tl
A(D = A=) {1 - (1 + W)e I,

where A(T) = amplitude of water peak at time T,

T =.time between. 180° and 6 pulses,

and W is a parameter which compensates for the fact that the z-component

of the magnetization at the end of the 180° pulse 1Is smaller in absolute

magnitude than Mo’ due to pulse 1mperfectiqns.2°

For a perfect 180°
pulse, W equals one. Typical values of W were between 0.75 and 0.79.

The chemical shift scale'was chosen to be Such thatvthe water
resonance in the NMR spectrum of each solution had a chemical shift of
zero. (It should be noted that the absolute chemical shift of the water
may vary from solution to solution due to chemical exchange effects.)
The chemical shifts of the S(IV) peaks in the 170 NMR spectra were |
determined by subtrécting the frequency of thevHZO peak in the one-pulse
spectrum from the frequency of the S(IV) peak in the two-pulse spectrum h
which had been recorded immediately before or after the one-pulse

spectruﬁ, and are reported in units of parts per million, with downfield

shifts being positive.
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In order to compare the population'of ;70 in one chemical
environmeht to its poﬁulatibn inlanother the areas of the peaks in the
NMR spectra were measured (see Results and Discussion for measurement
methods). The area of a peak in the NMR spectrum is proportional to the
magnitude of the corresponding transverse magnetization (i.e. the o &
transverse magnetization of the 179 in the chemical environment which .
.corresponds to the peak) which exists at the beginning of déta |
acquisition. Because the preacquisition delay times and the time
between pulses (in the two-pulse experiment) were not short in
comparison to the 179 relaxation times it was necessary to corréct the
areas for the effect of relaxation which occurred prior to the beginning
of data acquisition.‘ The mathematical expressions used %or correcting
the peak areas will now be derived.

The peak areas measured in the one-pulse spectra are in error
because the transverse componeﬁt of magnetization in each chemical
environment decays between the end of the pulse21 and the beginning of
data acquisition. The relgtionship between the magnitude of the
transverse magnetization in environment i, Mxy(i)’ at the beginning of

data acquisition to that at the end of the pulse is

where tq = the time between the end of the pulse21 and the beginning
of data acquisition,
(1/T5); = the half-width at half-height of peak i, i.e. the
4 transverse relaxation rate constant for 170 in

environment i,



and where it has been assumed for simplicity that the 17O_in each
environment relakes exponentially. The measured area ratio of the two
peaks is Mxy(i)(td)/Mxy(j)(td)’ and the true population ratio is the
ratio of the magnitudes of the transverse magnetizations at the end of

the pulse, given by the expression

M (0) M (t) ' '

) 4" eupfe, [E-), - B, 1)
M (0) M (t)) > T, T,
xy(j) xy(j) " "d

The ratios of the measured areas of the two S(IV) peaks in the two-
pulse spectra are not equal to the corresponding 179 population ratios
because of relaxation occurring both during the time between pulses and
during the preacquisition delay. To analyze the effect of relaxation
upon the peak areas it is ﬁecessary to consider what happens to the
magnetization of each environment during each part of the two-pulse
sequence. |

The first pulse, Pl, rotates all magnetiiations about the x-axis of
fhe rotating frame of reference. (This is an apprbximation. The pulse
frequency is close to the HZO frequengy, but 1is far enough away from the
S(IV) frequencieS'tﬁat the effective field, H,¢¢, 1s not equal to H; for
all envirqnments.zz) The angle through which the magnetization vectors

are tipped about the x-axis due to the first pulse is

where tpl is the length of the first pulse and tgge is the length of a
90° pulse. At the end of the first pulse the components of the

magnetization of environment i are

17



Mxi = 0
My.i = Mi(sin\el),
M= Mi(cos 61),

where M; is the magnitude of the equilibrium magnetization of
environment 1{.

During the time T between pulses 1ongit§dinal and transverse
relaxation occur and the transverse magnetizations precess in the -

rotating frame, so that at the end of the time between pulses

'Mzi = Mi{l - (1 - cos el)exp[-T/(Tl)il},

Mxy(i)l Mi(sin Gl)exp[-r/(Tz)I],
where (T,){ and (T,){ are the longitudinal and transverse relaxation
times, respectively, of 179 in environment 1 during the time between
pulses. For‘simplicity it will be assume& that after the time T the
transverse magnetization of each S(IV) envirénment is aligned along the
(-y)-axis, and the H,0 transverse magnetization is aligned along the
y—axis. This is not a bad assumption, because in.the actual experiments
the frequency of the rotating frame (i.e. the pulse frequency) was close
to the HZO frequency, and the time T was chosen to be about equal to
half the precessional period of the S(IV).magnetization‘in the rotating
frame.

The second pulse, P2, rotates the magnetization about the x—axis by

an angle

18
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in a direction opposite to fhé direction of the rotation produced by thek;
first pulse, fhe relationship of ;he-magnitude of the xy-component of
the magnetizatién in S(IV) environment i at tﬁe end of the pulse to its

magnitude at the begihning 6f the pulse is
Myi(final) = [Mzi(initial)](sin 62) + [Myi(initial)](cos 62).

Therefore, the magnitudes of the transverse components of the

magnetization of S(IV) environment i at the end of the second pulse are -

Mxi = 0,

Myi

M {1 - (1 - cos el)exp[-f/(rl)‘i']}(sin'ez)

+ Mi(sin Bl)gcos Gz)exp[-r/(Tz)Z]f

During the delay time tq between the end of the pulse21 and the
beginning of data acquisition both relaxation and precessioﬁ occur, so
the magnitude of the transverse component of magnetization in S(IV)

environment i at the beginning of data acquisition is

Mxy(i) = Miexp[¥td/(T2)i]{sin 62(; ~,(1 - cos el)exp[—r/(Tl)I])

+ (sin 61)(cos'ez)exp[-r/(Tz)il},

. where (T,); 1s the time constant for the decay of transverse

magnetization in S(IV) environment i during the preacquisition deiay.
Based upon thg foregoing discussion, a reasonable estimate of the

population ratio'(Mi/Mj) of 170 1in the two S(IV) environments can be

obtained from the ratio of the peak areas in the two—pulseAspectrum
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using the expression

M explty/(1,),1 {(sin 8)) + (sin'el)(cos 0, )exp[-7/(T,) 1}

1 Mey(1)

Mj Mxy(j)‘exP{td/(TZ)j} {Ai(sin 62) + (sin 61)(cos Gz)exp[—r/(Tz)g]} ’
where Ay =1~ (1 - cos el)exp[-r/(TI){],
Mxy(i)/Mxy(j) = the ratio of the area of S(IV) peak i to that
of S(IV) peak j in the two-pulse spectrum,
8 = (n/2)(tp,/tgqe),
8, = (n/2)(tP2/t90o),
tpys tpy = the lengths of the first and second pulses of the
two-pulse sequence, respectively,
 tgge = the length of a 90° pulse
T = the time interval between the two pulses,
ty = the length of the interval between the time the first part
of the free induction decay_arrives at the computer and

. the time at which data acquisition begins,

(T2)i the time constant for the decay of transverse
magnetizatioﬁ in S(IV) environment i during the
preacquisition delay, .

(TZ){ = the time constant for the decay of the transverse
magnetization in S(IV) eﬁviroqment i during the time
between the two pulses, |

(Tl)f = the time constant for the decéy of the longitudinal
magnetization in S(IV) environment i during the time

between the two pulses.

In general (Tz)i’ the time constant for the decay of transverse



magnetization in S(IV) environment i during the preacquisition delay, 1is
not equal to (Tz)i, the time constant for decay of transverse |
magnetization during the time between pulses, because only during the
latter time does the water magnetization have a large transverse
component.  Due to chemical exchange effects the relaxation of the 170'
in the S(IV) envirohments depends upon the orientation of the water
magnetization (see Appendices A and B). However, it is believed that in
the pH and temperature regions in which two S(IV) peaks afe visible (and
in which this correction to the areas is being applied) the exchange
with water occurs slowlf enough to cause the pseudo fifst order rate
constant for the exchange reaction to be small compared to the frequency
difference between the water peak and S(IV) péak i, making it reasonable
to assert that (Tz)i = (T2)£ and to set (1/T2)i edual to the half-width
-at half height of peak {i. |

The results of the inversion recovery experimeﬁts indicate that the
longitudinai relaxation time éf the ;70 in each S(IV) environment is
about equal to the measured longitﬁdinaivrelaxation timé in water,
(TI)HZO (see Results and Discussion). Therefore, for the purpose of
correcting thelpeak areas, (Tl)f and (Tl)j were set equal to the
measured value of the longitudinal relaxation time of water in the
bisulfite solutions. 'The error introduced into the peak area ratios By

this substition was less than 57.
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RESULTS AND DISCUSSION

Description and Interpretation of Spectra

Seve:ai peaks were observed in the oxygen-l7-specfra: a large peak 
due to the oxygen-17 in water, and 1 or 2 much smaller.peaks located
between 170 and 200 ppm downfield from the water. The widths and
chemical shifts of the peaks, as well as the number of peaks seen, were
found to be'dependent upon the pH, temperature, and concentration of
S(IV) (see Figures 3 and 4). The half-width at half-height (I/Tz)rof
the water peak was found to be greater than the measured value of l/Tl,
and grew as.the S(IV) concentration was increased. The difference
between 1/T2 and 1/T1, shown in Figure 5; became greater with increasing
temperature and decreasing pH in samples at or above pH 3.5;23

In the spectfa of sampies having pH values of 3.6 or less, one peak
appeared in addition to the water peak, and was locatéd betweeh‘175 and
178 ppm downfield from the latter. (The exact position was a function
of temperature.). This peak broadened with increases in temperature, pH,
or S(IV) concentration. Two peaks also were seen in the spectra of
samples with a pH of 5, but they were‘separated Sy about 193 ppm. The
resonance at 193 ppm broadened with increases in temperaturé, and at low
temperatures also broadened with increasing‘S(IV) concentration, while
at high temperature line narrowing was observed with increasing S(IV)'
concentration. Since this peak was observed only in the samples with pH
equal to 5, no observation can be made about the acidity dependence of
its linewidth. |

Between pH 4 and 4.5, two overlapping peaks were observed déwnfield
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from ;he water resonance: one at roughly 195 ppm and one bet&een'175 and
180 ppm. The use of a spectrum simulation computer.program allowed
rough valueé of the widths and areas of the peaks to be obtéined;
showing that the peak ét 195 ppm narrowed and the one between 175 and
180 ppm broadened as the pH was increased, and that the ratio of the
area of the former to that of the latter was about 5 to 10. As the
temperature was increased from 0°C to 70°C, both increased in width, but
the one at 195 ppm broadened to the extent that it Qas difficult tb see
at the highest temperatures (see Figure 4).

In the spectra of the samplé héviﬁg.a ﬁH of 4.58, three peaks were
observed, but only below room temperature, and even then ﬁhe two
overlapping peaks>were indistinct, with the upfield one appearing as'a
shoulder on the peak at 195 ppm. As the temperature was raised, this
remaining distinction disappeared as the lines broadened, and one
observed only the wéter peak and a broad resonance whose maximum moved
upfield‘to 183 ppm at 60°C.

The changes in appearance of the spectrum which take place when the
acidity, temperature,.and S(IV) concentration are varied indicate that
chemical exchange is occurring between sevefal different species in the
solution. The finite widths of the spectral lineé arise from the
nuclear magnetic relaxation of oxygen-17 which in soluﬁions containing
no paramagnetic species is caused by quadrupole Eéupling interrupted by
molecular tumbling;z“ it can also be contributed to by exchange of
oxygen atoms between chgmically different environments. Although the

contribution to 1/T2 from chemical exchange can be an increasing or

decreasing function of temperature, depending upon whether the system is

close to the slow or fast exchange limit, the rate of quadrupolar

26



relaxatioﬁ is expected to be proportional to the rotational correlation
time, which is, in furn, éroportional to the coeffiéient of viscosity of
the solution divided ﬁy the absolute temperature.25 The quadrupolar
relaxation rate should therefore decrease as the temperature rises. It
is also expected that because of rapid fdtational reorientation, the

transverse and longitudinal relaxation times will be equal.25 The

observation of nonequality of 1/T, and 1/T, of the water, and the

.increase with temperature of the widths of the other resonances thus

cannot be explained by a felaxationbmechanism involving only quadrupole
coupling, but must also include chemical exchange effects.

Unless the rotational correlation times are altered by changes in
acidity and S(IV) concentration, the effects of thesqiéhanges upon the

linewidths must be due to chemical exchange, with psuedo first order

rate constants which are functions of the concentrations of hydrogen and

bisulfite fons. Because, as will be seen,;the longitudinal relaxation
times of the water are 1ndepeﬁdent of these coﬁcentrations (at the low
concentrations uséd in this work), the rotational correlation times
probably do not vary signifiﬁantly in the sélutions studied.

At least a partial interpretation of‘the spectrum.is necessary
before rate constants can be détermined. Based on the behavior of the

small peaks downfield from water, it is believed that there are two

"chemical species giving rise to resonances at 195 ppm and between 175

and 178 ppm, which exchange oxygen atoms at a rate which increases with
pH, causing the two peaks to coalesce at pH 5. Using the observed area

ratio in the spectra of solutions between pH 4 and 4.5, a position for

| the coalesced peak of 192 to 193 ppm is calculated, agreeing with the

position of the peak in the spectra of solutions of pH 5. An increased
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‘rate 6f exchange with increasing basicity is also consistent with the
qbserved pH dependence of thevwidth of the peak located at 175-178 ppm.

If there are two resonances downfield from water-that are
coalescing at pH 5 but distinct at lower pH values, then the peak at 195
ppm displays a seemingly incongruous broadening as the acidity is
increaéed. Both this broadening and the broadening of the water peak
can be explained by the existence of oxygen exchange_between water and
the chemical species corresponding to the 195 ppm peak, which increases
in rate with decreasing pH. The 195 ppnm species is then invoived in two
Vchemical exchange processes, the rates of which have opposite pH
dependences. As the acidity is wvaried the chemical_exchange with water
must have the greater effect upon the change in linewidth. At pH values
of 3.5 and less, the exchange with water is presumably so rapid that the
consequent broadening of the resonance at 195 ppm makes it difficult to
see.

Aithough the peak at 193 ppm in the specfra_of solutions at pH 5
appears to arise from the coalescence of‘two pegks which have an area
ratio of befween 5 and 10 at slightly higher acidities, it does not
necessarily follow that its area must be 6 to 11 times that of the small
peak in the spectra of the low pH samples, because the concentrations of
the.S(IV) species.in aqueous solutions are pH dependent. However, if
the peaks are identified with particular chemical species then the peak
area ratios can be predicted from the concentrations calculated using
known stablility constants, and compared with the actual area ratios to
confirm or contradict the interpretation of the behavior‘of the peaks in
the 170-200 ppm region.

To identify the small peaks, the concentration of oxygen atoms in
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" the chemical species corresponding to theApeaks at 193 ppmvahd 175-178

" ppm were determined from the spectra containing only two resonances by

evaluating the peak areas, using the water peak as an intefﬁal
standard.26 The height and width of each resonance were measured, since
the‘aréa of a Lorentzian line is proportional'to'the producﬁ of its
height and width. .‘ |

The linewidtﬁ and height of the water peak were taken from the
Lorentzian curve fitting mentioned in the_Experimental Procedufe
section. The curve fitting prog:ém required a flat baseline, and so
could not be Qsed for an accurate determination of the linewidth and
height ofvthe small downfield peak, which was located on a wing of the

water peak in the one-pulse spectrum. Therefore, the width of the line

" was. taken from the curve fitting of the peak in the two-pulse

spectrum. Iﬁ is shown in Appendix B that the linewidths ére equal in
the two spectra.

The height of the small peak in the one-pulse spectrum was then
determined in the following manner: the wing of the water peak was

approximated by a non-horizontal straight line in the region of the

‘ small downfield peak. From the slope of this line and the linewidth

obtained from the two-pulse spectrum, the difference in the height of
the peak at the frequencies ub+1/T2 and wb—l/Tz was calculated_(ub is
the lécation of the peak maximum), as well as the Iength.qf the line
segment conneéting the trace at the two frequencies. The line segment
which had this length and the same slope as the baseline Qas located and
drawn on the recorded sbectrum. The height of the peak was taken to be
twice the vertical distancé from the midpoint of the line segment to the

trace of the peak.
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The use of this method for determining the height of the small peak
reéuirgs that its shape in the one-pulse spectruﬁ be Lérentzian, because
its width was determined from the two-pulse spectrﬁm, in which it always
has a Lorentzian shape (see Appendix B). Because in all the spectra
used to measure the peak areas the half-width at half-height of the
small peak was less than one-tenth of the frequency differenée between
it and the water peak, it waé assumed that to é good approximation the
slow exchange limit obtained,.in which the spectrum is a superposition
of Lorentzian lines.

The peak areas were corrected for the effect of signal decay
occurring during the finite delay time between the end of the pulse and
the beginning of data acquisition (see Experimental Procedure).

Table 1 showg the results of the Qetermination of peak areas, from
which several features stand out. Calculations of the concentrations of
the various chemical species show that over 90% of the S(IV) is present
in these solutions in the form of bisulfite ion, while 502’.52052—; and
8032— account for no more than 37, 7%, and 3%, respectively. 1In all of
these specles the number of oxygen atoms per sulfur atom is either 2,
2.5, or 3. It is seen that ;he area of the peak at 193 ppm is so large
that it can be accounted for only by assigning this peak to.bisulfite
ion.

The bisulfite ion concentration is too large to account for the
area of ﬁhe resonance at 175~178 ppm. (The area of the 175—178.ppm peak
is dependenf upon the temperature, but this fact does not affect the |
conclusions reached in this section. The temperature dependence of the
area will be treated in moré detail later.) However, the area seems too

2~

great to assign the peak to S0, 82052—, or S03°7, and the chemical
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Table 1
Variation of S(IV) Peak Area with S(IV)‘Concentration and
Acidity in 170 NMrR Spectra of Sodium Bisulfite Solutions

in Which Only One S(IV) Peak Appears

[S(IV)]a’b ' pH meter S(IV) peak area S(IV) peak " 55.5 ©
reading chemical area HZO peak [s(1IV)]
shift, ppm
0.201 4,98 193 3.24 %0.07
0.449 4,97 191-193 | 3.05 + 0.04
0.101 3.01 175-178 0.50 * 0.08
0.199 3.00 175-178 . 0.42 £0.06
0.456 3.02 173-177 0.42 * 0.06

3The S(IV) was added as Na,S,0s5.

Phe S(IV) concentration is expressed in units of moles of S(IV) per
55.5 moles of H,0, referred to elsewhere in thié work by the term
"molality" (see Experimeﬁtal Procedure).

;The values are the average of results taken from spectra recorded
between 0° and 30°C, and include a correction for the signal decay
which occurred during the pre-acqhisition delay time (see Experimental

Procedure).



shift relative to Qéter is smaller than what would be expected-for SOZ
or 8632-.9 An additionél argument against assigning the peak to 82052-
is th#t its area increases in proportion to the total S(IV)
concentratibn, while in solutions containing most S(IV) in the form of
bisqlfite'ion the 52052- concenttaﬁion is roughly proportional to the
square of the S(IV) concentration. |
Having ruled out dther options, it appeafs necessary to assign the
peaks af 175-178 ppﬁ and 195 ppm to the two isomers of bisulfite ion,

which have the structures

0 _ - O-H
H-50 | s30
0 A 0
(HSO047) (S04H7).

_The HSO3‘ struﬁtute is known to existAbecause it is identified by its
H-S vibratioﬁs in the Raman spectrum; positive but less inéonttovertible
evidence supports the existence of SO3H-.27 The question of which
particular isomer.should be assigned to each peak will be addressed
later. Until then, the t&o'NMR species will be called "195 ppm
bisulfite fon” aﬁd "175 ppm bisulfite ion™ in reference to their oxygen-
17 chemical shifts.

Over the pHvrange from 3 to S-the total bisulfite ion concentration
changes very little, so the same must be true of each of the two
isomers. Given the fact that at the intermediate pH values where both
are observed the two S(IV) peaks have an intensity ratio between 5 and
10, one predicts thaﬁ the.coalesced peak located at 193 ppm in the

spectra of pH 5 solutions should have an area between 6 and 11 times as
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great as that of the S(IV) peak at 175-178 ppm in the pH 3 spectra. A
value of 7.50 % 0.75 is calculated from the data in Table 1; this is
within the predicted range, and stands as additional confirmatiqn of the
interpretation of thé spectra.

The proposition that oxygen exchange occurs between water and the
195 ppm bisulfite ion was suggested.bylthe observation that the
correspondingvlines in the 170 NMR spectrum broaden with increasing
acidity. The following comparison of fhe widths of the lines in thev
intermediate pH.range supports this thesis.

In_the case of chemical eichange between two sites, A and B, 1if the
pseudo first order rate constants are much smaller than the frequency
separation between the resonances'(the slow exchange limit) then the.,

widths of the lines,,(l/'rz)A and (l/TZ)B’ are?8

1 ) 1 1 rl 1 1
(=) =5—+— and ———) =0+ -,
To A Toa "as T2 B T Tpa
where I/TZA = the "natural linewidth” of site A, that is, the value
the linewidth would have in the absence of chemical
exchange,
and 1/1’AB = the pseudo first order rate constant for chemical

exchange from site A to site B,
with analogoug.defini;ions for I/TZB'gnd 1/Tgpe

The pseudo first order rate constants are connected by the relation

ea _ P
a8 Pa

where p, and pg are the mole fractions of the observed nucleus (e.g.
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oxygen~17) in sites A and B, respectively. Since the ratio of the area
of peak B to that of peak A 1s equal to pB/pA, it is seen that the
amount of line broadening due to chemical exchange is inversely
proportional to the area of the peak. Although the spectra in the
intermediate pH range are more accurately described.by three site
exchange tﬁan by two site exchange, and the widths of the two S(IV)
péaks are not negligible comﬁared to their frequency difference, it is
still expected that the broadgning of the individual lines can give a
crude measure of the pseudo first order rate constants.

Although fhe exchange between the two fofms of bisulfite ion causes
broadening of both the peak at 195 ppm and the 6ne between 175 and 178
ppﬁ, the amount of broadening of the latter should be about 6.5 times
that of the former because of the population difference. Since the
former is wider than the latter between pH 4 and 4.5, most of the
broadening of the 195 ppm peak must come from sources other than
chémical exchange between the two forms of bisulfite ifon. As a very
rough approximation its width was set equal tolthe pseudo first order
rate constant for chemical exchange with water. (The natural linewidth
was iénored, but was not a large fraction of the total linewidth). The
rate constant for exchange from water to the 195 ppm bisulfite ion was
approximated by setting it equal to the extra broadening of the water
peak, 1/T, - 1/T,. |

Given the fact that most of the S(IV) in the solutions exists in
the form of bisulfite ion, of which about 877 is tﬁe 195 ppm isomer
(according to the data in Table 1), the ratio of the population of
oxygen-17 in 195 ppm bisulfite ion to its population in water in 0.20 m

solutions is calculated to be about 0.010. The ratio of estimated rate
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constants obtained from the line broadening of the 195 pbm and water
peaks'iﬁ the spectra of the 0.20 m solution of pH 4.44 was foﬁnd fo be
130 * 10. 1It is concluded that oxygén excﬁange is occuring betweén the

water and the isomer of bisulfite ion which has its resonance 195 ppm

~ downfield from the water resonance. Both the anomalous temperature

dependen;e of 1/Ty - I/Tl of water which is shown by the pH 3 solution
in Figure 5, and the high temperature behavior of 1/T2 - 1/T1 of water
in the pH 3.5 solution, are probably attributable to exchange which is
so rapid that the watgr peak has coalesced with the 195 ppm peak,
resulting in exchange narrowing of the coalesced resonance as the

temperature rises.

Analysis of the Broadening of the 175-178 ppm S(IV) Peak

"After it was learned that oxygen exchange occurs between the two
isomers of bisulfite ion and betwgen at least one.of.these isoﬁers and
water, the broadening of the peak located at 175-178 ppm was studied to
determine whether the 175 ppm bisulfite ion exchanges oxygen with water
at an appreciable rate, and to détermine the rate and mechanism of the
oxygen exchange between the two isomers of bisulfite ion.

" In studying the broadening of the spectral lines to obtain pseudo
first order rate constants, the system must, in general, be treated‘és
one involving three site chemical exchange. However, at and below pH
3.5 the exchange between water and the 195 ppm bisulfite ion is not only
rapid enough to coalesce the two peaks, as discussed previously, but is

also substantially more rapid than exchange between either of these
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species and the 175 ppm bisulfite ion. This is known because the Qidth
of the peak located at 175-178 ppm, which must be less than or roughly
equal to the.psuedo first order rate constant for oxygen exchange from
175 ppm bisulfite ion to the 195 ppm site and watér, is lesé than one
tenth of the_frequency difference between the 195 ppm site and water,
while the péeudo first order rate constant for oxygen exchange from 195
ppm bisulfite ion to water must be greater than or roughly equal ﬁo_this
frequency difference in order to bring about coalescence of the 195 ﬁpm
and water resonances. Under these conditions the broadening of the 175~
178 ppm peak can be analyzed using the two site chemical exéhange
formalism with oxygen exchange occﬁrring between 175 ppm bisulfite ion
and a site comprised of both.water and ‘195 ppm bisulfite ion.

The linewidth of the 175-178 ppm peak can be easily measured in the
two-pulse spectrum, but in order to obtain quantitative rate information
the relationship between the linewidth and the pseudo first order rate
constant for exchangg into the other site must be known. Through the
foliowing examination of the physical processes which occur during the
two—pulse experiment this relationship is deduced. (A rigorous
mathematical derivation is given in Appendix B.)

The first pulse of the two-pulse sequence29 tips the magnetization
vector of the sample toward the xy-plane of the rotating frame of
reference, Iﬁ ;he time between the two pulses the 175 ppm bisulfite ion
magnetizétion precesses in the rotating fraﬁe relative to the Qater
ﬁggnetization, while the 195 ppm bisulfite ion magnetization precesses
with the water magnetization due to the rapid exchange between the
latter two sites. After the second pulse has tipped the water and 195

ppm bisulfite fon magnetization back to the z-axis, only the 175 ppm



‘bisulfite ion magnetization has a nonzero component in the xy-plane.

After the end of the second pulse the magnetization decays to its
equilibrium orientation along the z-axis. If the 175 ppm bisulfiﬁe ion
did not exchange oxygens with the other species then its transverse
magnetization would decay exponentially with a first order rate.cénstant
equal.to 1/T2(175), the naturai linewidth of the peak in the NMR

spectrum. However, the 175 ppm bisulfite ion magnetization is the sum

of the individual magnetic moments of the oxygen-17 nuclei in thét

isomer, and chemical exchange replaces these nuclei with nuclei from the
combined water/195 ppm bisulfite ion site; 1/1175-13 the pseudo first
order rate constant for oxygen exchange out of the 175 ppm bisulfite ion
site. Because all the solutions were dilute enough to make the
oxygen-17 population in the 175 ppm and 195 ppm sites much smaller than
in water, almost all of the oxygen-17 which exchanges into the 175 ppm
bisulfite ion site had been in the combined water/195 ppm site ét the
end of the second pulse; the magnetic moments of these nuclei have
random xy-components. The nuclei.in the 175 ppm site which exchange
into the water/195 ppm site do eventually exchange back into the former,
but spend a long enough time in the latter to lose all phase coherénce
with the nuclei still in the 175 ppm site because the lifetime of an

oxygen nucleus in the water/195 ppm site, THZO, i1s much greater than

1/Aw, the inverse of the frequency difference between the two sites

(i.e. 1/[17waOXIO-6]). This 1s the result of the diluteness of the

solution and the large frequency difference between the two sites; since

[H,0]
T = T 2 s

H.0 175 -
2 3[(suo3 )1751 _
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the diluteness of the solution ensures that TH20 > 1/Aw if Ty75 1is not
much less than 1/Aw. The existence of the peak at 175-178 ppm with a
linewidth at least 10 times smaller than Aw is proof that 175 isvnot
less than 1/Auw, since otherwise this peak would be coalesced with the
water/195 ppm-bisulfite ion peak. With respect to transverse
magnétizétion the water and 195 ppm site therefore act as a pool of
relaxed oxygén-17 which can exchange into the 175 ppm bisulfite ion
site. For every oxygen-17 nucleus which exchanges out of the 175 ppm
bisulfite ion site, one completely relaxed oxygen-17 nucleus enters from
the water/195 ppm site.

The transverse relaxation rate of the 175 ppm bisulfite ion
oxygen-17 is thus augmented, over the value it would have in the absence
of chemical exchange, by the‘rate at which nuclei in the 175 ppm site
can be replaced by nuclei which are completely relaxed; consequently the
first order rate constant for the decay of the transverse magnetization,
{(1/T5) 75}, 1s given by

1 1

1 ‘
(——) = + (2—1)
7175 Ty07s) Y175 °

Fourier transformation of the free induction decay yields the.peak at
175-178 ppm with a half width at half height of (1/T,)ss.

The rate law for oxygen exchange processes involving the 175 ppm
bisulfite ion can now be investigated by examining the behavior of the
widtﬁ of.the peak as a function of pH, temperature, and concentration of
S(IV) species. Figure 6 shows the linewidth of the peak at 175-178 ppm
af pH 3 as a function of the concentration of S(IV) at various

temperatures. It is seen that the linewidth is a linear function of the
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S(IV) concentration with a nonzero intercept. Since the natural
linewidth, 1/T2(175), is not expected to vary significantly as the S(IV)
concéntfafion is.changed, the dépendence bf the linewidth upon the S(IV)
concentration requires that thé pseudo first orde; rate constant,,
1/T175; be either first order in S(IV) or the sum of two terms, one of
which is first order in S(iV), and the other zero order in S(IV).

Extrapolation of the data in Figure 6 shows that even as the S(IV)
concentration approaches zero, the linewidth becomes greater as the
temperature increases. Therefore, 1/1’17S must contain a‘term which is
zero order in S(IV) in order to account for the temperaturé dependence
of the linewidth at very small concentrations of S(IV); As [S(IV)]
approaches zero the linewidth of the peak at 175-178 ppm becomes eqﬁal
to its natural linewidth plus the zero order term of 1/1175'(1f it
exrstsj, but only the latter is expécted to increase with temperature;
the natural linewidth should decrease as the temperature is raised.

- To deterﬁine'the hydrogen ion dependence.of the pseudo first order
rate constént for oiygen.exchange out of the 175 ppm bisulfite ion site,
a comparison was made of the linewidth of the peak at 175-178 ﬁpm in the
oxygen-17 NMR spectra of four samples: those with [S(IV)] = 0.10 m and
pH 2.58 and 3.01, and thé two witﬁ [S(IV)] = 0.20 m and pH values of
3.00 and 3.52. At a S(IV) concentration of 0.10 m, chaqging the pH from
'2.58 to 3.01 {ncreased the linewidth only slightly,lranging from an
increase of about 10 sec-l_or less below room temperature to 50 to 100
sec—1 between 50° and 70°C. Howevér, at [S(IV)] = 0.20 m the change
from pH 3.00 to 3.52 produced an increase in linewidth of about 200
sec—1 at the lbwest tempefatures to 700 sec-v1 at the higﬁest

temperatures. These data indicate that at least one of the terms in



greater than 600 sec”

1/T175 is of some negative order in hydrogen ion, and since the change
in pH’waé very similar at the two S(IV) concentrations, the
significantly greater pH effect observed for the more concentrated
solgtions suggests, but does not prﬁve, that the term in the psuedo
first order rate coqstant which is first order in S(IV) has an'inve;se

dependence upon the hydrogen ion concentration. However, there may also

~ be a term in 1/1175 which 1s zero order in S(IV) and increases in

magnitude with decreasing hydrogen ion concentration.

Even if 1/7;;5 contains a term which is zero order in S(IV) and a
function of pH, it ﬁan be shown that at pH 3, 1/1175 contains a sizable
term which is i{ndependent of both [S(IV)] and (at*]. .By extrapolation of
the 274 K data in Figure 6 to tS(IV)] = 0 one obtains ah upper limit to

1

the natural line width of the 175 ppm resonance of about 450 sec ° at

274 K. Since the natural linewidth decreases as the temperature is

1 4t 341 K. The total linewidthat

raised, it must be less than 450 sec”
341 K and very small S(IV).concentration is about 1050 séc—l, which
means that the term in l/T175 which is zero order in S(IV) must be
1t 541 K. Since the change in linewidth which
occurred in going from pH 2.58 to pH 3.0l was only 50-100 sec! at high
temperature, of whicﬁ some may be due to the pH dependence of the term
in 1/1175 which 1s first order in S(IV), the [S(IV)]-independent term in
1/1175.must be between oraer 0 and —6.2 in ®H'.

Given the sﬁéll pH dependence of the term in 1/*(175 which ;s zero
order in S(IV), it is seen that the term which is fi:sﬁ order in S(IV)
must be of some negative order in HY to account for the comparatively

large increase in linewidth of the 175-178.ppm peak as the pH changes

from 3.00 to 3.52. For the moment it will be assumed that 1/1175

43



44
conta;ns'no signifiéant terms which are indepéndent of [S(IV)] and
dependent upon [H+], allowing the pH dependénce of the termkwhigh is
first order in S(IV) to be determined. If this term is of order -1 in

H+

, that is, 1if ;he functioﬁallform of the pseudo first order rate
;onstant is l/r175 =N + Q[S(IV)]/[H+],'thgn a plot of (1/Ty)75 Vs.
[S(IV)]/aH+ should be a straight line if the activity coefficient of
each specles 1s essentially the same in all six solu;ions'at‘any given
temperature. Such an assumption about the activity coefficients is
probably not a bad one, because the lonic strength is the same in each
solution, with sodium chloride réplacing sodium bisﬁlfite, Replacing
aH+ by its value af 25°C, (aH+)25o, merely expands or contracts tﬁe
abscissa scale. =

Plots of (1/Ty)y75 vs. [S(IV)]/(ay+)pge are shown in Figure 7 for
several temperatures, usingvl/TZ values of the 175-178 ppm peak in the
épectra of the solutions having pH values ranging from 2.58 to 3.52.
The points exhibit systematic deviations from straight line character.
Similar gfaphs with [S(IV)]/{(aH+)2So}O'5 or [S(IV)]/{(aH+)250}1'5 as
the abscissa show a greater deviation from‘linearity.

Since there appears to be no linear function'of one variable which
satisfactorily fits the data, it is necessary to consider the
possibility that the rate law contains more than two terms. However, to
be consistent with the plots of Figure 6 any such rate 1é§ must reduce
to a linear function of [S(IV)] under conditions of constant pH. In
many of the plots of Figure 7 a'line drawn through only the middle four
points (which correspond to pH 3.Q solutiong of various S(IV)
concentratiohs) passes below the point having an abscissa of 0.038 (pH

2.58, [S(IV)] = 0.10'm) and above the point having an abscissa of 0.662
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(pH 3.52, [S(IV)] = 0.20 m).: If it is assumed that two of the terms in
1/1175 are N +:§[S(IV)]/[H+], then the locations of the outside points
of Figure 7 indicate that an additional term such as R[SHO3-] or R*[H']
may be a significant part of the pseudo first order rate constant.

Before proceeding further, the assumed second term in 1/1175,
Q[S(IV)][H+]-1, will be rearranged, because it is desirable to replace
the factor [S(IV)] with the concentration of one of the actual species
in the solution. Bisulfite ifon is the species chosen, because it is the
only one whose concentration remains nearly fixed in propoftion to
[S(IV)] over the ranges of pH and S(IV) concentration which were

studied. The second term in 1/1175 is therefore rewritten as

5]
[H']

[s(1Iv)] [sHO

Q

[SHO3 ]

where [SHO3—] is the sum of the concentrations of the two isomers of
~bisulfite ion. The factor [#*] can be removed from the denominator and
a rate law indicative of a simpler mechanism can be obtained by
_replacing [SHO3_]/[H+] with [SO3Z°]/K2, where K, is the equilibrium

quotient for the dissocia;idn of bisulfite ion, a replacement which

yvlelds
1 2~
= N+ Q~°[so,” ], (2-2)
175 3
[s(1v)] 1
where Q" = Q—mm —.
[sao3 ] K,

To determine whether either of the two terms R[SHO3-] or R’{H+] is



suitable as the additional term in equation 2-2 the functions

1 - - - 2-
’(;-;)175- = N”+Q7[50,77] + R[SHO,] (2-3)
1 - - 2- rt
and 655)175 = N+ Q7[s0,7 ] + R7[H ], (2-4)
where | N = Tr—l———-+ N ' (2-5)
2(175)

and N is defined by equation 2-2, were fit to the data of Figure 7 by

30

the method of weighted linear least squares. The concentrations of

8032f, SH03-, and HY used were those calculated for each solufion by the
method outlined in the Experimental Procedure section. It was -found
that function 2-4 could not be made to fit the data well, but it was
possible to obtain a good fit with function 2-3. Figure 8 shows plots,
with [8032°] as the abscissa, of both experimental values of (1/T2)175
and those obtained from the least squares fitting of fu@ction 2-3. It

is concluded that the pseudo first order rate constant for exchange of

oxygens out of the 175 ppm site into the water/195 ppm site is

1
3]0

Y175

(2-6)

= N+ Q‘[so32'] + R[SHO

| The functional form of 1/117S can be acéounted for by a mechanism .
which will be given shortly. Although the contribution of chemical
exéhange to the relaxation in.the 175.ppm site occurs through exchange
of oxygens between that site and water (the latter acting as a pool of

relaxed oxygens), l/r”5 can be derived from a mechanism in which

oxygens are transferred from the 175 ppm bisulfite ion to any of the

49
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54
thfee speciesAHZO, 195 ppm bisulfite ion, or 50,, because virtually all
oxygens which reach 195 ppm bisulfite ion énd S0, are transferred to
water rathér than 175 ppm bisulfite‘ion. This is known ffom the fact
that oxygen exchange between the 175 ppm and 195 ppm sites'occurs much
more slowly (at and below pH 3.5) than exchange between the 195 ppm sife
and water, and from the results of the next section, 1n‘which it is
found that the exchange between 195 ppm bisulfite ion and water occurs

primarily through the reaction

* SO. + H.O

3 Jj95 *H = SO, +H,0,

(SHO, )
below (and possibly above) pH 4.5. The proposed mechanism, which

exchanges oxygen atoms between the two isomers of bisulfite ion both

directly and via sulfite ion, is

4
- 2~ * +
(suo3 )175 > (so3 ) +H, o I | (4)
ko4
k
I (5)
(s0,” ) +H (SHO; ), g5 »
% e k6a gk _ 6a)
(SHO, ) 55 + SO, t (80,7 ) + (SHOy ) .c (6a
k6a
_ . 5 keb g _ (6b)
> 5
(SHO4 )45 + SO, T (80,7 ) + (SHO; ) 45 »
k
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- -9d
(SO3 ) + S0, + H,0 > (SHO

2t 3105 + (SHO3D) g5 (34)
Note that reaction 6bvis identical to reaction 7a, and k6b =k_y,. The
reaction has been written twice, once with the labelvon the 175 ppm
bisﬁlfite ion and the other time with the label on the sulfitg ion, to
explicitly show ;hat the reaction affects the concentrations of both
labelled 175 ppm bisulfite ion and labelled sulfite ion.

Before continuing with a diséussion of the mechanism of reactions
4-9 it is necessary to explain the reason for the omission from the
mechanism of several steps which are cénsistent with various terms of
1/7y95. The reaétion

%

H,0 (10)

: *
+ HZO = (SHOZO )175 + 2

— %
(SHO3 )75
is consisten; with the constant term in 1/1175, but was excluded because

it was considered mechanistically improbable. The following reactions

are consisﬁent with the R[SHO3-] term of 1/1175:

K
- - b 2- * *
0.7). .. + (SHO. ) + 50,27 + S0, +HO (9b)
(SHO3 )95 3 2175 3 g ¥ H0
. * kgc L *
) + (SHO, ) +  S0.27 +'s0r + H.O (9¢)
(SHO5 )55 3 175 3 2 ¥ 10 .
L, kg - L
(SH03 )175 + (SHO3 )175 *- (SO3 ) + 802 + HZO . (9¢”)



cdh

The rationale behind the omission of these steps is related to the

absence from 1/7)75 of a term which is first order in hydrogen ion.

Such a term could arise from the reaction

(SHO, ) +H = SO, +H,0 . ' . (115
37175 I A A .

For reasons which will soon be explained, reaction 11 is believed to

proceed much more rapidly under the present experimental conditions than

either of the analogous reactions 9b or 9c. Since 1/1175 contains no

significant contribution from reaction 11 .it should also, therefore,

have no noticeable contributions from reactions 9b and 9c. Furthermore,
since the rates of reactions 9¢c and 9¢” are identical, and since both

con;ribute equal amounts to 1/1175, reaction 9¢” is also unimportant.

If reaction 11 is much more‘rapid than reactions 9b and 9c under the

present experimental conditions then reactions 9b, 9¢, and 9¢” may
reaéonably be omitted from the mecﬁaniSm by which oxygen is exchanged
from 175 ppm bisulfite ion to the combined water/195 ppm site.

To compare the rate of reaction 11 to those of 9b and 9c it is

convenient to define the composite reaction

k12

- % -
3 )175 + SHO3 pe SO
k'-12

2-

(SHO 3

s * * '( ’
+ 80, + HO . 12)
in which oxygen is transferred to water and sulfur dioxide from 175 ppm
bisulfite fon by its reaction with either isomer of bisulfite ion. It

may be shown that

klz.[SHO3 l

= kgb[(sno3,)195] + 2k9C[(SH03 )175] . (2-7)
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from which it is seen that 1f reaction 11 is more rapid than reaction
12, it is more rapid than both reactions 9b and 9¢c. In reactions 11 and
12 the 175 ppm bisulfite ion acts as a base'by accepting protons from
the acids H30+ and SHO3—. The relati§é rates of reactions 11 and 12

should thus be very similar to the relative rates of the two acid-base

reactions
. 13 . |
HZO + H3o be H30 + Hzo , | (13)
ki3
Ho+suo"k2* g.o" + s0,2” : | (2)
2 3 T H 3 |
ko

in which water (the base) accepts protons from the acids H30+ and
SHO3'. The value at 298 K of the seqond order rate constant k13 is

| known to be31332 1,1x1010 M~lgec”!, an upper limit to the value of the
pseudo fitst order rate constant k, may be obtained using the

relationship k, = k_sz, a value of Ko equal to 4.6XIO-7 M, and an upper

2
limit to k_, of 1x1011 M-lsec-l, a value appropriate for a diffusion
controlled reaction between a hydrogen ion aﬁd.a negatively charged
base.33 It is found that k2 < 4.6XIO4 sec”! at 298 K. The relationship
between the rates of reactions 13 and 2:is

rate of reaction 13 k13[H+][H20]

rate of reaction 2 kZ[SHO3-]'

The conditions of the present work for which this ratio takes its
smallest value occur at pH 5 and [S(IV)] = 0.45 m, in which case the

ratio has a value of at least 300. Reaction 13 is much more rapid than
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reaction 2, and thus reaction il‘is expected to be consideraﬁly mofe
rapid than reaction 12, in the pH and concentration ranges of this
study.

Another reason for believing that reaction 11 is much more rapid
than reaction 12 arises from the analysis, to be presented iﬁ the next
section, of the broadening of the water peak in the 170 NMR spectra of
the bisulfite solutions, from which it is‘found thét fhe reaction

(SHO; D) s + HY = so. + H.O

trénsfers oxygen nucléi from 195.ppm bisulfite ion to water much more
rapidly than the reaction |
(sH0, ) .. + sHO,” = 50,27 + 50" + H 0"

3 7195 3 3 2 27
below pH 4.5. The relationship between the rates of these two reactions
should be very siiilar to that between reactions 11 and 12, to which
they are analogous.

(The omission of reactions 9b and 9c and the retention of 9a is
also consistent with the future identification of 175 ppm bisulfite ion
and 195 ppm bisulfite ion as HSO3° and so3ﬁ', respectively. The latter
would be expected to react ﬁore easily with a proton donor to produce
suifur dioxide and water, )

Returning now to the mechanism of reactions 4 through 9, it is seen

that the net reaction which occurs is
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-1
(775,195

(SHO4 )75 + (SHO4 ) g5 »

for which the corresponding rate law is

- %
d((SHO, ), ,.] s
- 3 7175° _ - 1 [ (SHO
dt . 175,195

- % ' ’
y )p751 | (2-9)
Since the proposéd mechanism contains no reactions whicﬁ exchange oxygen
atoms directly between 175 ppm bisulfite ion and water at an appreciable
rate, 1/1175, which 1is defined as the bsuedo first order rate constant
for exchange of oxygen atoms between 175 ppm bisulfite ion and the
comﬁined water/195 ppm bigulfite ion.site, is equal to 1/T175’195, the
pseudo first order rate constant for oxygen exchange from the 175 ppm
si;e to the 195 ppm site. ~

The expression for 1/1’175 in terms of the rates of reactions 4
through 9 is obtained’by dériving from the mechanism an eipreSsion for
d[(SHO3—)175*]/dt, from which [(3032-)*] is eliminated through the use
of the steady state approximation. (The steady state approximation is
valid for (8032-)* because its concentration is very sﬁall compared to
the concentrations of (SH03-)195* and (SH63-)175*-1n the acidic¢
solutions for which the experimental rate law was determined;) If the
.subsequent expression for d[(SHO3-)175*]/dt'is then‘rearranged to the
same form as equation 2-9,.1/T175 is obtained by inspection, since it is
the coefficient of [(SHO3—)175*]. According to the suggested oxygen
exchange mechanism

+ 2k8b)[(sm3 )175] + (k8C + de)[(SHO3 )195] +D,

= (kBa

T175



where

flo, + G, + ke IIS0,°7] + kg [(SHOST) gc1 Hk_, [(SHO,T) (]

T + .
+ kg [(SHO3 ™) g5 + k_g[H'] + (k_g, + k_g,)[50,1}

{(x ]+ (k_gy + k_y, ) [(SHO)

v 7 6a ]

+ k_p )[(sHO; )

175 195

s | , .
+ (k_a + k_s)[H ] + (k_9a + k_gb +‘k_9c + k_gd)[soz]}

(2-10)

‘Although 1/T175 in 2-10 does not have the functional form of the
experimental rate law (2-6), there are several limiting conditions uﬁder
which it does reduce to a simple linear expression in [5032—] and
[SHO3—]. Before considering these it is convenient to define three
reactions which are combinations of reactions 6a and 6b; 7a and 7b; 8a,

8b, 8¢, and 8d; 9a, 9b, 9c, and 9d: they are

: k _ . .
- % . 2- 6 2- % - ‘6
> E
(SHO3 )175 _ SO3 > (SO3 ) + SHO3 ,‘ (6)
k_6
k 7 .
2._)* . - : -~ % 2- D)
(SO3 SHO3 (SH03 )195 + SO3 R
k
- % - 8 - % - g
. | (SHO; )55 + SHO;” > (SHO; ) oo + SHO, , (8)
k
72— * -9 - * . - 9
(SO3 ) o+ SOZ + HZO > (SHO3 ) A SHO3 . (9)
k

9
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Reaction 6»as written and the reverse of reaction 7 ekpress the
formation of either isoﬁer of bisulfite ion by the reaction of 175 ppm
bisulfite ion with sulfite ion and 195 ppm bisulfite ion with sulfite
ion, respectively, and reaction 8 expresses the transformation of one
isomer to the other via hydrogen transfer between two bisulfite ions.

It is clear that

k = k + k and

"and it 1is not difficult to show that

- - -—

k_g[SHO3 T = kg [(SHO3 ) 7] + k g, [(SHO3 Jygs]

k_yISHO3 ] = k_; [(SHO3 )yp5] + kg [(SHO5 ) g5) .
and

kg[SHO3 ] = (kg + 2kg J[(SHO3 )] + (kg . + kg )[(SHO; )90
where

[suo3-] = [(SHO; ) 58] + [(SHO, D) 0] -

Substitution of these composite rate constants into 2-10 yields



1

3 ]

- = k8[SHO
175

3 .

, 2~ ' +
{k4 + k6[803 ] + kg [(SHO )195]}{k_5[H ] +k_,[SHO,")

+ (k_gy + k_g4)[50,1}

+ + - - :
k_y[H] + k_g[H'] + k_[SHO, ] + k_,[SHO, ] + k_g[80,]

(2-11)

A comparison of the value 6f k_9[SOZ] to that of (k_4 + k—S)[H+]
shows that the former hakes a relatively small contribution to the
:denominator of the second term of the right side of equation 2-11, and
can therefore be neglected. Since [802] = [H+][SHO3-]/K1, the term
k_9[802] 1s greatest in comparison to (k_, + k_s)[H+] at high S(IV)
concentratioﬁs. Therefore, the compafison was made for the most
concentrated éolution used in this work, for which [S(IV)] = 0.456 m,
[#%] = 0.0013 m, and [SO,] = 0.013 m at 298 K.

The upper limit to the value of k_é[sozl was.dete:mined using the

formula

K . .
l .
k_g[50,] = kg E;-[soz] . (2-12)

and an upper limit to kg, estimated in the following manner. The
relationship between kg and the rate constan;sﬁbf the reactions
%9

- % -
(suo3 ) o+ (SHO3 )195 + (S0

2=\ % | ' .
37) + 50, + H,0 (97)
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and
k‘l. . =~ .
o _ 9 s | - »
S (SHOZ)" + (SHOy ) .5+ (S0,° ) + 80, + H)O (97
1 - _ =
is kg = ——— {k7G[(SHO; ) 4o + kg [(SHO, ) ,c1) (2-13)
[sHO, ] |

It is known that 195 ppm bisulfite ifon exchanges oxygens with water much
more rapidly than does 175 ppm bisulfite ion, and it is found in the
next section tﬁat this gichange between 195 ppm Bisuifite fon and water
occurs primarily through the reaction

u* + (sHo = SO. + H.O .

3 )195 2 2

Since this reaction, which involves addition of a proton to 195 ppm

bisulfite ion, occurs much more rapidly than the analogous reaction

-

between hydrogen ion and 175 ppm bisulfite ion? and since reactions 9
and 9°° differ from these reactions oniy in that bisulfite ion,'rather
than H3O+, is the proton donor, it-is reasonable to assume that

k; > k;’. Since the 195 ppm bisulfite fon is also the more abundant of

" the two 1somers, equation 2-13 reduces to

[(SHO, ). ,c] ' '
kg = kg 3 195, (2-14)
[sHO," ]

An uppef limit to k; was obtained from the analysis of the water peak

broadening, presented in the next section, which yields information

aboutvoxygen exchange from 195vppm bisulfite ion to water. . Although no



evidence was found fof an exchange process which is second order in
bisulfite ion, which would have been‘found if reaction 9” proceeded at
an appreciable rate, the uncertainties in the data were great enough
that such a second order exchange prpcess‘would'be unrecognizable

if k; < Z;SOO_M'lsec-1 (i.e. 1f the contribution to 1/7195,H20 from
reaction 9 was less than 300 sec™! at [S(IV)]‘= 0.2 m and 298 K). -
Using this as an upper limit to k; and a value of [(SHO3f)195]/[SHO3-]
equal to 0.83 (the evaluation of which will be diécussed later in this
seétion), it is found from 2-12 and 2-14 that

6 -1
k_9[802] < 4.5 x 10" sec

(2f15)
for the solution which is 0.456 m in S(IV) and 0.0013 m in H'.
A lower limit to the value of (k'__4 + k_s)[H+].can be found if the

rate constant for tﬁe reaction
+
H + SO > SO H (14)

is estimated. Reaction 14 is also either reaction 4 or réaction S; and
belongs to the class of reactions involving proton addition to one of
the oxygens of the conjugate base of an inorganic oﬁyacid. These
reactions are known to occur extremely rapidly; their bimolecular fate

constants have values of at least SXIOIO M-lsec—l.“ It seems reasonable

to assume .that the rate constant k_;4 1s also greater than 5x101° M™

1sec—l, and may be nearly equal to the rate constant for 5042‘ + 0 -

-1

_SOQH-, about 1x101! M~ lgec™l,

Since k_;, 1s equal to either k_, or k_s we have
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(k_, +k_OMET > k_, 1], | (2-16)

and for the solution in which [S(IV)] = 0.456 m and [H'] = 0.0013 m,

(k  +k YE] > 6.5 x 10’ sec ', . (2-17)
- YR E ]

Combining inequalities 2-15 and 2-17 gives

(k , + k_s)[H+]_ > 14{k_g[s0,1} (2-18)

-4
for the solution in which [S(IV)] = 0.456 m and (a*] =-0.0013 m. 1In all
the‘other solutions from which 1/1175 was determined the ratio of (k_4 +
k_s)[H+] to k_g[S0,] is even greater than in the 0.456 m solution. It
is therefore reasonable to neglecﬁ the contribution of k_9[802] in the
denominator of the second term of 1/1175 (equation 2-11).

Given the negligible contribution of kf9[802] to the denominator of
the second term of 1/1175, equation 2-11 can be made to reduce to the
experimentally determined rate law only if (k—9b + k_9d)[802] makes an
insignificant céntribution to the numeratpr-of the second term.of
1/T175. It 1s almost certainly true that k_5[H+] is much larger than
(k_gb + k_gd)[SOZJ, in which case the latter can be neglected in the
numerator of the second term of 1/1'175 in equation 2-11. To show this

we define the reaction

k’l‘
- * -2 2-.* g
-+ e
(suo3 )195 + suo3 be (so3 )y + so2 + HZO , ( )

which is the composite of reactions 9b and 9d. Since



-,

k—9b + k—9d = k:g » and since all the reactions occur under equilibrium

conditions, it follows that

(k_g, + k_gq)[50,] kg *[SHO

— - . (2-19)
k'] L ke .

In both reactions 5 and 9°°“ the 195 ppm bisulfite ion donates a proton

to a base; in reaction 5 the base is water, in reaction 9°° bisulfite

ion (either isomer). However, reaction 5 is a simple proton transfer

S,

reaction, while reaction 9 involves additional bond breaking in the
base. Beéause the mechanism of reaction 9°°“ is more complicéted than
that of reaction 5, and because the concentration of water 1s much
léfger than that of bisulfite ion, we expect the ratio given in equation
2-19 to be much less than one. This allows us to neglect the
contribution of (k-9b + k_gd)[SOé] in equation 2-11.

If the conﬁributibns of k_Q[SOZ] and (k_9b + k_9d)[802] are

neglected, then equation 2-11 reduces to the experimentally determined

rate law 1f at least one of the following three statements is true:

+ - . +
k_g[H'] + k_;[sH0,7] >> k_,[0'] + k_([sHO,"] , (2-20a)
kY] >> k L [SHO.T] d
-5 -7 3 an
| | (2-20b)
-+ et - -
k_, ']+ k_ (5] >> k_[sHO.T) + k_,[sHO,]
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- L+

k_7[SHO3 ] > k—S[H ] and

. (2-20¢)
- - + +
k_g[SHO, "] + k_,[SHO,"] >> k_, [H'] + k_[H'] .

If inequality 2-20a is true then sulfite ion rgacts to fo:m-195 ppm
bisulfite ion much more fapidly than it reacts to form 175 ppm bisulfife
ion. 1In such a case the rate limiting_steps within the group of |
reactions 4,.5, 6, 7,.and 9 are those through which oxygens afe
transferred from the 175 ppm bisulfi;e ion to sulfite fon, and 1/1175

reduces to

1

3 )195] * kglSHOS ]

2-, .
= k, + k6[SO3 ] + kga[(SHO

. 4
175

(2-202a true). (2-21a)

The physical interpretation of inequality 2-20b is that if true, it
states that bisulfite ions are formed much more rapidly by the reaétion
of sulfite ion and hydrogen ion than by the reaction of sulfite ion and
bisulfite ion, and specifically that the 195 ppm bisulfite fon isomer is
formed much more rapidly by the sulfite ion - hydrogen ion reaction than

by hydrogen transfer from bisulfite ion to sulfite ion. 1In this case

1 k_s |
3

— 2- -
: = {i, + kg [50,°7] + ky_[(sHO, )1951}{k T
175 -4 -5

} + kg [SHO

(2-20b true). (2-21b)

Inequality 2-20c is the converse of 2-20b, and causes 1/T175 to reduce

to



- : k
2- - -7 -
= {k, + k,Is0, .] + kg, [(SHO, ) gl H——} + kg[SHO ;]

175 | | k gtk

1

(2-20c true). (2-21¢)

Of the three inequalities in 2-20, only the third seems
.implausible. Inequalitj 2-20c 1s most likely false because the
magnitude of (k_4-+ k_s)[H+] relative to (k_6 + k_7)[SHO3_] should be
very similar to that of k13[H+][H20] relative to k,[SHO3"]. It was

~ shown earlier that k13[H+][ﬁZO] was much larger than k2[8H03_J. Further
evidencé that 2-20c 1s false 1is provided by the magnitude of thé ratio
of k_, to k_g, obtéined from the experimental data. To seé this it is
necessary to evaluate the constants N and Q” of equation 2-6.

The valueé of Q°, R, and 1/T2(175) + N were obtained from the
aforementioned leaéﬁ squares fitting of 2-3 to the linewidth data of the
solutions at and below pH 3.5. _The valugs of Q°, R,'and 1/T2(175) + N
obtained thereby are shown in Figﬁres 9, 10, and 11, respectively. At
298 K the value of Q” is about 1.1x10% M~ lsec™l. A value of N can be
estimated by noting that 1/T2(175) is expected to decrease as the
temperature rises, and thus its maximum value is given by the low
temperature value of l/T2(175) + N, about 450 sécfl. The natural
linewidth of water decreases by a factor of two in going from 274 K to
298 K due to a decrease in the rotatiénai corfelation time (see Figure
12); it was assumed that 1/T2<175) does‘the same. From this estimate of

1

l/T2(175) < 225 sec” * at 298 K the data of Figure 11 yield an estimated

1

value of N between 395 and 620 sec ' at 298 K.
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Regardless of which of the limiting cases given by 2-20 may be

true, the relationship between N and Q~ is

If both sides of the equation are multiplied by [H+]/[SHO3-], and if the
substitutions k4 = k-AKA’-k6.= k-6K6’ and KQ/K6 = K2 are made, this
equation can be rearranged to give

1 N [H'} k_,[A"]

KZ Q” [SHO3 ]

. (2-22)

k_o[SHO; ]

The right side of this equation is the ratio of t&o of the terms in
inequalities 2-20a, 2-20b, and 2-20c. Substitution of the values Ky =
1076+3% ¥, q* = 1.1x10% M7sec™!, 395 sec™! < N < 620 sec”!, 0.10 ¥ <
[SH03-] < 0.42 M, and [H'] = 0.0013 M (values appfopriate for the pH 3
bisulfite solutions from which 1/1175 was determinéd) into the left side
of 2-22 yieldé

k_, (0]

2 & ————— <16 ,

k_g[SHO, ]

Given both this relationship between k_4[H+] and k_6[SHO3—], and the
likelihood that k;s/k_7 is about equal to k_,/k_¢ due to the simiiarity
of the two bairs of reactions, it is concluded-that 1néquality 2-20c 1is
probably false in the pH range in which 1/1175~was determined.

Before continuing with the interpretation of 1/1175, it is.
necessary to digress and discuss the evaluation of the equilibrium

quotient for the reaction.



175 (15)

(SHO3.) (SHO3 )

195 °
The equilibrium quotienﬁ KlS was determined using the areas of the peak
at 175-178 ppm in the pH 3 solutions and the coalesced peak at 193 ppm
in the pH 5 solutions. . If the only S(IV) species present in the
solutions were_HSO3-‘and SO3H_, then the quan;ity {[(SH03')i75] +
[(SHO3_)195]}/[((SHO3-)175] would be given by the ratio of the area of
the 193 ppm peak at pH 5 to the area of the.175—178 ppm peak at pH 3.
However, betwéen 3 and 10% of the S(IV) in each of the solutions is

2-, 82052-, and SOZ,'the_170 resonances. of

present in the form of SO3
whiéh could perhaps be coalesced with the resonance_of one of the
isomers of bisulfite ion, creating the possibility that the areas of the
175-178 ppm‘and 193 ppﬁ peaks are not proportional to the 175 ppm
“bisulfite ioﬁ and total bisulfite_ion concentrations, respectively. It
was therefore necessary to make some assumption concerning which S(IV)
specles contributé to the areas of the two peaks. It was assumed that
the area of the peak at 175-178 ppm 1is due only to 175_ppm bisulfite
ion, while the area of the peak at 193 ppm arises from all the S(IV)
“specles due to coalescence of the S0, and 82052— resonances with the 195
ppm bisulfite ion reson;nce and the coalescence,. at pH 5, of the 8032-
resonance with tﬁose of both 175 ppm bisulfite ion and 195 ppm bisulfite

ion. The assignment of the 8032-

oxygen populdtion to either the 175
ppm or the 195 ppm site_is unimportanﬁ at low pH because the
concéntration of 8032- is very small at ﬁigh acidity. The reSults of
the analysis of the broadening of the water peak will show that the 50,

and 195 ppm bisulfite ion resonances have coalesced over the entire pH

‘range studied due to the rapid oxygen exchange which occurs through the

~
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reaction

(SHOB-) SO. + H.O .

j9s + B = S0, +H,
Results from the 170 NMR spectra of two very concentrated bisulfite
solutions ([S(IV)] > 4 m), in whiéh the 82052— concentration is large
enough to make a significant contribution to peak afeas, indidate that
at high concentrations the 82052; and bisulfite ion resonances are
coalesced. (The pH meter réadings of ;he two solutions were 3.2 and
4.5.) It was assumed that'the_SzOsz_ and the 195 ppm bisulfite ion
resonances are also coalesced at lower S(IV) concentrations.

The assumbtion that the 8032- contributes to the aréa of the 193
ppm peak at pH 5 is jﬁstified by the coalescence of the 175 ppm and 195
ppm resonances at that acidity. The increase with pH of the oxygen
exchange rate between 175 ppm bisulfite ion #nd 195 ppm bisulfite ion,
which produces the coalescence §f the 175 ppm and 195 ppm resonances at
pH 5, 1s a consequeﬁce of the Iincrease with pH of the rate of reaction
Q. The necessary condition for coalescence of two resonances 1s that
the sum of the pseudo first order rate constants for bxygen exchange
between the two sites be much lafger than the difference between the
precessional frequencies in the two sites. Since 8032- is the
intermediate in the oxygen exchange occurring via reaction 6, the rate
of which is large enough to coalesce the 175 ppm and 195 ppm resonances
at pH 5, and because the differences betweeﬁ the precessional frequency
in the sulfite environment (corresponding to 235 ppmg) and those of the

175 ppm bisulfite ion and 195 ppm bisulfite ion are no more than a

factor of three greater than the frequency difference between the 175



ppa and 195 ppm environments, the 8032; resonance 1s coalesced wiﬁh
those of 175 ppm bisulfite ion and 195 ppm bisulfite ion at pH 5, and
thus contributes to the area of the coalesced peak located at 193 ppm.
Because the areas of the S(IV) peaks were measured using the area
of the water peak as an internal standard, and because it has been
assumed that the area of the 175-178 ppm peak is due only to 175 ppm
‘Sisulfite ion, the equilibrium quotient for reaction 15 couid be
evaluated by converting the area of the peak at 175-178 ppm to a 175 ppm
bisulfite'ion concentration and comparing this concentration to thé
calculated total concentration of bisulfite ion (i.e. the sum éf the
concentrations of the two isometﬁ) for the solution. However; it was
thought best to use the area of the.193 ppm bisulfite peak as a measure
of the total concentration of ﬁisulfite ion, in the;hope that any
" systematic error inherent in the determination of peak areés would. be at
least partially cancelled by tﬁe use of area measurements to obtain both
the 175 ﬁpm bisulfite ion concentration and the total bisulfite ion
concentration. |

" The equilibrium quotient K;5 was evaluated using the formula

area corresponding to total SHO3 concentration at pH 3
K = -10
15 area of 175-178 ppm peak at pH 3

The area corresﬁonding to the total ﬁisulfité fon concentration at pH 3
was obtained using the area of the 193 ppm peak at pH 5 in the following
manner. The concentrations of SH03-, S0,, 8032_, and 82052— were
calculated for the pH 5 solutions, after which the fraction of the 193
peak area due.to bisulfite ion was determined. Because the

concentration of bisulfite fon changes slightly over the pH range from 3
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to 5 at coanstant S(IV) concentration, the.area corresponding to the
total bisulfite ion concentration at pH 3 is not equal to the area
éorresponding>to tﬁe total bisulfite ion concentration at'pH 5. There
were also slight differences between the bisulfite ion concentrations of
the pH 3 énd pH 5 solutions due to the fact that the.S(IV) gontentratioﬁ
was not exactly the same in every solutibn._ Therefore, the aféa
corresponding to theitotal bisulfite ion concentration in the pH 3
solution was obtained by ﬁultiplyingvthe area corresponding to the total
bisulfite 1on concentration in the pH 5 solution by the ratio of the
calculated bisulfite ion concentrafion at pH 3 to that calculated at pH
5; ~To minimize error in this ratio arising from error in the estimated
value of the.equilibrium quotient for the dimerization of bisulfite ion
(which was used in calculating the bisulfite ion concentrations), the
193 ppm peak area obtained from the pH 5 solution was used to determine
an area corresponding to the total bisulfite concentration only for a pH
" 3 solution of similar S(1IV) concéntfation.

The values of the parameters used in the calculation of K5 are
listed in Table 2 together with the resulting values of the equilibrium
quotient, rFigure 13 shows a plot of log(KlS) Vs, 1/T. A nonweighted

linear least squares treatment of the data yields

In K = (=3.232 £0.527) + (1438 £ 151)/T | (2-23)
as the equation of the best straight line through the points, with a
covariance of slope and intercept of -79.7. From the values of the
slope and intercept one obtains M, = -2.9 % 0.3 kcal/mole and 4Syg =

=6 t 1 cal K mo17!.
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Table 2

Values of Parameters Used in the Calculation of Kis» the Equilibrium Quotient for the Reaction

[s(IV)],m

0.201

0.199

0.449

0.456

4,98

3.00

4.97

3.02

pH meter S(IV) peak
reading

chemical

"shift, ppm [total S(IV) oxygens])

193

175-178

191-193

173-177.

(SHO37) 75 = (SHO37) g5

[SHO

- oxygens]a ' 'T,°C [SHO3-],m8 area S(IV) peak b

area H,0 peak X35.5

3

0.945 2-29  0.189 0.65 * 0.01
- | 3.7  0.188 0.0719
- | 10.6  0.188 0.0830
- , 15.2  0.188 0.0946
0.919 1-29  0.408 1.37 + 0.02
- 1.1 0.416 " 0.155
- | © 7.7 0.416 0.163
- 13.9 0.416 - 0.191
- 21.4 - 0.415 0.211
- 21.9  0.415 0.211°
- 29.3  0.415 0.217

15

7.52
6.37

5.46

7.28

6.86

5.69

5.06
5.06

4.89

6L



- Table 2 (cont.)

3Calculated using literature values of equilibrium quotients, as explained in the text.
bIncludes a correction for the effect of signal decay which occurred during the preacquisition delay time
(see Experimental Procedure).

CSee text for method used to calculate KlS"
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Returning_now to the interpretatioﬁ of 1/1175, it will be shown
that the assumptions that either ineqﬁality 2-20a or inequality 2-20b is
| 10 -1, -1 11

true and that k-l& is at least 5x10 sec ~ allows the evaluation of.

the rate constant for t‘he'reaction

e 2- “~16 -
H + SO3 > HSO3

(16)
(where HSO3— is the isomer of bisulfite ion in which the proton is
bonded to the sulfur atom) and the determination of an upper limit to
the value of k6'

It is apparent that if inequality 2-20a is true then 1/1175 is

given by 2-2la, and
N=%k, =Kk (2-20a true). (2-24)

The equilibrium quotient K, was calculated using the formula

[(SHO, ), 4] _
K, = K {1+ 3 195 4 | \ (2-25)

[(SHo3 )175]

The ratio of bisulfite ion concentrations is equal to KIS’ which at

298 K is 4.9 * 0.1, from which one obtains K, = (2.7 * O.l)XIO-6-M.

1

Since the value of N is between 395 and. 620 sec = at 298 K, the value of

1 1

k_, 1s approximately 2x108 M lsec™!. This is much smaller than the

assumed value for k_14, so the association k_4 = k-16 and k_5 = k_14 is
made, identifying 175 ppm bisulfite ion and 195 ppm bisulfite ion as
HSO3— and SO3H—, respectively. The value of kg is equal to Q°; at 298 K

1

this 1is 1.1XL06 H-lsec- . Since k_s > k_y4 it is also quite likely that



kep 2> kg,, because reactions 6a and 6b are homologous to reactions 4

and 5. If this is true, then k6b = k6b + k68 = k6. Finally, R is given

by

. 1 -1 ‘ . ] . _ .
R = k, +k,(1 +=—) (2-20a true). (2-26)

g 7. %9 K |
15
If inequality 2-20b is true, 1/7,75 is given by 2-21b, and

k_g S S

N = k(———) = ,KA(——+—) (2-20b true). (2-27)
k_, + k_ K k

5 -4 f-5

Using 395 sec™! <N <620 sec, K, = 2.7x1070 M, and a value for either
k_, or k_g of 5x1010 M-lsec-l, it is found that the smaller of k_, and
k_g has a value of approximately 2x108 M lsec™! at 298 K. This value is

assigned to k_;¢ because k_,, is believed to be at least 5x1010

M lgec!

, but it 1is not known on the basis of this result how to assign
the peaks at 175-178 ppm and 195 ppm. It should be noted that the right
side of 2-27 reduces to K4k-16 because (as has just been shown) either

k_g >> k_, or k_, >> k_g. The expression for Q° is
k -1 : '
) = k6(1 + —) (2-20b true).  (2-28)

Depending upon which of the two inequalities k_, >> k_g, k_g >> k_, is
true, Q° is equal to either k6k_5/k_4 or k. By similar reasoning, R is

given by elther

), (2-29)

L)t (2-20b true; k_, > k_g
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or

o -1 oo N -
R = k, + k9(1 + EI-S-) (2-20b true, k_o > k_,). (2-30)

The consequences of the validity of either 2-20a or 2-20b can be

summarized briefly. In either case, if k_;, > 5x1010 M 1lgec™]

, then N =
Kik_16° If inequality 2-20a is true then 195 ppm bisulfite ion and 175
ppm bisulfite fon are assigned to SO3H— and HSO3-, respectively, and Q~
= kg, and is probably equal to k6b‘ R is given by equation 2-26. If
inequality 2-20b is true then either {k_s >> k-h’ Q° = k6, and R is
given By 2-30} or {k_, >> k_s, Q” = kgk_s/k_,, and R is given by 2-29},
but it is not‘known to which isomers of bisulfite ion the 170 NMR peaks
at.175—178 ppm and 195 ppm should be assigned from these data alone.
(Additionally, it is probably true that kg 1s about equal to either ke
or k6b’ the former being the case 1if k_4 >> k—S and the latter if k-S >
k_ze)

Upon the basis of the foregoing analysis it is ﬁelieved that plots
of log N vs. 1/T and log Q° vs. 1/T should be linear, because both N and
Q” are products of rate constants and equilibrium quofients. (Since
Arrhenius plots of rate constants and quilibrigm quotients are expected
to se linear, an A;rhedius plot of a product of rate constants and
equilibrium quotients should be linear also.) The log Q° vs. 1/T data
of Figure 9 were therefore subjected to a weighted linear least squares

analysis, from which the temperature dependence of Q° was found to be

In Q° = (24.02 * 0.82) + (-3024 * 250)/T, (2-31)



with a covariance of the slope and intercept of ln Q” vs. 1/T of -204.

. The expected linearity of a plot of log N vs. 1/T was used to
evaluate both N and 1/T2(175) from the values of N + 1/T2(175) which are
shown in Figure 11, The slight curvature of that graph is presumably
due to the term 1/T2(175). Since the values of 1/T2(175) were not
known, it was assumed that 1/T2(175) was proport?onal to I/TZ(HZO)'
Because the solutions were of low viscosity the rotational correlation
time of the water molecules should be rapid enough to bring about

"extreme narrowing",25

' causing l/TZ(HZO) to become qual to I/TI(HZO)’
shown in Figure 12.3% on the basis of the expected Arrhenius behavior
of N and the assumed proportionality of 1/T2(175) and l/TI(HZO)’ the
function '

1 1

N+ —— = exp{av+-%} +¢c 7 B (2-32)

Ta(175) TI(HZO)

was fit to the data of Figures 11 and 12 using a weighted nonlinear

. least squares computer program.35 It was found that

1 1

T——— = (0.30 £0.07) 3 (2-33)
2(175) 1(H,0)

~and

In N = (11.767 *0.283) + (-1614 *90)/T , (2-34)

with a covariance of -25.5 between the two constants of 2-34. A plot of
log (N + l/T2(175)'— 0;30[1/T1(H20)]} vs. 1/T (1i.e. log N vs. 1/T) is

shown in Figure 14 along with the straight line corresponding to the log
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N values of equatioh 2-34,
Using fhe éxpression N = K&k-16; the vﬁlue of kf16 at 298 K is
found to be (2.1 * 0.1)x108 M—léec-l.

Although equations 2-26, 2-29, and 2-30 do not require a plot of
log R vs. 1/T to be linear, the data of Figure 10 were fit to a linear
function for the purpose of‘célculating values of 1/1175 from equation
2-6. (Vélges of 1/1'175 are needed in the calculation of 1/1195,H20 from

the water peak linewidth data.) The points at the lowest two
temperatures were not used in the least squares analysis because they
cofrespond to negative values of R. ‘The results of the weighted linear

least squares analysis of the eight highest temperature points is
In R = (21.78 *1.70) + (~-5023 + 528)/T , ' - (2-35)

with a covariance of -898 between the slope and y-intercept of 1ln N vs.

‘I/T.

Analysis of the Broadening of the Water Peak

Although it would be desirable to study the broadening of the bisulfite
peak locéted at 195 ppm in order to obtain the rate law for oxygen
exchange between 195 ppm bisulfite ion and watef, i; is not feasible to
do this. There are no spectra in vhich‘:he peak at 195 ppm is both
visible and not overlapped by the peak at 175-178 ppm, making accurate
‘determination of the linewidths impossible. The fitting of the

lineshape to a superposition of two Lorentzian curves or to a more
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complex expression which includes the effect of oxygen exchange between
the two forms of bisulfite is inherently inaccurate because the
preacduisitidn delay in the two-pulse sequence introduces phase
differences between the two S(IV) peaks.

_ Fortunately, inform;tion on the oxygen exchange between the 195 ppm
bisulfite ion»and water can alsé be obtained by‘analyzing the bréadening
of the water peak. The broadening of the water peak in excess of its
natural linewidth is due to the transverse relaxation of the magnetic
moments of the oxfggn—17 nucleli in water which océurs through exchaﬁge
of oxygen into the 195 ppm site;'where the oxygen-17 magnetic moments
precess at a different frequency. After chemical exchange back into the
water takes place the oxygen—17 magnetic mbments iﬁ the water site have
lost some phase coherence,

Because the oxygen nuclei which have been exchanged from the water
into the 195 ppm site can occasionally exchange into the 175 ppm
bisulfite ion and tﬁence back into the 195 ppm bisulfite ion before
returning to the water, a three site chemical exchange formalism must be
used to treat the broadening of the water peak. The problem is
simplified, however, by the results of the previous section, which show
that direct exchange of oxygen between the water and 175 ppm bisulfite
ion occurs very slowly compared to the rates of the other exchange
processes, and may tﬁerefore ﬁe neg;ected in the following data
analysis. Because all the solutions studied were dilute enough to cause
the popuiation of oxygen in water to be much greater than in either
isomer of bisulfite ion, the tréatment of Swift and Connick3® is

applicable to theApresent case and gives as a good approximation
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2(175)  '175,195

énd the symbols have the following meanings:

(l—JH 0" the half width at half height of the water peak,

1

Tac1)
i.e. the linewidth the peak would have in the absence of chemical

= the natural linewidth of the peak correspondihg to site 1,

exchange,

1

1,3
from site 1 to site j,

= the pseudo first order rate constant for the exchange of oxygen
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Py = the fraction of 170 nuclei which arelin site 1, and
Awi = the precession frequency of the oxygen-17 nuclei in site i in
tﬁe'absence of chemical exchange minus the spectral frequency at
which the water peak has its maximum height. (This is not the exact
definition of Awi given by Swift and Connick, but is a good
Happroximation because the chémiCaL shifts of the S(IV) peaks
relative to water are large in comparison to ﬁhe half width of the

water péak.)

The pseudo first order rate constanf for oxygen exchange between
#he 195 ppm site and water can be evaluated using eéuation 3-1, because
all the other quantities in the equation are known or can be estimated
fairly accurately. In the previous section_l/Té(175) was .determined to
be equal to 0‘3(1/T1)H20’ The choice of values for the other quantities
requires some explanation.

Because the value of 1/1195,H20 which is obtained by §olving
equation 3-1 is a function of the linewidth of the water peak minus its
natural linewidth, and beéause the water peak 1s not greatly broadened
by the chemical ex;hange with tﬁe dilute 195 ppm bisulfite ion,
broadening of the water peak arising from magnetic field inhomogeneity
cannot be ignored as it was in.tﬁe analysis of the broadening of the
175~178 ppm S(IV) peak. To obtain an estimate of the amount of
inhomogeneous broadening the half width at half height of the Qater peak
at various temperatures in a l m NaCl solution was compared to the
values of I/T1 obtained from the same solution. Although T, 1s expected

to be equal to Ty» the linewidth was greater than 1/'1‘1 by an average of



2.9 £ 0.8 sec_lvover the entire temperature range, with no apparent
temperature dependence. The linewidth in excess of 1/?1 is presumably
due to magﬁetic field inhomogeneify. It was assumed that field
inhomogeneity also broadeﬁed_the water peak in the spectra of each

1, so this amount was

bisulfite solution by an extra 2.9 * 0.8 sec
subtracted from the measured linewidths to obtain values of (l/TZ)HZO.
The values of p175/p195 and p195/pH20 required for solving equation

3-1 were determined from peak areas at several temperatures for each

S(IV) solution. First, p175/p195 and (p175 + p195)/pH20 were evaluated;

from these quantities p195/pH20 was calculated.

In the calculations of p175/p195 and p195/pH20 it waf assumed that
the reSonénces of 82052-, 802, and 8032- are coalesced with that of the
195 ppm bisulfite ion. The assumption of the coalescence of the 82052-
and soé resonances wiﬁh the 195 ppm bisulfite ion resonance has been
discussed in the previous section. The validity of the assumption of
coalescence of the 8032- and 195 ppm bisulfite ion resonances rests upon
the argument, yet to be made, that the peak at 195 ppm should be
assigned to SOjH . Since the ;oncentration of SO3H— is much greater
than that of 8032‘nin the pH range studied, thé necessary condition for
coalescence of the two resonénces is that the pseudo first order rate
constant for oxygen exchange from 8032— to SO3H- be much.larger than the
f requency difference between the two peaks (Aw = 2mx[235-195]x27, where
235 and 195 are the chemical shifté of sulfite ifon? and 195 ppm"
bisulfite ion, respectively, and 27 is the Larmor frequency of 179 in
2-

MHz.) The exchange between SO3H— and SOq via reaction 14 is rapid

" enough to meef this condition throughout the pH range studied, but it is

also true that reaction 6 is sufficiently rapid to coalesce the
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2- throughout this pH range,

resonances of 175 ppm bisulfite ion and SO3
and reaction 16 is rapid enough to coalesce the HSO3- and-SO32- -
resonances. at the low pH values. Since 8032-.13 in rapid exchange wifh
both isomersAof bisulfite ifon it is not necessarily correct to assign

all of the 5032—

oxygen population to the 195 ppm site. However, in
this case such an assignment can be made because k_14 islmuch greater
than k_;¢. If it is assumed that 195 ppm bisulfite ion is SOBH_.it
follows that k_; is substantially larger than k_6, because reactions 6
and 7 are similar to reactions 16 and l4: 8032- accepts a proton from
the acid SHO3 in reactions 6 and 7 and from the acid H3O in reactions
16 and 14. The pseudo first order rate constants for oxygen exchange
from 8032- to 195 ppm bisulfite ion are therefore muchhlargér'than those
for exchange from 5032- to 175 ppm bisulfite ion, in which case 1t is
probabiy a very good approximation to assign all of the 8032; oxygen
population to the 195 ppm site. |
Because SZOSZ—, §0,, and 8032- are present in all the S(1IV)
solutions and are believed to have resonances which contribute to the
oxygen population of the 195 ppm site, the quantity p175/p195 is less
than KlS-l’ to which it 1s related according to the expression
[total‘S(IV) oxygens]

+ 1) — - - l} . ' (3-2)
[SHO3 oxygens] ' :

Pi7s _ [k
Pigs

15

For usé in this equation the ratio of the total concentration of oxygen
in S(IV) species to the concentration in only bisulfite ion was
‘determined from the calculated concentrations of thé S(1V) species in
each solution; and K,5 was calculated from equation 2-23.

The quantity 9195/pH20 was calculated using the equation



Pigs _ P175 ¥ P19s P1754-1 ,
- W5 QIS 193y (g CUIS)L (3-3)
H,0 H,0 195

The quantity (p175 + p195)/p320 is the ratio of the concentration of

‘oxygens in all S(IV) species to the concentration in H,0, and was

obtained for each solution from the calculated concentrations of the
various S(IV) species and an H,0 concentrati&n of 55.5 m;

It has been argued previously that the natural linewidth of the
water peak, I/TZ(HZO)’ should be equal to I/TI(HZO) in the bisulfite
solutions studied, and therefore could be obtained from the plot of
longitudinal relaxation rate constants in Figure 12. It was tacitly
assumed that the rate constant for longitudinal relaxation of 175 in the
water of the bisulfite solutions (the quantity which was aﬁtually

measured) is equal to I/TI(HZO)’ the rate cdnstant which would be

.measured 1f no chemical exchange occurred. The validity of this

assumption will now be addressed. For the moment the presence of 175
ppm bisulfite ion will be neglectgd.v The measured longitudinal
relaxation rate constant for water, (l/Tl)HéO’ £§ a function of
1/1195,H20’ and has a value which varies from I/TI(HZO) to the weighted
average of the two different rate constants which would be measured for
the longitudinal relaxation of 195 ppm bisulfite ifon and water in the
absence of chemical exchange, i.é;

P19s Pnzo‘

o = + — (3-4)
T 0 T1(195) T1(320)

as the value of 1/T195,H20 increases from zero to being much greater

than the difference betweeﬁ 1/T1(195) and l/Tl(HZO)'Ze In the latter
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case the measured longitudinal relaxation rate constant in the 195 ppm
site is also given by equationv3;4. Measurementé of (I/TI)HZO in
solutions of various acidities showed that the variations in pH which
produce large éhanges in the linewidth of the water peak have no
qbse;vable effect upon (l/Tl)Hzo. Inspection of the spéctra taken for
the T, measurements revealed that the water and S(IV) magnetizations
each wenf through a null at about the same time after the 180° pulse,
indicating that the longitudinal relaxation time of 170 is roughly the
same in the water and the S(IV) environments. From these observations
it 1s concluded that either.l/rlgs,ﬂzo is large enough to cause
(I/Tl)Hzo to be given by equation 3-4, or that 1/T1(195) is so ﬁlose to
I/TI(HZO) that the varia;ions in (f/Tl)Hzo produced by large changes in
1/T195,H20 cannot be detected. 1In the latter case (1/'1‘1)Hzo is equal,
to a very good approximation, to l/Tl(HZO)’ and in the former case is
given by equation 3-4. (The results of this section will show that the
former situation probably holds in most, and the latter in all, of the
experimental conditions of this work.)

Even {f (I/Tl)HZO is given by equation 3-4, there is evidence that
1/T1(195) is close enough to l/Tl(HZO) to cause (l/Tl)Hzo to be very
nearly equal to I/TI(HZO)’ Because 1t is likely that 1/T1(195) =
1/T2(195), an estimate of an upper limit to ﬁhe former can be obtained
- from the width of the S(IV) peak in the pH 5 solutions, in which the 175
ppm bisulfite ion and 195 ppm bisulfite ion exchange oxygens so rapidly
that only a single coalesced S(IV) peak is seen at 193 ppm. The half

width at half height of this peak must be at least

P175 1 . P19s 1 ) 37
P175 ¥ P19s” Ta(175) P175 ¥ P1os” Ta(195)
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and is probably greater, both because coalescence is probably not
complete at pH 5, and because exchange with water also broadens the
line, as is evident from the fact that the 193 ppm peak width increases
as the temperature is raised. The maximum value of the weighted average
of 1/T2(175)ﬂand’1/T2(195) 1s thus the width of the narrowest S(IV) peak
obseryed_at pH 5, 1020 sec”! (observed‘in the 170 MR spectrum of the
0.449 m solution at 1.1°C). Using p175/(p175 + p195) = 0.11 and
l/T2(175) = 90 sec-l, the latter obtained ffom 1/T2(175) =

-0'3[1/T1(H20)]’ it 18 calculated that 1/T2(195) (equal to 1/T1(195)) is

no greater than 1130 sec”!

at 1.1°C (anq is smaller at higher
temperatures). The values of (1/'1‘1)Hzo obtained from the 0.20 m
bisulfite solutions (Figure 12), in whieh p195/pH20 = 0.0096, are
therefore no more than about 11 sec-1 (3.7%) greater than l/Tl(HZO) at
1.1°C. If it is assumed for simplicity that 1/T1(195) is'p;oportional

. to (I/TI)HZO’ then (1/T1)H20.iS no more than 3.7% grgater than I/TI(HZO)
at each temberature- A similar calculation shows that ifll/Tl(lgs) is
'1eS$ than I/TL(sz) then (1/T1)Hzo = I/TI(HZO) would be lgss than 1% of
/Ty (h,0)* |

It 1is likely that I/TI(195) is actually less than 1130.éec"1

, and
the difference between (1/'1‘1)H20 and I/TI(HZO) is under 3.77% of
I/TI(HZO)‘ Thg longi?udinal relaxation rate constant of'170 in the
water of a lim NaCl soiution was measured at various temperatures,‘and
within experimentai uncertainty was found to have the same values as thé
iongitudinal relaxation rate constant of the 170 in the water of the
bisulfite solutions, shéwing no systematic deviation froﬁ a curve drawn
through the points of Figure 12. -Although the value of I/TI(H205 in the

1 m NaCl solution is not necessarily the same as in the bisulfite
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solutions, it 1s probably not much different in the two, since the *
bisulfite solutions contain more than 0.5 m NaCl. It would be
fortuitous 1if I/TI(HZO) were different in the 1 m NaCl solution than in
the bisulfite solutions but 1/T1(195) was just the right magnitude to
cause (1/'1‘1)H20 to have the same value in the two solutions. It is more
.likely that I/TI(HZO) is about the same in the two types of solutions,
" and 1/T1(195) is close gnough tb I/TI(HZO) ﬁo cause no noticable
difference in the measured longitudinal relaxation rate constant for 170
in water; The systematic error which is introduced by uéing values of
(l/Tl)Hzo in place of I/TI(HZO) is. therefore probably less than the
random error agsociated with a value of (l/Tl)Hzo.obtained from a curve
drawn through the points of Figure i2. It 1is concluded tﬁat within
experimental uncertainty I/TI(HZO) = (I/TI)HZO’ The population of 175
ppm bisulfite ion 1s small enough, and 1/T1(175) close enough to
(l/'I‘l)Hzo to cause any effect of 175 ppm bisulfite ion upon (I/TI)HZO to
be unnoticable.

On the basis of the foregoing discussion it is also reasonable to
assume that

L - &) +1001. | (3-5)

T2(195) 182
Because the analysis of the broadening of the 175-178 ppm S(IV)
peak led‘to the conclusion that 175 ppm bisulfite fon does not exchange
oxygen directly with water at an appreciable rate, the pseudo first
order rate constant for exchange of oxygen out of the 175 ppm site is
equal to 1/1175,195, the pseudo first order rate constant for exchange

of oxygen from the 175 ppm site to the 195 ppm site,-and therefore



(éee 2?6)

1

= N+ Q‘[so32'] + R[SHO, "] (3-6)

175,195
Actualiy, this statement is not necessarily true for all of the
bisulfite solutions, because inéqualify 2-20, the sétisfaction of which
is required to cause 1/f175;195 ;o'take‘the form.given by equation. 3-6,
is possibly not true over the entire pH range studied. It has been
argued previously, however, that if 2-20a is true below pH 3.5 then k_5

'>> k_, and k_4 >>'k_6, causing 2-20a to be true at all acidities and

S(1IV) concentrations. It was also implied that if the rate constant for .

the reaction

u o+ so32° k114 S0,H - | L (14)
is at least 5x10'0 M-lsec™! at 298 K, then 2-20a 1s true 1f 195 ppm
bisulfitevion is SO3H-. This assignment of the S(iV) peaké in the !70
NMR spectrum will be assumed for now; the results of the analysis of the
broadening of the.HZO peak will be used to argue that 195 ppm bisulfite
ion is, in fact, SO3H-.

It 1s also possible that even if 1néquélity 2-20a 1is true
1/T175,195 is not given by equation 3-6 at the higher pH values, because
the steady state approximation was applied to the concentration of_
(5032‘)* ;n the derivation of the expression for 1/1175,195 from the
~proposed oxygen exchange mechanism. At the higher pH values the

concentration of 8032f is not negligible compared to the concentration

of 175 ppm bisulfite {on, invalidating the use of the steady state
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approximation. However, this complication was ignored bécause it was
found that'1/1175’195 had very little effect upon the.values of
II/TI§S,H20 obtained from equation 3-1 at high pH.

From equation 3-6, 1/T175’195 was evaluated at several temperatures
for each bisulfite solution using values-of N, Q°, and R calculated from
equafions 2-34, 2-31, and 2-35, rgspectively, and concentrations of
8032— and SHO3_ calculated as described previously.

Iﬁ order to solve equation 3-1 for 1/1195,H20 it was also necessary
to know the values of Aw175 and Am195’ the difference between the
precession frequency of oxygen-17 in the 175 ppm and 195 ppm sites,
respectively, and the spectral frequency of the water peak maximum. (It
was desired to use values more accurate than the approximate vélues 175
ppm and 195 ppm.) For the bisulfite solutions of pH 3.5 and below the
values of Aw, 75 were measured directly from the spectra, in which only-
one S(IV) peak appeared. At pH 4 and above Aw;y5 could not be measured
accuratély either because the peak at 195 ppm overlapped the one at 175
ppm or because the two S(IV) peaks had coalesced, leaving no peak at 175
ppm to measure. The values of Aw175 for the solutions of pH 4 and above
wereAtherefore_estimated from the values of Aw;55 at pH 3.5 and below by
a method which will now be explained.

At pH 3.5 and below dw, 45 exhibited'no_great dependence upon
acidity, but was notiéably»dependent upoﬂ temperatﬁre aqd bisulfite
concentration, as 1s shown in Figure 15 for twé representative
samples. It is believed thaf the temperature dependence 1is not
attributable to chemical exchange, but that the concéntration dependence
is. TIf the absoiute>resonance frequenéy of the 175.ppm bisulfite'ion is

independent of concentration, the measured frequenéy difference between
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che‘peak‘at about 175 ppm and the water peak Qould be expe;ted fo
decrease as the bisulfite concentration rises because the water
resonance and the 195 ppm resonance are coalesced, and the combined
water/195 ppm peak has aﬁ absolute frequency equal to (9195w195 +-
pHZOu)HZO)/(p195 + pHZO), which is closer to w75 than 1is uﬁzo. The
decrease in Aw;;5 of 320 % 60 sec”! which 1s observed in going from a
0.20 m bisulfite solutién to one which is 0.456 m in‘S(IV) is consistent
with this interpretation. Since the 195 ppm resonance and the water
resonance are not coalesced at'high pH, the values of Aw175'were
estimated for the solutionsfabove-pﬁ A'by extr;polating the pH 3 shift
data to [S(IV)] = 0, resulting in a value for Aw ;g equal to‘250 sec”]
plus the value of Aqi75 in the solution of pH 3 and [S(IV)] = 0.20 m.
(For the extrapolation, Aw ;5 was assumed to decrease by 320 sec”! 1n
going from the 0.20 m solution to the 0.456 m solution.)

Because Awj;s5 and py75/Pigg are known, Awjgg at pH 5 could be

determined from the position of the coalesced S(IV) peék at pH 5, which

has a chemical shift of‘

Awjg3 = (P)g54w g5 + Py758w175)/(Py75 + Prgs). - 3-7)

The temperature.dependence of the chemical éhift of the coalesced peak
;t the nbminél frequency of 193 ppm is shown in Figure 16 for the three
solutions of pH 5. The observed variation of the slope of Aw193.vs. T
with concentration of S(IV) is a bit puzzling; although the chemical

- shift of the coalesced S(IV) peak 1is expected to be deﬁendent upon’
temperéture due to the fact that Aw y5 is a function of temperature, the

slope of Aw175‘vs. T at pH 3 is independent of concentration. Over the
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1

temperature range studied Aw175 changes by about 600 sec *, and

therefore should cause a concomitant change in Aw193 of about 80

sec”l. Such an effect is consistent with the daté from the 0.20 m
solution, but a much greater variation in Awygq 1is observedAin the 0.326
and 0.449 m solutions. It may be that the:e is a largé temperature
dependenéévin the precession frequency of 179 1n 52052-, whicﬁ is
assumed to be part of.the 195 ppm site and has a concentration
proportional to the squaré of the bisulfite ion concentration. Although
the veracity of this explanation is at best uncertain, it will be used
in.the calculation of Aw,gg at various S(IV) concentrations for lack of
a better alternative.

The value of Aw; g5 was determined in the following manner: at pH 5
Aw195 was calculated from Auﬁg3, Aml75, and p175/p195 using equation
3-7. If it is assumed that the !70 precession frequency in the 195 ppm
site is independent of pH then Aw g5 changes with pH for the same reason
as does Aw175, that is, because the absolute fréqugncy of the water peak
changes with pH as it coalesces with the peak at 195 ppm. (Although the
195 ppm peak ﬁas coalesced with the water peak atrlow pH, Aw195 is not
zero, because it is defined as the difference between the precession
frequency of the 179 nuclei which are actually present in the 195 ppm
site minus the freqhency of the water peak maximum.) Therefore, for
solutions above pH 4, 4w ggq was given a value equal to its vélue at pH 5
and similar S(IV) concentration, and at.pH 3.5 and below Aw g5 was
assigned a value equal to that at pH 5 and similar S(IV) concentration
minus 125,250,400, and 570 sec”! for the solutions of S(IV)
;oncentrations 0.10, 0.20, 0.325, and 0:456 m, respectively. (The

subtraction is required by the change in frequency of the water peak.
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The calculation of the value of Aw195 at low'pH from its value ét a
- gimilar S(IV) concentration at high pH, rather than just any S(1IV)
éoncentration; ﬁas necessary because Aw195 is concentration dééendent.)

It should be noted that the aésumption of the pH independence of
thel176 precession frequency in the 195 ppm site 1is not»strictiy true
due to the variation with pH of thé concentrations of 50, and 8032_,-the
resonances of which have different frequencies and ére coalesced with

2= contribute

the 195 ppm resonance. However, because the»SOZ énd S04
only a small fraction of the 179 popﬁlation in the 195 ppm site the
effect of changes in aciditf upon the 179 precession frequency in that
site 1s.sma11; the difference between Aw,q5 at pH 3 and pH 5 and [S(IV)]
= 0.20 m due to differences in the concentrations of S0, and 8032' (with
chemical shifts of 520 aﬁd 235 ppm,,respectiveiyg) was estimated to be
less than 4 ppm. Because such a change in Aw195 had only a.small effect
upon the calculated values of 1/r195,H20 (changing them by less thgn

' 0.2%) it was ignored.

The values of 1/T195,H20 were determined for each sample at several
temperatures by rearranging equatidn 3-1 to yleld a quadratic equation
iﬁ 1/1195;H20 (cubic térms are also obtained, but ;ancel each other);
and finding the solutions to the equation after having substituted in
the apprppriate values of the paraﬁeters (1/T2)H20,.1/T2(H20),
UTy(195)0 MTy(175) P17ss Pi9ss Puyos M17ss Aupgss and 1/7y75 5.
For each sef of parameters there Are two solutions for I/TIQS;HZO; in
some cases both are real and positive. Two real, nonnegative solutions
can exist because tﬁe water peak can havé the same linewidth for two
values of 1/1195,H20 o§ opposite sides of tﬁe point of maximum

broadening of the water resonance. The choice of one of the solutions
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as the correct one was made by referring to the temperature dependence
of (I/TZ)HZO - (1/T1)H20 (see Figure 5), using the fact that as the
temperature is raised and the rate of oxygen exchange increases,
(1/T2)H20 "(I/TI)HZO increases on the slow exchange side of the point
of maximum broadening and decreases on the fast exchange side. Very
near the coalescence point it was not possible to determine 1/T195 H.0

. *12
accurately because it was not known which of the two solutions to
equation 3-1 was correct.

After calculating the values of 1/t , the pseudo first order

195,H,0 .
rate constant for oxygen exchange from the 195 ppm site to water, the
dependence of 1/1195 H.o upon the concentrations of H' and S(IV) was
. 02
determined. The dependence upon [H+] was found at several temperatures
' +
by plotting the logarithm of 1/T195,H20 Vs, loglO[H ] for solutions
which were 0.2 m in S(IV), as shown in Figures 17-22. The pseudo first
order rate constant appears to be first order in H' at high acidity, and
changes to a smaller, nonintegral order at lower»acidities. It was
assumed that the transition to lower order with respect to H+ was due to
a term in 1/1195 H,0 which is independent of (¥, Proceeding from this
?

assumption, the data at each temperature were fit to a function of the

form

1

T
195,H20

= A+ B[HT,

and the values of A and B were determined by the method of weighted
linear least squares. The functions corresponding to the best fits of
the data are represented by the smooth curves in Figures 17-22.

It is of somé concern that the values of l/T. obtainedAfrom
195,H20
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the broadening of the water peak of the pH 5 sample show a systematic
deviation from the curves. As a way of checking to see if a systeﬁatic
error was introduced into the calculation of 1/T195,H20’ the values‘at )
pH 5 were recalculated using the broadening of the coalesced S(IV) peak
(located at 193 ppm) rather fhan the broadening of the water peak. .It
was thogght that if two independent calculations of 1/7i95,H20 produced
the same result then the values could be considered to be reliable.

The determination of 1/T195,H20 from the broadening of the S(IV)
peak in the pH 5 solution requires the use of’an analytic expression for
the linewidth of the peak. This expression is obtained by noting that
the oxygen exchange between the two forms of bisulfite ion is |
sufficiently.rapid to coalesce the 175 ppm and 195 ppm peaks, while the
exchange between bisulfite ion and water is in the slow exchange limit,
as evidenced by the fact that the half width at half héigh; of the S(IV)
peak is much smaller than the frequency difference between the water
peak and the S(IV) peak. Based on the results of the previous section,
direct oxygen exchange between the 175 ppm bisulfite ion and water is
excluded. In the absence of exchange with water, the linewidth of the

coalesced S(IV) peak would be given to a good approximation by38

Pigs 1 . P175 1
P175 * P19s Tac195)  P17s * Prgs Tac17s)

() -
T2 S(IV)

2
Py+cP (Aw - Aw,,.)
. 1757195 1 195 115 ) (3-8)

3
(p + Dyqc) +
U750 PI935 Tyg6 195 T195,175

Since there does exist slow exchange of oxygen between the 195 ppm
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bisulfite ion and water, the coalesced S(IV) peak should be broadened by
an additional amount equal to the péeudo first order réte constant for
exchange from the combined 175 ppm/195 ppm site to the water site, 39
i.e. by an amoudt equal to
Pgs 1

P75 * P95 T195,11‘20

For the case of interest, in which there is simultaneous fast oxygen
exchange between the two forms of bisulfite ion and slow exchange
between the 195 ppm bisulfite ion and water, we therefore have for the

linewidth of the S(IV) peak located at 193 ppm

G%;)S(IV) } p195 1, 1 Tp175 , D195
2 P175 * P19s T195,m,0 P175 T P19s T2(175) T2(195)
~ P175P195 (Buyg = duy, ) »
+ 7 - ’ (3-9)
(Py75 * Prgs) L (3 + 1135
175,195 Pi9s

where the substitution

1 1 P175

'195,175 175,195 P195

has been made.
After rearrangement, equation 3-9 may be used to evaluate
l/rlgs’Hzo,.because all the other quantities in the equation are
known. The values of 1/t which were obtained using equation 3-9
195,H,0

and the S(IV) peak linewidth data are plotted in Figures 17-22. It is



seen that these values are in good agreement with those determined using
the water peak linewidth data and equation 3-1, leading to the
conclusion that there is no significant systematic error in the
calculation of the pseudo first order rate constant.
The agreement between the two methods of calculating 1/t is
. 195,H20
gratifying, but leaves unsolved the problem of the deviation of the pH 5
points from the curves of Figures 17-22. The data could pethaps be fit
better by a function of the form 1/I195 HaO = C[H+]0‘5 + D[H+], but such
. »:12
a rate law is difficult to rationalize mechanistically. It was thought
‘necessary to examine the possibility that the deviations observed in
Figures 17-22 are not of the pH 5 points from the curves of 1/t =
i _ 195,H,0
A+ B[H+], but rather are deviations of the points between pH 4 and 5
from the straight line corresponding to 1/1195 H.0 = B[H*]. In other
A »112
words, it was suspected that the A term in‘l/Tlgs Ha0 does not actually
. s 2 .
exist, but appears to because the abscissa or ordinate values (or both)
of some of the points in Figures 17-22 are actually too large.
A systematic error in the calculated hydrogen ion concentration of
a solution, and the consequent deviation of its corresponding point from
a plot of B[H*] vVS. ’10810[H+]: would result if some of the bisulfite
ion in the solution were oxidized by dissolved 0, after the pH of the
solution was measured:
- 2~ '+
= + .
.ZSHO3 .+ O2 ZSO4 2H
Between pH 3 and 5 the SO, - SHO; - 8032— system is near an equivalence
point, and therefore the pH would be very sensitive to ut produced by

: thevoxidation reaction. It is known that some oxidation occurred in
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2- peak could be seen at 164 ppm in

every solution because a small SO,
tﬁe 170 NMR spectra. Because oxygen exchange between sulfate ifon and
.water is very slow, and because the water and the S(IV) species were
enriched in l7b, the appearance of a sulfate peak in the spectrum is
evidence of oxidation of (170 enriched) bisulfite ion.

In order to determine the amount of bisulfite ion which had

2= and S(IV) peaks in the spectra

oxidiéed the relative areas of the S0,
of the 0.2 m solutions were determined with the aid of a computer
generated curvé analysis, with care being taken to correct thevareas for
the effect of signal decay which occurred during the preacquisition
delay time. For the pH 5 solution, in which the coalesced S(IV) peak is

176 in all the S(IV) species, the peak area ratio is nearly

2-

duetfo
proportional to the ra;io of the amounts of 804 and S(1V) present in
the soiution, and for the cases in which the measured S(IV) peak was the
peak at 175-178 ppm the area ratio is proportional to the ratio of tﬁe
concentrations of SOAZ' and 175 ppm bisulfite ion. It was found that
roughly 0.3% of the S(IV) had oxidized in each of the 0.2 m solutions.
The change in hydrogen ion concentration resulting from this amount.of
okidétion is not negligible, producing a change éf about 0.15 unit in
the abscissa value of the pH 4 solution, but does not cause the points
in Figures 17-22 to lie more closely upon'a line of slope -1. 1In fact,
because the effect of the oxidation upon -log10[H+] is greatest near the
equivalence point of the sulfurous acid (located at —1og10[H+] = 3.9)
the curvature of the plot is actually made more severe, and the pH 5
point lies even further away from a smooth curve drawn through the

others. It was necessary to conclude that oxidation is not a

satisfactory explanation for the deviation of the high pH boints in



Figures'l7-22 from fhe straight ;ines cofresponding to 1/7195,H20'=
B(H'].

Having noted that oxidation of S(IV) did occur in the sample
soiutions and that the extent of oxidation was great enough to
significantly affect the hydrogen ion concentration of each, one must
ask whether this oxidatioﬁ occurred before or after the pH measurement
ﬁas made. Unfortunately, the.an3wer 1s uncertain becaﬁse it is not
known exactly how much oxygen remained in the g10ve bag during the
preparation of each solution. After the pH measurement the sample was
1mme41ately-piaéed in aﬁ NMR sample tube, which was then sealed. Thus
only oxygen inside the sample tube woﬁld be able to participate in the.
oiidation reaction after the pH measurement. Since the vdlumerf the
sample was 3 ml and tﬁat of the enclosed airspace above the sample about
l8 ml, the air in the glove bag and sample tuBe would need to contain
about 0.3% oxygen in order to account for the Qxidétion, after the pH
measurement, of 0.3Z of the S(IV) in the 0.2 m solutionms.’ The necessary
oxygen concentration does not seem unbelievably large, s§ it is‘possible
that some significant amount of oxidation occurred after the pH
measurement. However, ﬁo decisive statement on this matter can be made
with thé amount of information available.

Since it could not be established in a coﬁplétely satisfactory
manner whether or not the daté in Figures 17-22 actually should be fit
by the function 1/1195,H20 = A + B[H+], the data analysis wgs carried
out as if this.function is the correct form of 1/1195,H20’ though with
some lingering doubts, particulafly because the fitted curves deyiate
systematically ffom the bH.S points by more than would be expected from

the estimated experimental uncertainty.
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The [S(IV)] dependence of the coefficients in the expression
I/TIQS’HZO = A +'B[H+] was determined through examination of the
variation of 1/1195 H,0 with changing S(IV) concentration in solutions
of pH 3 and pH 5. It is evident from Figures 17-22 that the [H+]
independen; term in 1/1195’H20.is insignificant at pH 3, so any
variation in 1/1195 H,0 with changing S(IV) concentration at that pH can
"be attributed to the S(IV) dependence of the coefficient B. The
calculated values of I/Tlgs g.o for solutions of pH 3 and various S(IV)
Y N - - -
concentrations are found in Table 3; it is apparent that the coefficient
B is zero order in S(IV).
The [S(IV)] dependence of the coefficient A was studied using the
data from pH 5 solutions, since A contributes a larger fraction of
1/t at lower acidities. Because the contribution of the‘[H+]
195,H20

dependeﬁt term in 1/7t cannot be ignored at pH 5 the value of A in
195,H,0

each case was calculated using the formula

A=—t _BmE]. S o (3-10)

“195,H,0
Values of A at three different S(IV) .concentrations and several
temperatures are listed in Table 4., The values of B used in the
calculation were those obtained from the fittiné of the data shown in
Figures 17-22. The calculation was performed tﬁice for each solution at
every temperature by using both the‘value of 1/T195,H20 obtained from
the water peak broadening and the value determined from the (coalesced)
S(1IV) peak linewidth. The results show that A, the term iﬁ l/Tlgs’HZO
which is independent of_the.concentration of‘H+, is also nﬁt a function

of the S(IV) concentration. It is therefore concluded that I/Tlgs H,0



Table 3
Effect of S(IV) Concentration, at pH 3 and Various Temperatures, upon the Pseudo First Order Rate Constant

for Oxygen Exchange to Water from the Site with an Oxygen-17 NMR Chemical Shift of 195 ppm

-log olH"]® [S(IV)] (m) 1073 % 1/1195 o (sec™)
288 K © 295 K 302 K 309 K 317 K 325 K
2.89 : 0.101 50 + 10 50 + 10 61 t7 69 + 7 77 + 6 80 5
2.88 0.199 49 * 5 56 * 4 67 * 4 75 £ 4 82 3 87 +3
2.89 ©0.326 47 5 58 + 3 646 * 3 71 £ 3 76 + 2 82 *3
2.90 | 0.456 46 + 3 49 4 61 1 69 * 3 74 2 76 2

8yalues given are for 25°C, and were célculated by the method explained in the Experimental Procedure

section.
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Effect of S(IV) Concentration, at pH 5 and Various Temperatures,

Table 4

upon the [H'] Independent Term in the Pseudo First Order Rate Constant

for Oxygen Exchange to Water from the Site with an Oxygen-17 NMR

Chemical Shift of 195 ppm

T(K)  [S(IN] (@2 -log;,[u*]®
288 0.201 4,78
0.327 4.80
0.449 4,77
295 0.201. 4.83
0.327 4,86
0.449 4.82
302 0.201 4,89
0.327 4.91
0.449 4.89
309 0.201 4,94,
0.327 4.96
0.449 4,93

1/1195,H20 - B{H'] (sec_l)C

H20 datad
500 * 600
500 *+ 300
500 * 200
500 * 500
600 * 300
700 200
700 * 300
800 * 200
1200 % 100
1000 * 300
1100 * 200
1500 + 100

600

500

500

700

600

700

900
800

900

1100
1100

1200

I+

I+

i+

i+

I+

H+

S(IV) data®

200

200

200

200

200

200

160

100

100

100

100

100
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Table 4 (cont.)

T (R)  [S(IN] (@)@  -log ,[H']®

317 0.201 4.99
0.327 5.01
00449 4098

325 0.201 5.04
0.327 5.06
0.449 5.03

1/795,1,0 - BIE'] (sec™hH®

H,0

1400

1500

-2000

- 1900

2000

2300

2The concentrations of SHO3— at the three S(IV)

calculated to be 0.19, 0.30, and 0.41 m at all

datad S(1IV) data®
* 200 1400 = 100
+ 100 " 1300 * 100
+ 100 1600 * 100
+ 200 1700 £ 200
* 200 1800 t 200
+* 200 2100 * 200

concentrations were

temperatures,

bCalculated by method described in Experimental Procedure section.

SThe functional form of 1/T195,320 was assumed to be

qCalculated using value of 1/1195 HZO determined from H20 peak
. . : X

linewidth.

€Calculated using value of l/r195 H,0 determined from S(IV) peak

linewidth.
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is given by

1

T195,H.0

- A+ Bl . | (3-11)
)

Oxygen exchange mechanisms which are consistent with equation 3-11
will now be suggested. It is first necessary to note that the
experimental rate law forroxygen exchange between the 195 ppm site and

water 1is

oxygen exchange rate = L

[0,4:]
T195,1120 195

where [0195] is the concentration of oxygen atoms in the 195 ppm site.
In the pH and concentration ranges stqdied [0195] is nearly proportional
to the concentration of bisulfite ion, and not proportional to the
concentrations of other sulfur species, so mechanisms will be chosen
“which produce a rate law which is firét order in bisulfite ion.‘

The term B[H'] in 1/1195 H,0 can be explained by the one step
, ‘

mechanism.
- .+ k-17
.(SHO3 )195 + H Ak: So2 + H20 , (17)
17

from which'it is deduced that B and k_17 are related by the expression

B[O ,.]
K = 195 ] | | (3-12)

-17 -
L(sno3 )195]

If it is assumed that S03%7, S0,, §,05%7, and (SHO;7) )45 are all part of

the 195 ppm site then the ratio [0195]/ [(SHO3—)195] is slightly greater



“than 3 for the solutiéns of 1nterest§ the exac;‘value was determined at
severalAtempefatures and pH values using the calculated concentrations
of the S(IV) species and the value of K,5, and was found to range from
3.14 to 3.16.

A plot of log k_y7 vs. 1/T is shown in Figure 23 along with a
straight line representihg the weighted linear least squares fit of. the

data. The temperature depéndence of k_;7 is given by
In k_;5 = (30.91 * 0.25) + (~3637 £ 75)/T , (3-13)

with a covariance between the slope and y-intercept of -19.0. The value
of k_,, at 25°C is (1.33 * 0.01)x10% M lsec™L.
The constant term in 1/1195 H.o 1s consistent with the following
, A

single step mechanism:

: k;g * - ' K] : .
3 )95 + Hy0 % (SH0,0 ), 4¢ +-320 - 4 (18)

18

(SHO

This mechanism 1s most plausible if the 195 ppm bisulfite ion 1is the
SO3H; isomer, since it is easy to visualize the water oxygen forming a
bond with the sulfur atom as the H-O group of the bisulfite fon moves
away from the sulfur atom aﬁd éxtracts a hydrogen fromAthe\entering
~water. On the other haqd, the hydrogen atom in the HSO3— isomer hinders
the water moiecuie in its approaéh to the sulfur atoﬁ. (Another
ﬁecﬁanism which can accouﬁt for the constént term in 1/T195’H20 is

-k * * - -
(SHO3 )195 + HZO be SO2 + Hzo + OH ,
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which is analogous to reaction 17. However, this mechanism is
unreasonable because the pseudo first order rate constant for the

b oae 25°C) that the rate of

forward reaction is so large (3A = 2500 sec
the reverse feaction would need to exceed that of a diffusion controlled
reaction in order to maintain equilibrium.)

The relationship between k18 and A is

[0,4c] ‘ :
k., = A 195 . : . (3-14)

18 -
[(sao3 )195]

Values of k18 Qere-detefmined at several temperatures using values of
[0,95]/[(SHO37 ) g5] obtained in the manner outlined previously. The
results are plotted as log k18 vs. 1/T, shown in Figure 24. The

welighted linear least squares fit of the data yields
In kg = (23.98 * 1.49) + (-4802 * 462)/T , ' (3-15)

with a covariance between the slope and y-intercept of -688. At 25°C
kg is equal to 2600 * 200 sec”l.
It has been assumed in much of the preceeding data analysis that

170 NMR spectrum is coalesced with that of the

the SO, resonance in the
19S‘ppm bisulfite fon. The validity of this assumption can now be
investigated, because it depends uponltﬁe rate of reaction 17, which
brings about oxygen exchange between 195 ppm bisulfite ion and SO,. 1In
order for the two resonances to coalesce, the sum of the two pseudo |

first order rate constants for oxygen exchange must be much greater than

the difference in resonance frequency. of the two sites, 1i.e.



1 1

3 — > |[m302] - [m(suo_ ) 1] .
(SHO5 ) 45550, 80,,(SH0, ) g5 ' 3 7195
(3-16)
The frequency difference is calculated to be S.SXI04 sec"1 using the

- formula Aw = 2m7x27x(520~195), where 27 is the.Larmor frequency of 175 in
MHz and 520 -and 195 ére the chémical shifts in ppm of aqueous sulfur
dioxide? and 195 ppm bisulfite ion, respectively. Because reaction 17
transfers oxygéns from 195 ppm bisulfite ion to 802 twice as rapidly as
to water, and because the concentration of oxygen.atoms in the 195 ppm
site 1s nearly equal to the concentration of.those in 195 pém bisulfite

“ion at the S(IV) concentrations used in this work, we have

1

T > ZB[H+] » . (3_17)

(SHO3 19550,

where B[H+] is the pseudo first order rate constant for oxygen exchange
from the 195 ppm site to water via reaction 17. Because the pseudo
first order rate constant for oxygen exchange from site X to site Y must
(at equilibrium) be related to the pseudo first order rate constant for

exchange from Y to X by the ratio of oxygen populations of the two

sites, we also have

1 3((SHO, ), oc)

= 28(HY) 3195 | (3-18)
- 2[50,]

37195 - 2

T
SOZ,(SHO
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Addition of equations 3-17 and 3-18 followed by elimination of [502] and

[(SHO3-)195] by use of the expressions for K; and K;g yields

1 1 | 3K

- + = = 2B[HTI{1 + 1 }.
- , - #io 1
(SHO; ) 45550, 50,,(SHO4 ) 45 2[H ](——K15 +1)

(3-19)

A calculation using 25°C values of B = 3.7x10’ M-lsec_l, K, = 1071-34 M,
and Kig = 4.9 gives a value of AXI06 sec-1 for the sum of the two pseudo
first order rate‘constants over the entire pH range used in this work.
This value is about 70 times greater than Aw, verifying the assumption
qf coalescencg of the SO, and 195 ppm bisulfite ion resonances
throughout the pH range of this work.

In evaluating 1/T195,H20 f;om the measufed water peak linewidths
and equation 3-1 it was necessary to know the value of the natural
| linewidth of the water peak, 1/T2(H20), which was assume& to be equal to
I/TI(HZO)' The argument that this quéntity was equal to the_measured
longitudinal relaxation rate constant of the ;70 in water, (l/Il)HZO,
was dependent upon the magnitude of 1/T1(195) being close to thét of
I/TI(HZO)‘ A check on the earlier conclusions can be made now that
values .of 1/1195,H20 are known., Assuming, as before, tha; I/T1(195) is
equal to 1/T2(195), values of 1/T1(195) can be ¢alculated using equation
'3-9, linewidths of the coalesced S(IV) peak at pH 5, and values of
1/1195,H20 obtained from the water pgak broadeniﬁg data and equa;ion
3-1. Because the difference between l/Tl(HZO) and 1/T1(195) is~greatest
at low temperature, a calcqlation of I/Tl(lgs)'was carried out for the

[S(IV)] = 0.20 m, pH 5 solution at 288 K, for which CI/TZ)S(IV) = 1260
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_l . _1 _ _ .
sec 7, 1/T2(175) = 57.5 sec ’ p175/p195 = Oo16, (Amlgs - Aw175) = 3300
"secnl, 1/1y95 195 = 5150 sec-l, and 1/1195,Hzo = 930 sec”l. The
calculated value of 1/T1(195) (assumed to be equal to 1/T2(195)) is 270

sec!. Since the measured value of (I/TI)HZO 1s 190 sec”!

at 288 K, and
the«maximuq difference betweerr(l/Tl)HZO and I/TI(HZOY is given by
~equation 3-4, (I/Tl)Hzo_and I/Tl(HZO) differ by no more than about 0.8 -
ssec"1 at 288 K. This is less than the experimedtal uncertainty in the
‘measured longitudinal relaxation rate constant, so the use of (l/Tl)Hzo

in place of 1/T1(H20) appears to be justified. These results also

cohfirm equation 3-5.

Comparison with Previous Work

The results of the present work can be compared to those of two
previous studies; both of which eyaluated rate constaﬁts for the
~reaction of bisulfite ion and hydrogen ion to produce sulfur dioxide and
water (reaction 1). Eigen, Kustin, and,Mavassl6 studied the ffequency
'dependence of the‘attenuation of sound waves in sulfur dioxide solutions
of relatively high acidity (pH < 2) and an ifonic strength of 0.1 m. The
absorption of sound by the solutions was presumed to produce shifts in
the equilibrium of reaction 1. Although‘Eigen and cowérkers wefe not
measuring oxygen exchange rates,‘thgir results are comparablé to those
of oxygen exchange studies, énd set a lowef limit to the rate of oxygen
exchange between bisulfite ion and water, because reaction 1 does-bring
‘ aboutonygen exchange between thesé‘two species. Betts and Voss’

studied the kinetics of oxygen exchange between sulfite ion and water in
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alkaline solutions (pH > 8) of ionic strength 0.9 M by'measuring the
rate of appearance or disappearance of oxygen-18 in the sulfite ion §f
aqueous sulfite solutions containing 180 enriched water or sodium |
sulfite, respectively. The rate was studied as a function of the
sulfite ion concentration and the pH. Betts gnd Voss also réported_a
rate constant for the dimerizatioﬁ reaction (reaction 3).

Although Eigen, Kustin, and Maass interpreted their sound -
abéorption data in terms of the relaxation to equilibrium values of the
concentrations of the species in solution via :eaction 1, their data
must be reinterpréted in light of the findings of the present work
regarding the two isomers of bisulfite ion. The 175 ppm bisulfite ion
reacts with hydrogen ion to produce sulfur dioxide and water at a rate
which 1is so low that it was undetectable in the present work, and at the
acidities at which Eigen, Kustin, and Maass worked the equilibration
between the two isomers of bisulfite ion (reaction 15) occurs much more
slowly than the reaction in which water and sulfur dioxide are formed
from 195 ppm bisulfite fon and hydrogen ion (reaction 17). Under these
conditions it would be expected that the relaxation which occurs via
reaction 17 1s largely uncoupled from that occurring via reaction 15.

It can be shown that the relaxation time measured by Eigen and coworkers

is given to a very good approximation by
v o= {e_ (Y] + [(5HO,D) oo + K D} (4-1)
-17 3 7195 17 *

Assuming this to be the proper interpretation of the measurements of
Eigen, Kustin, and Maass, the data of those workers were used to

evaluate k-l7 from equation 4-1, The value of K,7 was obtained from the



relationship K, = K1{1 + (i/KlS)}—l, and 1is equal to 0.014. (No
attempt wés made to correct K,g for ionic strength effects.) The data
of Eigen and coworkers yields a value for k—lf of (2.2 ¢ O.2)><108
M 1lsec! at 20°c. |

To allow meaningful comparison of the results of the various
studies the.valﬁe of k_17_determined from tﬁe,data.of Eigen, Rustin, aﬁd
Maass was cqrrected to the ionic strength of the present work, and the
value of k_17 from this Vork was_used'to calculate a'cdrresponding value

of k_l. The value of k-l was calculated from the expression

) 1, ! -
kop = k-,17(x15 17 S

" The ioniq strength correction was made using the relationship

vy .,y ). _ 3
| W seoT O Ym0
K17 u=1.0 = oy7) et 3 o o -9
_ O Do YD) a0
H SH03 ‘ *

_The choice of values of the'activity coefficients réquires some
explanation.

The mean ionic activity coefficient of B and SH03" was estimated
at y=0,1 mand p= 1.0 m by calculating 1t$ value in the 0.140 m
solution of Eigen, Kustin, and Maass and the O,ZO.m, pH 5 solution of
this work using Pitzer's equations."’0 It was assumed thét the ifonic
strength of the solution of Eigen and coworkers was adjusted to 0.1 m
Qith sodium chloride. The ionic interaction parameters used in phe'

calculation were those suggested by Rosenblatt.“*! Rosenblatt did not’
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include estimates of the interaction parameters of the H+-SHO3~, ut-
52052-, and H+—SO32' pairs; their values were assumed to be equal to the

2=, and H'-50,%"

parameters of H+-HSOA-, H+-SO4 , respectively. Because
the values of the ionic interaction parameters involving S(IV) species
were uncertalin, the effect of different choices of interaction
parameters upon the calculated activity coefficient was also
invesﬁigated. As might be expected for solutions_in which the major
ionic species are Nat and Cl™, the célculated value was not very
sensitive to cﬁanges in the interaction parameters involving S(IV)
species, with one exception. The choice of Na+—SH03- interaction
parameters did have é noticeable effect upon the mean ionic activity
coefficlent of H' and SHO3~ in the 0.2 m solution. The value of the
activity coefficient in that solution ranged from 0.66 to 0.76, and
depended upon whether the Na+—SHO3- interaction parameters were taken to
‘be equal to those for the Na+-C103-, Na+—C104-, or Na+—HCO3- pairs. The
calculated value of the mean ilonic activity coefficient of H' and SH03-
was 0.79 in the solution of Eigen and coworkers. The values of the mean
.ionic activity coefficient of H" and SH03— were therefore taken to be
0.71 £ 0.05 and 0.79 at p= 1.0 m and p = 0.1 m, respectively. (These
values are very similar to 0.754 and 0.792, the measured values of the
mean ionic ;cﬁivity coefficient of 0.01 M HCl in solutions of 0.99 m and
O.b9 m NaCl, respectively.13)

The activity coefficient of the activated complex, Y*, was not
known, but the ratio of its values at the two ionic strengths may be
estimated by noting that the activated complex can be thought of as an

uncharged but polar nonelectrolyte whose activity coefficient changes as

the salt content of the solution increases. Since NaCl was the major



component of the- 0.2 m solutions of this work and the solutions of Eigeh
and coworkers, it was thought that the activity coefficient of the
activated complex should be about equal to the activity coefficient of a
polar nonelectrolyte in a sodium chloride solution if the structure of
the nonelectrolyte is similar to that of the activated complex. The
activity coefficients of acetic acid, chloroacetic acid, dichlqroacetic
acid',L+2 and sulfur dioxide"3 have values near unity in 0.1 m NaCl, and
are greater by 10 to 50 percent ih 1.0 m NaCl solutions. Assuming that
the actiVity coefficients of these substances are similar to that of the

activated complex of reaction 17, the ratio (Y#)u=0 1/(Y#)u=1 was

.0
taken to be equal to 0.79 * 0.12.

The comparison of the rate constants for reactions 1 and 17 as well
as a listing of Betts and Voss' rate constant for reaction 3 and the
value of k18 from this work are found in Table 5. (The small
uncertainties assoclated with the results of the present work are due to
the émall uncertainties in thg slopes and intercepts of the lines
obtained in the least squares curve fitting of the data in Figures 23
and 24, Systematic errors could have an appreciable effect on the
reported-values of the rate constants, especially if such errors were
present in the vglues of (l/Tz)H20 and 1/T2(H20).) The results of the
present work are in moderately good agreement with those of Eigen,
Kustin, and Maass. The fact that Eigen and coworkers made no mention of
reaction 18 is not a source of disagreement, for they woﬁld not have
observed an effect due to reaction 18 using relaxation methods because
relaxation methods cahnot detect exchange reactions. There are several

points of disagreement between the results of this work and thoserf

Betts and Voss. The two values of k;l differ by about a factor of 20
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Table 5

132

Comparison of Rate Constants Obtained in This Study Vith Those

Determined by Other Workers

k .

+ - =1

H +SHO,” 350, + B0
k_ (M-1 sec—l) Reference Temperature (5C) Ionic Strength

1 :

(2.5 * 0.3)x107 - 7 24,7 0.9 M
(1.098 * 0.009)x10%8 @ This work 24.7 1.0 m
2x108 P 6 20 0.1 m
(9.15 * 0.08)x10’ 2 This work’ 20.0 1.0 m

3Calculated from value of k_17y using equation 4-2,

PThe value reported in reference 6 was given to only one significant

figure, and contained no estimate of experimental uncertainty.

k
- 3 2-
ZSHO3 +> SZOS + HZO

ks Ml sec™y Reference Temperature (°C)

700 * 200 7 S 2407

‘Tonic Strength

O.9 M



‘Table 5 (cont.)

k

+ - ~-17 '

H + (SHO3 )195 + SO2 + HZO' (see note ¢)
ko7 ML sec!) Reference Temperature (°C) Ionic Strength
(2.2 * 0.2)x108 d 6 20 0.1 m
(1.4 £ 0.3)x108 © 6 20 1.0 m
(1.086 * 0.009) x108 This work 20.0 1.0 m

C(SHO3—)195 is the isomer of bisulfite ion whose oxygen-17 NMR signal is
located 195 ppm downfield from water. This isomer is believed to be
SO4H .

d

Calculated from the data of reference 6 using equation 4-1.

€Calculated from the value of k_;7 at p = 0.1 m using equation 4-3.

Y+ H0 ‘18 (SHO0 ), oc + H.O®
(SHO3 )95 * H, - (SH00 Jyg5 * Hy
kg (sec‘l) Reference Temperature (°C) Ionic Strength

2600 * 200 This work 25.0 o 1.0 m
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and may, in fact, really differ by a factor of 60, because Betts and
Voss' reported values are inexplicably smaller, by a factor of 3, than
‘those calculated from their data using their equation 10.

"For a reaction which involves the breaking of a sulfur—-oxygen bond
the experimental values of k_1 seem surprisingly large, and Betts and
Voss' incredibly'so; their value 1is very néarly equal to that of a
diffusion controlled reaction. The great magnitude of Betts and Voss'
rate constant argues in favor of the results of the present work and
that of Eigen, Kustin, and Maass. It may be that a catalyticbimpurity
was present in Betts and Voss' solutions. The reaction between hydrogen
ion and bicarbonate ion to produce carbon dioxide and water (analogous
to reaction 1) is known to be susceéptible to both heterogeneous““ and
hornogeneousl’5 catalysis. The term in Betts and Voss' rate law which
they attributed to oxygen exchange from sulfite ién to water via
bisulfite ion and reaction 1 is

2=y . (4=4)

oxygen exchange rate = k[H+]2[SO3
To be consistent with equation 4-4 the catalyst would probaﬁly have to
react with bisulfité ion (to break one of the sulfur-oxygen bonds) in
place of hydrogen ifon, and would be required to have a concentration
proportional to that of hydrogen ion. Sincé the rate of the step
involving the catalyst must not exceed the rate éf a diffusion
controlled reaction, the magnitude of the constant in equation 4-4
fequires that the concentration of the catalyst be at least as large as
that of hydrogeh ion. waever, it cannot be stated with any certainty

" whether such a catalyst actually was present in Betts and Voss'



solutions.

Betts and Voss' déta‘allowed them to determine the rate constant
for the aimerization of bisulfite ion (reaction 3). The corresponding
term in the rate law fqr oxygen exchange betweén bisulfite ion and
wéter, when wriften in terms of the major species 1in acidic solutions,
is

oxygen exchange rate = k3[SHO3-]2 . (4-5)

and contributes to 1/7 a term which is first order in bisulfite
. 195,H,0
ion. Using their value of k_j one calculates that 1/1195 H,0 has a
. : b

" value of 170 sec”!

under conditions of 25°C and [S(IV)] = 0.2 m. No
dependence of I/TIQS,HZO upon the concentration of S(1V), almost all of
which existed in the form of bisulfite ion, was observed in the present -
. work. The data of Table 4 seem to‘exhibit a slight S(1IV) dependencé,
but this was considered insignificant in light of the large
uncertainties associated with the tabulated values, which make it
difficult to detect a [S(IV)] dependent contribution to 1/T195,H20 as
small as that predicted from Betts and Voss' results.  The results of
the present work are therefore not inconsistent with Betts and Voss'
value for the rate constant of the dimerization reaction.

The value of klé obtained in this work is inconsistent with the
observations of Betts and Voss. If the oxygen exchange rate law

corresponding to reaction 18 is written in terms of (a*] and [8032—] one

~obtains
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rate = 18 1 1 [H+][803
K, (1+3%—)

2-

] . | -8
s |
If the values of the constants and values of [H'] and [SO32‘]
appropriate for Betts and Voss' solutions are substituted into equation
4-6 it is found that the predicted oxygen eichange rate is about 0.4 M
sec—.1 at 25°C and pH 9.5.. This indicates that reaction 18 should be the
dominant oxygen'exchange mechanism in the pH range in which Betts and
Voss' work was carfied out, yet not only did those workers observe
oxygen exchange rates much siower than those predicted by equation 4-6,
fheir experimental rate law was second order in H*. AnAunsuccessful
attempt was made ﬁo'find an oxygen exchange mechanism which ‘would yield
a rate law which has the form of 4-6 in the acidic region and changes
over to second order in H' in alkaline solutions. This casts further
doubt upon the very existénce of the [H+] independent term in
I/TIQS,HZO’ from which k18 was determined.

The rate constant of feactioh'l, which according to the results of
this work is only a factor of 1000 smaller than the rate constant of a
diffusion controlled reaction; stands in marked coﬁtrast to that of the

analogous reaction

k : '
+ - =19 : :
. +
H' + HCO, > co, - H)0 (19)
which has a value equal to 6XI04 M1 sec-l.‘+6 Although both reactions
involve the breaking of a C-0 orls-O bond there is a large difference in
activation energy, which may be due to the fact that liftle atomic

rearrangement iIs necessary for the remaining 0-S-0 portion of the

bisulfite ion to-.attain the bent SOZ structure compared to the amount



required'in transforming the 0-C-0 remnant of the bicarbonate ion to the
iinear C0, structure. It is also possible, as suggested by Eigen,
Kustin, and Maass, that the exchange of oxygen between bisﬁlfite ion and
water occurs via the HSO3_ isomer, which for some reason can react with
hydrogen ion to release water much more rapidly than the SO3Hf dr
bicarbonate ion, in which the first hydrogen is bound to an oxygen

atom. Howéver, aé will be seen shortly, it is believed that it is the
SO3H  isomer, rather than HSO3 , which exchanges oxygen directly with

water.

The Two Isomers of Bisulfite Ion

The oxygen-17 NMR spectra ofvbisulfite solutions provide the most
convincing evidence to date for the existence of two isomers of
bisulfite ion, HSO3* and SO3H-. In addition, as has been discussed
previously, analysis of the 179 spectra led to evaluation of the
equilibrium quotient, enthalpy change, and entropy change for the

isomerization reaction

(suo3-) = (sno3 )195 . (15)

175
These were determined to be K;g = 4.9 * 1 at 298 K, 8Hyg = -2.9 % 0.3
kcal mol-l, and 48S;5 = -6 * 1 cal k! mo1~l. However, the
identification of each of the isomers with one of the two peaks in the
NMR spectrﬁm has not yet been made (although the results of this section

were anticipated several times in assuming that the 195 ppm bisulfite
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fon is SO3HT).

The experimental data, unfortunately, allow no direct
identification of the two S(IV) peaks, so the association of each peak
with a particular isomer will be made on the basis of which assignment
provides the best rationale for the great disparity between the
abilities of the two isomers to exchange oxygen with water. It was
found in this work that one of the isomers éf bisulfite ion reacts with
hydrogen ion to form sulfur dioxide and water at a rate which is close
to that of a diffusion controlled reaction, while the reaction of the
other isomer with hydrogen ion is so slow that it was undetectablé.

(The rate constant of the.former reaction, k_;y, is 1.1x108 M lsec™!.
The upper limit to the rate constant of the latter reaction is estimatéd
to be 2><105 M-Isec-l.) The SO3H; isomer offers the simplest mechanism
for the reaction with hydrogen ion; the incoming hydrogen ion need only
attack the oxygen on which the bisulfite hydrogen is located, and then
~rupture of the sulfur-oxygen‘bond ylelds water and sulfur dioxide. On
the other hand, the mechanism involving HSO3_ 1s more complicated
because it requires the bisulfite hydrogen to migrate from the sulfur to
an oxygen atom.

Not only does the reaction of H* and HSO3- involve a more
complicated mechanism than the reaction of H* and SO3H-, but the
necessar? breaking of the S-H bond in the former case involves a
nonnegligible amount of activation energy. It was found in tﬁis work
that the rate constant for the formation of HSO3— from 5032- and H' is

2.1)(108_1‘1_1 sec”! at 298 k. (Strictly speaking, the data only allow one
to say that this is the rate constant for either the reaction in whicﬁ

HSO;~ 1s formed, or the reaction in which SO4H 1is formed, from 8032—



and #Y. However, the assumption that the rate constant for the latter

1s at least 5x1010 M7l sec™]

_reSulted in the measured rate constant
being‘assigned to the reaction iﬁ which HSd3- 1s formed. The results of
this assumption are in qualitative agreement with the situation 1n
phosphofoué acid, in‘which the_hydrogen atoms bound to the oxygen atoms
of the acidAexchange between the acid and water much more rapidly than
the hydrogen atom bound to ﬁhosphorous.“7) If equilibrium quotients for
reactions 14 énd 16 are calculated using the yalues of Ky and K5, and
rate constants for the dissociation of HSO3- and SO3H— are then
calculated, it is found that the raté constant for dissociafion of HSO3-
1s 50 to 100 times smaller than the rate constant for dissociation of
SO3H— if the latter {s 195 ppm bisulfite ion, and 1000 to 2000 times |
smaller {f the latter is 175 ppm bisulfite ion. Thus the HSOj_

' dissdciétes less readily even if the other isomer is thermodynamically
more stable.

Given the.relatively simple mechanism of fhe reaction between SO3H—
and hydrogen ion to pfoduce sulfur dioxide and water,_and the difficulty
of breaking the S—-H bond in HSO3f, the great difference in the observed
rates of exchangé of.oxygen between the two isomers of bisulfite ion and
water can best be rationalized if SO3H— is 195 ppm bisulfite ion and
‘HSO5~ 1is 175 ppm bisulfite ion.

There is one éxperimentél test which may be carried out to attempt
to verify the assignments of the 175 ppm bisulfite ion and 195 ppm
bisulfite ion to HSO3- and SO3H—, respectively. Assuming that the
assignment 1s correct, the HSO3-'protons exchange relatively slowly with
~ the protons in Qater. .Sincé the exchange can‘occur eithér'directly or

‘via hydrogen transfer from HSO3-_to SO3H' followed by rapid transfer
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from SO3H* to water,.the reactions whjch exchange hydrogen ions between
'HSO3-.and water are just those which exchange oxygen atoms between HSO5™
aﬁd SO3H_, reactions 4 through 9. Consequently the pseudo first order
rate constant for hydrogen exchange from HSO3- to water is equal to
1/1175’195. The Hsdj- should therefore produce a distinct peak in thé
~ proton NMR épectrum if 1/1175,195 is several times less than the
difference between the preceséional'frequency of the protons in HSO3—
and water. The observation of such a peak would confirm the assignment
of the peaks in the 179 spectrum.

Several attempts were made to find the HSO3— resonance in proton
NMR spectra of bisulfite solutions. The HSO3" peak 1is expected to be
most narrow in solutions for whiqh'l/rl75,195 is small, that is, in
solutions of high acidity and low S(IV) concentration. However, the
decrease in peak width qbtained by using low S(IV) concentrations is
offset by the concomitént diminution of peak area. No HSO3_ peak was
observed in proton NMR spectra of a 0.2 m sodium bisulfite solution of
pH 3, nor in the spectra of 0.2, 0.4, and 1 m solutions of pH 2, even
when thé two-pulse sequénce was employed to suppress the water peak and
the temperature was lowered to near 0°C to decrease 1/1175’195. It was
thought th@t a distinct, though broad, HSO3- peak could have been seen
. had it been located at least 2 ppm away from the water peak.

In an attempt to 1ncfease the chemical shift of the HSO3- proton
relative to thése in water, two solutions were prepared which contained
dysprosium chloride iﬁ addition to the sodium bisulfite. The rare earth
ions are known to shift the !H NMR water resonance a great deal without
introducing excessive line broadening.“® The effect of Dy3+ upon the

HSO3- proton resonance 1s not known, but it was hoped that the chemical



shift p:oddced by Dy3+ would be sufficiently different in HS0;™ and

' water, and the line broadening of the HSO3- résonance smgll enough, to
enable observation of the HSO3_ resonance. Spectra were acquired of
solutions which were 0.4 and 1 ﬁ in S(IV), 0.02 m in DyC13; and had a pH

of 2. The Dy3+ shifted the water resonance 4.0 ppm downfield relative

to its position in the spectrum of pure water, but again, no other peak :

_was observed in either the oneior the two-pulse spectra.

The identification of 175 ppm bisulfite iom and 195 ppm bisulfite
ion as HSO3- and SO3H-, respectively, is believed to be correct even
though no proton NMR signal could ﬁe obserQed‘for the:175 ppm bisulfite
ifon. But the protoﬁ NMR spectra provide no ceptain evidence for this
conclusion because the chemical shift of the proton ianSO3— is not

known.

Oxygen Exchange between Bisulfite Ion and 82052—

It has been mentioned previously that measurements of the Hy0 and

S(IV) peak areas in the 170 NMR spectra of a very concentrated bisulfite

solution (S(IV) = 4.7 M, pH = 4.5) indicated that the 82052— and SHO3_
resonances were coalesced at high S(IV) concentrations. Since it has

been concluded that the elementary reaction

SHO, + SHO, = S,05° + H,0 - (3)

. was not an important mechanism for oxygen exchange between bisulfite ion

and water in the 0.2 m solutions, a question which naturally arises is
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whether reaction.3-éan account for the observed coalescence of the
82052_ and SHO3— resonances at high S(IV) concentrations, or whether a
reaction such as |

so, + 80,27 = s.0.2% | ' | (20)

must be invoked. (Both 504 and SO32- exchange oxygen atoms rapidly with
SO3H_.) An attempt was made to answer this question by estimating the
frequency difference, Aw, between the bisulfite ion resonance and the
82052— resonance, and coﬁparing it to the estimated maximum value of
l/TSHOB—’SZOSZ— + 1/182052_,SH03_’ the sum of the two pseudo first order
rate constants for oxygen exchange between bisulfite ion and 82052_ via
reaction 3. If reaction 3 is to account for the observation of a single
maximum in the S(IV) peak of the X0 NMR spectrum of thg 4.7 M solution
then the sum of the two pseudo first order rate constants must be
gfeater than Aw. |

The value of AwSH03-,82052_ was estimated from the chemical shift
of the S(1V) peak in three solutions of different S(IV) concentrations:
0.201 m, 0.800 m and 4.7 M. 1In the specﬁrum of each solution only one
S(1IV) peak appeared. The pH and S(IV) concentration were large enough
in each solution to cause rapid exchange be;weeh the two isomérs of
bisulfite ion, and the resultant coalescence of their resdnances. Peak
area measurements showed that the 82052_ and SHO3— resonances were
coalesced in the 4.7 M solution; they were assumed to be coalescea in
the more dilute solutiqns. As has been shown previously, the SO2 and

2-

SO3 resonances are coalesced with that of SHO3-. The chemical shift

of the S(IV) peak relative to that of water was found to be different in



| GS(IV$ = )6 o )+ (ps ) PP, }(P DI

the three solutions. Because the chemical shift, 6S(IV)’ of the
coalesced S(IV) peak 1s the weighted avérage of the chemical shifts of

each of the S(IV) species, i.e.

SHO3 - - SH 3 2OS 8205 SO3 SO3

+ (pey V6an ) s (6-D)
SO2 SO2

the concentration dependence of the S(IV) chemical shift presumably

arises from the changes in the relative amounts of the various S(IV)

species as the total S(IV) concentration is varied. (In equation 6-1 it

2= are made

was assumed for simplicity that the 5 oxygens‘in S,05
equivalent through some exchange process. If they are not,VGSZOSZ—
should be replaced by the.weighted average of the chemical shifts of the
5 oxygens.) Since the chemical shifts of 8032— and S0, are known to be
235 and 520 ppm,'respectivelyg, the chemical shifts of thg S(IV) peaks
1n the three solutions can be used to find GSHO3- and 652052— if the
concentrations of thé various_S(IV) species in each of the solutions are
known. The frequency difference between the SHO3- and 82052_ resonances
may then be evaluated.

The concentrations of'SHO3-, 82052-, 8032_, and S0,, and from them
the fractions of oxygen-17 present in each S(IV) site, were calculaﬁed
in the manner described in the Experimental Procedure sectibn. In the
calculation for the 4.7 M solution the values used for PKy, pK,, pKw,
and K4y were 1.72, 6.36, 14.18, and 0.293, respectiyely. Although the

4.7 M solution has an fonic strength of about 6 M, the values chosen for

PK,, PK,, and pK, are those for a solution of ionic strength 3.011
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because the values at higher ionic s;rength have not been measured. The
mean ionic‘activity coefficient of H" and SHO3_ was used for the
hydrogen ion activity coefficient, and was calculated from Pitzer's
equations, as discussed previously. Because the activity‘coefficient of
hydrogen.ionvin solutions of high S(IV) concentration is greatly
dependent upon the fonic interactions involving S(IV) species, for which
the parameters are not known, the calculated value of the aétivity
coefficient is quite uncertain. At 25°C its value is 0.9 #* 0.2.
However, this uncertainty in the activity coefficient turns out to ﬁave
a negligible effect upon the calculated value of the frequency
difference between the SHO3  and SZOSZ- resonances. The concentrations
of the S(IV) species calculated for each of the solution%, as well as
the chemical shift of the S(IV).peak in the 170 NMR spectrum of that
solution, are listed in Table 6. |

After the fractions of 170 in each S(IV) site were calﬁulated'the
179 chemical shifts of SHO3™ and 82052— were determined by first

rearranging equation 6-1 to give

P -

L (0 2006 )= (pgy Jego )} = (5 )2
— {5 - L, )06 L, )-(p § = (6 _)—
pS 0 2" S(Iv) so§ so§ 50,7 80,7 SHO, ps 0 2"

2”5 275

+ (6 2_) , (6-2)
5.0 |
2°5

which has the form y = mx + b, where m and b are 55303“ and 532052"

respectively. A plot of

__._.__—-1 - e ee——

SZOS 3 3 5205
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Table 6
Calcul;ted Compositions of Sodium Bisulfite Solutions
Containing 0.201 m, 0.800 m, and 4.66 M S(IV), and the Chemical Shift

of the S(IV) Peak in the Oxygen-17 NMR Spectra of Those Solutions

Solution "J" Solution "6" . Solution "4"

[S(1V)] , 0.201 m 0.800 m 4,66 M
[NaCl1) 0.787 m 0 0

pH meter reading 4.98 5.13 4,50
[sHOy7)® 0.189 m 0.689 m 2.1 M
[s0,]2  6.2x107 1.6x107% m 0.004 M
[5,0527)3 2.9x1073 m 0.040 m 1.3 4
[so;2712 6.2x1073 m 0.032 m 0.03 M
fonic strengthP 1.0 m 0.90 m 6.0 M

170 chemical shift® 193 ppm 190 ppm 180 ppm

of S(IV) peak

3Calculated in the manner described in the text.

bDetermined from calculated concentratiouns.

CChemical shift relative to H,0. Downfield shifts are positive.
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for the three solutions did vield a straight line, a result which
supports the interpretation of the concentration dependence of the
chemical shift of the S(iV) peak. The chemical shifts of SHO3— and
’ 82052°, equal to the slope and y—iptercept of the line, respectively,
were found to be 193 * 1 ppm and 164 * 9 ppm, respectively, with a
covariance of -3.9 between the two values. The-difference in chemical
shift between SHO3- and 82052- 1s thus equal to 29 * 9 ppm; assuming
that the five oxygens in 82052_ have the same chemical shift. (More
precisely, 29 ppm is the difference between the weighted average of the
éhémical sﬁifts of the two isomers of Bisulfite ion and the weighted
average of the chemical shifts of the five 82052- oxygens.)

The-valueé 6f I/TSHO3_,82052— and 1/152052-,SH03— were estimated
from the broadening of the water peak in the 4.7 M solution in a manner
which will be described shortly. Oxygen-17 NMR spectra of this solution
were acquired at 24.4 MHz*9 at a number of temperatures between -15°C
and 50°C. The S(IV) peak exhibited a single maximum throughout this
temperature range, so the pseudo first order rate constants were
estimated at the low teméeratureé to provide the ﬁost severe comparison
of thelr magnitudes to that of AwSHO3—,32052—‘

The first step in estimating the pseudo first order rate constants
for oxygen exchange between bisulfite ion and 82052— was to obtain from
the broadening of_the water peak a value of I/THZO,S(IV)’ the pseudo
first order rate constant for oxygen exchange from water to the S(IV)
species. It was assumed that I/THZO,S(IV) + I/TS(IV),HZO was much less
than AmHZO,S(IV)’ in which case the linewidth 6f the water peak,

(l/Tz)Hzo, is given to a good approximation by



0 [ R . | (6-3)

T2 Tam0)  Tm,0,s(1v)

(Since the chemical shift of the S(IV) peak in the 4.7 M solution was
180 ppm, the value gf AwS(IV),HZO is equalitov28000 sec-l. The value of
I/THZO,S(IV) +‘1/TS(1V),H20 obtained ;hrough'the use of equation 6-3 was
found to lgss than 0.05 times AwS(IV),Hzo below 5°C, so the use of
equation 6-3 was considered to be justified in the temperature range
from -15°C to 5°C.) A plot of log(l/Tz)Hzo vs. 1/T is shown in Figure
25. The values of I/THZO,S(IV) were obtained from these data by
assuming that the linewidth that the water peak would have in the
absence of chemical exchange, I/TZ(HZO); was proportional to the values

of l/T1 measured in the 0.2 m solutions (Figure 12). The

proportionality constant C was then adjusted until a plot of

showed the linear behavior expected of a plot of log{l/rHZO S(IV)} vS.
1/T (Figure 25). The proportionality constant was found to be equal to
3.24. . Assuming that the ordinate values of the semilogarithmic plot

shown in Figure 25 are equal to I/THZO,S(IV)’ it 'is found that

1

THzo,s(IV)

= 277 +18 sec!  at 278 K, and (6-4a)

1

THzo,s(IV)

= 120t 11 sec:'-1 . at 263 K. ’ ' _(6—4b)

The second step in the estimation of 1/TSHO3—,SéOSZ— and
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I/TSZOSZ_,SHO3- is the evaluation of IZTSHO3-,H20 from I/THZO,S(IV)'

The relationship between these two quantities is

P
1 _ Psawy H° 1

T - P _ P T
0 sHo S(IV) HZO,S(IV)

. ' (6-5)

The ratio pHZO/pS(IV) is equal to the ratio of the areés of the water
peak and the S(IV) peak in the 170 NMR spectrum of the 4.7 M solution,
and was found to be equal to 3.7 % 0.2. (This value agrees well Qith
the one determined from the calculated concentrations of the S(IV)
species.) The ratio pS(IV)/pSHO3— is the inverse of the fraction of
S(1IV) oxygens which are in bisulfite ions; its calculated value is 2.0

at both temperatures. These values, together with those of

1 = 2050 %170 sec”! at 278 K, and . , (6-6a)
SHO, ™, H,0
- 1 = 888 *95sec’! at 263 k. (6-6b)
SHO3 ,H20

The va;ues of 1/?SHO3-,H20 given above are not entirely due to
reaction 3. They contain contributions from all reactions which
exchange oxygen atoms betwéen bisulfite ion and water. An upper limit
to the contriﬁution from reaction 3 was found by subtracting from the
above values the contribution from reaction L,_i.e. subtracting
k_i[H+]/3.v The hydrogen ion concentration was obtained from the

measured pH of the 4.7 M solution, 4.50, and the calculated mean fonic
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activity coefficient of H' and SHO3-, 0.9 * 0.2, which Qaé assumed to be
equal to the hydrogen ion activity coefficien;. Values of k_; at 278 K
and 263 K were calculated using equation 4-2 after first correcting k_17
for the high ionic strength of the 4.7 M solu;ion uéing an equation
analogous to'equation 4-3, and a mean 1onicAactivity coéfficient of H'
and SH03- equal to 0.71 * 0.05 in the 0.2 m solutions (in which k_,7 was
_Vdetermined) and 0.9 * 0.2 in the 4.7 M solution. Because the activity
coefficient of the activated complex in the concentrated soiution was
not known, iﬁ was assumed to be equal to its value at the lower ionic
strength (approximately unity). Thislig not necessarily a good
assumption, and introduces an unknown and possibly large amount of
systematic efror into the ionic strength correction.

After subtracting the contribution of reaction 1 from the value of

I/TSHO3_,H20’ the upper limit to I/TSHO3-,S 2- may be obtained. Since

. “ 295
reaction 3 exchanges 5 oxygen atoms between bisulfite ion and 82052- for
every one exchanged between bisulfite ion and water, 1/TSH03',32652— is
equal to 5 times the contribution of reaction 3 to the value of
I/TSHO3—,H20‘ Tﬁe estimated value of the pseudo first order rate

constant for oxygen exchange from bisulfite ion to 82052- via reacﬁion 3

is therefore

- < 5750 t 1500  at 278 K, and S (6-7a)

SHO,,5,0,

- 1 < 2190 * 770  at 263 K. | (6-7b)
- 2—

SHO, ™, 5,0,



151

From the relationship

- . o (6-8)

and a value of pSHO3-/p82052— equal to 1.0 for the 4.7 M solution, we

~obtain
- 1 + = 1 < 11500 * 3000 at 278 K, and  (6-9a)
2- - - 2=
8205 ,SHO3 SHO3 ,SZO5
- 1 + = 1 < 4400 * 1500  at 263 K. (6-9b)
2- - - 2-
5205 ,SHO3 SHO3 ,5205

Iﬁ 1s quite possible that some systematic error was introduced into
the upper limits given in inequality 6-9 ﬁy the subtraction of k_l[H+]/3
(the contribution of reaction 1) from the values of I/TSHO3-,H20' In
the célculation of the hydrogen ion concentration it was assumed that
the pH meter reading was equal to fhe activity of hydrogen ion in the
4.7 M solution. However, at such high ionic concentfations the change
in electrical potential across the junction of the sample solution and
the reference electrode's 4 M KCl solution would be expected té have a
significant effect upon the pH meter reading, and cannot be ignored.

A rough estimate of the liquid junction potential, EL’ was obtained
from the Henderson equation50 for the junction potential between two

solutions (labelled "a" and "b"):
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Y1 b a a
) =—c,; - ¢ Ju.c
z. i i i1
- rr P 1 1
L F . , |
Ju (cb -c? Ju cb
i1 i i-1
- i
where u; = the mobility of ion i;

zy = thé charge number of ion 1 (with algebraic sign retained);

c? = the concentration of ion i1 in solution a, expressed in
equivalents rather than moles;

R = the gaé constant;
the Faraday constant.

"
0

The concentrations. in the 4.7 M S(IV) solution are [Na+] = 4f7 M,
[SHO3—] = 2.1 M, and [82052“] = 1.3 M (CSZOSZ- = 2.6 M). The equivalent
conductances-of the ions were used for the ionic mobilities, fo which
they are proportional.s% The quivalent conductances of C104— and 5042—
were substituted for thosé of SHO4  and 82052—, respectively, since the
latter were not known. Although the conductances of K" and C1~ were

2_

available at high concentrations; those of Na+, ClOA’, and 804 were

not, so the limiting equivalent conductances were used for all ions.
These are equal to 73.5, 76.3, 50.1, 68.0, and 79.8 for kt, c17, Na',
Clo,”, and 8042—, respectively.®2 Although the ionic concentrations are
large, the calculated value of Ei is fortuitously very small, 6><10-6
volt. This junction éotential would have a negligible effect upon the
pH meter reading. However, the large uncertainties in the equivalent

conductances, as well as the fact that the approximations used in the

derivation of equatidn 6~10 are invalid at high ionic strength,.cast



much doubt upbn.the calculated value of EL' Unfortunately, because the
calculated value of.EL 1s both very uncertain and fortuitously small,
one 1s hesitant to use it as even a rough estimate of the true liquid
junctidn poténtial.

As a check upon the valueé of the upper limits given in
inequalitieé.6-7 and 649, an upper limit to l/TSHO3-’52052ﬁ-wés
calgulated from thé broadening of the watér peak in the spectrum of the
0.800 m solution at 278 K in a manner similar to the calculation leading
to inequality 6-7. The measured linewidth of the water peak in that

1, from which one eventually obtains an

| ' _ _ -1
estimated upper limit t°-1/T3H03 232052 pf 7600 * 2200 sec *. This

spectrum was 325 * 16 sec

value is roughly equal to the one given in ineguality 6-7a for the 4.7 M
solution, suggesting that the upper limits given in ineqﬁglities 6;7 and
6-9 are not excéssively large.

As stated earlier, if reaction 3 is to account for the observation
of a single maximum in the S(IV) peak of the 170 NMR spectra of the 4.7
M solution, then the sum of the two pseudo first order rate constants
for oxygen exchange between bisulfite ion and 82052— must be at least as
lérge gs.Aw, the difference betﬁeen the 17O'precessional frequency in
the SHO3— and 8205%- sites. The chemical shift difference between the
two sites was found to be 29 * 9 ppm, which corresponds to a
precessional frequency differénce of 4400 * 1400 sec-'1 at the magnetic
field strength used in acquiring the spectra of the 4.7 M solution.
Comparison of this value with those given in inequalities 6-9a and 6-9b
. does not, unfortunately, lead to an unambiguous conclusion concerning
whethér reaction 3 is rapid enough to cause coalescence of the SHO3f and

82052—_resonances in the spectra of the 4.7 M solution.
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It is not pnlikely that the upper iimits given in inequality 6-9
contain a sizeable contribution from the.reaction
SHO,  + suo3‘ = S0, + 5032" + H,0 . : (21)
The contribution of feaction 21 was not subtracted from the values of
I/TSHO3-,H20’ andbwas thus carried inté the values given in inequality
6-9. 1If reaction Zi_is more répid than reaction 3 (as would be expected
due to the simpler mechanism of reaction 21) then the hpper limits in
inequality 6-9 should be reduced by at least a factor of two. However,
even halving the upper limits does not exclude reaction 3 from being
rapid enough to coalesce the SHO3- and 52052° resonances.

The values given in inequality 6-9 set upper limits to the pseudo
first order rate constants for oxygen exchange between SHO3  and 82052‘
which occurs via pa;hs which als§ exchange oxygen between S(IV) species
and water. Although the above results do not definitely require the
existence of othe; paths to account for the coalescence of the SHO3- and
82052- resonances, such paths maf exist., 1In particular, dissociation of
SH03- followed by reaction 20 would bring ésout oxygen exchange between
_SHO3_ and 82052- without concomitant oxygen exchange between SHO3  and
water if S04 could be produced from SHO3— by some process that does not
lead to oxygen exchange with water; One such route by which 802 might
be produced is the transfer of oxygens between the "302" and "SO3" ends
of SZOSZG, followed by dissociation of 82052' into sulfur dioxide and
sulfite ion. Another would be through the momentary formation of the
symmetrical, oxygen bridged isomer of 82052—.

From the width of the S(IV) peak in the spectra of the 4.7 M



solution we can obtain rough estimates of upper and lower limits to the

pseudo first order rate constants for oxygen exchange between SH03— and
52052' by all processes, iﬁcluding those which do not exchange oxygens
between S(IV) specles and water. If the lower limit to the sum of the
pseudo first order rate éonstants is larger than the upper limit given
in inequality 6-9 (the latter being an upper limit to the sum of the
pseudo first order rate cdnétants for oxygen exchénge via processes
which also exchange oxygens with water) then we can say that there must
exist processes which exchange oxfgens between SHO3— and 52052- but not
between S(IV) species and water.

The temperature dependence of the half width at half héight of the
S(IV) peak, t.e. (1/Ty)g(yyys is shown in Figure.26. At high
temperatures the peak broadens with increasing temperature due to oxygen
exchange between the S(IV) and water environments. Because the width of
the S(IV) peak is several times less than the fréquency difference
betwéen the S(IV) and water peaks it 1s not a bad‘approximation to treat
the system aé being in the slow exchange limit, in which case
(I/TZ)S(IV) 1s the sum of two terms: the pseudo first order rate
constant for oxygen exchange from the S(IV) site to water and a second

term whose value is equal to the linewidth which the S(IV) peak would

have in the absence of exchange with water. The second term is affectgd

by chemical exchange between SHO;™ and 82052—. If the exchange between

fhe two species is extremely rapid then the sécond term in (I/TZ)S(IV)
will be equal to the weighted average of the natural linewidths
corresponding to these two species, but if the exchange is not rapid
enough to cause complete exchange narroving then the teirm will be larger

than the weighted average of the natural linewidths, and will also be a
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function of the pseudo first order rate constants for oxygen exchange
between SHO3- and 3205?‘. (Chemical exchange betweeﬁ other S(IV)
species has a negligible effect upon the width of the S(IV) peak because
all species other than SHO;  and 32052"-are present in low
concentrations.) |

The second tern in (I/TZ)S(IV)’ which contains the information
about chemical exchange between'SHO3— and 82052—, was evéluatéd by
subtracting from (I/TZ)S(IV) thé pseudo first order rate constant for
oxygen exchange from the S(IV) site to water, I/TS(IV),HZO’ The iatter
quantity was determined from the broadening of the water peak in the
spectra of the 4.7 M solution, as described previously. -Bothv
I/TS(IV),HZO and the difference between (I/TZ)S(IV) and.l/TS(IV),HZO aré
shown in Figure 26. It is found that the S(IV) linewidth in the absence
of chemical exchange between S(IV) species and.water is

1;—-—L————— = 1200 * 110 sec™!  at 278 X, and (6-11a)
S(1V) ,H,0

(3-) -
T2 S(1IV)

L S = + -1 e )
(TZ)S(IV) 2940 * 140 sec”'  at 263 K. (6-11b)

Ts(1v) JH,0

Since the frequency difference between SHO3™ and 82052- is known,
the S(IV)>linewidth in the absence of oxygen exchange with Qater may be
used to estimate the pseudo first order rate constants for exchange
between the SHO3_ and 82052- environments if the natural linewidths of
the SHO; and 82052_ resonances are knmown also. In the 0.2 m solutionms

the natural linewidth of SHO3— was found to be roughly equal to that of

157



158

water. For the 4.7 M solution we make the assumptions

logle—=——} = logfz——} tlog2 and ~ (6-12a)
2(sH0,7) 2(H,0)

logl—2——} = logfz——} t log 2, | © (6-12b)
2(5,0,°7) 2(H,0) |

that is, the.natural linewidths of SH03_ and 82052_.afe assumed to be
within a factor of 2 of the natural linewidth of water. The natural
linewidth of the water resonance in the 4.7 M solution was found earlier
to be 840 sec™! at 278 K and 1900 sec”! at 263 K.

The upper and lower_limits to the pseudo first order rate constants
for oxygen exchange between SHO3_ and 82052- were estimated using the
fact that the linewidth of the S(IV) peak should decrease as the rate of
chemical exchange between SHO; and 82052_ increases, and approaches a
1imit equal to the weighted average of the natural linewidths of the
SHO3" and 52052- resonances. The upper limits to the pseudo first order
rate constant are those values which produce the linewidths given in
6-11 when the,natural.lingwidths of SHO3_ and 82052- are allowed to take

1 2t 263 k.

their maximum values of 1680 sec”! at 278 K and 3800 sec”
Since the weighted averages of the maximum natural linewidths are
greater than the values given in 6-11 we can set no upper limit to the
pseudo first order rate constants for oxygen exchange between SHO3- and
5,057,

The lower limits to the pseudo first order rate constants are those

" values which produce the linewidths given in 6-11 when the natural

linewidths of SHO3— and 82052_ are set at their minimum values of 420



sec”! at 278 K and 300 ~! at 263 K. Using these values of 1/Ty(sH047)

and 1/T2(32052—), the previously determined v;lues of Aw 2- and

SHO3 ,S,05
pSHO3—/p82052—, and various trial values of 1/1, simulated spectra of a

two site, chemically exchanging system were generated by a computer, and
the linewidths were compared to the experimentally determined values of

(I/TZ)S(IV) - 1/TS(IV),H20 (equation-6f11), By this method the lower

limits were set to the pseudo first order rate constants for oxygen

exchange between SH03- and 82052— by all processes:

1 1 "
(r ”m ~ * 3 ; Z_Jtotal > 7000 sec at 278 K, - (6-13a).
5,0" ,SHO, SHO, 5,0
( . + L ) 23000 Sec—l at 263 K. (6-13b) -
T 72— - T - 9- total
$,0 " ,SHO SHO, ,S,0; )

Comparison of inequalittes 6-9 and 6-13 shows thatvthe data.do not
require the existence of paths of oxygen exchange between bisulfite ion

2-

and S,05 which do not also exchange oxygen between S(IV) species and

'water, sh;h as the previously discussed mechanism involving réactidn 20,
the transfer of oxygen between the SO, and S04 ends of 82052', and the
momentary formation of the symmetrical, oxygen bridged isomer of

82052_; _Unfortunately, we conclude that neither the broadening of the
water peak nor that of the S(IV) peak allow the mechanism of oxygen
exchange between bisulfite ion and 52052— to be determined with
certainty. However, regardless of whether scrambling of the 82052-

oxygens or formation of thebsymmetrical, oxygen bridged isomer of SZ 5

occur, and even 1if reaction 3 proceeds at an appreciable rate, reaction

0.2"
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20 seems quite plausible mechanistically, and may very well be a major

route for the dimerization of bisulfite ion.



Appendix A: Derivation of the Lineshape Equation for a Two Site,

Chemically Exchanging System in the Pulse NMR Experiment

In this appendix an expression for the height of thevfrequency
domain signal in the pulse NMR experiment is derived. The system under
consideration ié one in which there are two chemically distinct sites, A
and B, between which the nuclei can exchange. The approach used is an
extension of the work of Leigh53 and of Gupta, Pitner, and
w#sylishen.s“_ The solution is.applicable to any pulse sequence, the .
exact form of the signal height as a function of frequency being
determined by boundary conditions, i.e. the state of the magnetization
of the system at the end of the pulse sequence.

To make the results of this appendix of more préctical value, the
effects of two common experimental ﬁarameters are also included. These
parameters are t,, the time delay between the arrivai of the free
.1nduction decay signal at the computer and the beginning of data
acquigition, and the phase angle 9; which expresées the amount of
dispersion present in the spectrum. (For a perfectly phased spectrum 8
= 0, and the spectrum is pure absorption.)

The derivation of the lineshape equation has three distinct
parts. First, the equation for the time domain signal, i.e. the free
induction decay, is derived. Next, the Fourier transfdrm‘of this :
expression is fouﬁd. This.is the general lineshaée equation. Finally,
boundary conditions are applied to obtain the lineshape equation for the
experiment of interest. |

The starting point for the derivation is the set of modified Bloch

equatiéns55 for the time dependence of the transverse magnetization of
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the system. For the special case of no rf fileld (Hl =0), a condition

which holds during the free induction decay, we have

| 8, ] .-'I/TéA~
.ﬁB | 'I/EA
s —u
GB (0]

The symbols have the following meanings;

Up, Vu = the components of the nuclear magnetization in site A which are

1/t

~1/ 7,5

Y

~1/1

1/1

ofs

1/t

-I/TZB‘

(A-1)

in phase and out of phase, respectively, with the effective

rotating component of aAreferenCe rf field having a frequency

equal to the frequency of the pulse (this rf field is

equivalent to the reference signal present in the receiver).

w& = Wy - oW, where Wy is the precessional frequency of the nuclei in

site A and w_ is the'angular_frequencf of the reference signal.

r

(w& is equivalent to the quantity -Aw, in the notation of

references 53 and 55.)

I/TZA - 1/T2A + l/TA, where T2A>is the transverse relaxation time the

nuclel in site A would have in the absence of chemical exchange,

and

l/TA = the pseudo first order rate constant for the exchange of nuclei

out of site A into site B.
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Similar definitions apply for ug, Vp» wﬁ, 1/123, ;/TZB, and I/TB. It
should be noted that the "rotating frame™ is defined by a reference
signal having the same frequency as the pulse.

Equation A-1 can be gsimplified while preserving the phase

relationship between u and v by defining

8y = 4, - ivA ’
g : -1iv, ,
B B B . (A-2)
a, = 1/'1‘ZA - 1uk , and
QB = I/TZB - img ’
whereupon equation A-1 becomes
g, —aA—l/TA 1/1‘B g,
= . (A_3)
! /7y A )

The goal is to solve equation A-3 to express g = gy + 8g @s a function |
of time; this is the equation for the free induction decay.

Equation A-3 can be solved by first defining

-GA-I/TA I/TB . gA

and g = y (A-4)
1/

A mag-1/1y | %

>
]

which allows equation A-3 to be rewritten as
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E_ 5 = Aef | : ' (A—Sj

The solutions to equation A-5 are of the form>®

g=%e", (A-6)

where ¥ is an eigenvector of the matrix operator A with eigenvalue A,

i.e.

(A -2 x=0. (A-7)
(T is the identity matrix.) Nontrivial (X # 0) solutions exist only if
det (A - ) =0 . (A-8)

The solutions of equation A-5 are found by solving equation A-8 for A,
then substituting each of these values of A into equation A-7 and
solving it for %X. (Note, however, that for each value of A the
corresponding vector X is determined only to within a multiplicative
constant. This constant must be determined from boundary conditions.)
The general solution of equation A-5 is

g = jzcj %5 exp(A,t) | | (A-9)

where the index j designates the solution corresponding to a parficular

eigenvalue Ai’ and the coefficients cj are to be determined by boundary



conditions. For the case of iﬁterest the matrix A has two eigenvalues,
and equation A-9 therefore has two terms. In geqeral the Aj are complex
numbers; the real part of %j describes the rate of transverse relaxation
of the magnetization, and the.imaginary part the frequency of
oscillation ofAthe magnetization with respect to the reference signal.

From equation A-9 one obtains expressions for the transverse

components of the nuclear magnetization in sites A and B as functions of

time:
2

gy, = jzl cj(xj)l exp(§jt) , and (A-10a)
2 :

8y = jzl cj(xj)2 exp(ljc) . (A-10b)

Since ij is determined to within a multiplicative constant, the vector

components (xj)l and (xj)2 are not independent of each other. Using

equation A-7, the relationship between them is found to be

X)) = 1 - 1 -1 ;
(xj)2 = TB[cxA + ;Z + Aj] (xj)1 = {TA[aB + o + Aj]} (Xj)l . (A-11)
If Qe define

(xj)2 _ . ,
aj = . : (A-12)

(xj)1
then equation A-10 becomes

2 .

= A -

8 21 §j03)1 exp( jt) , _ (A-13a)

3
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2 .
gg = 4j£1 Cjaj(xj)l exp(§jt) . (A-13b)

The total time domain signal, g, is equal to 8s * gg- We thus have

. ' 2 : ' o

g(t) = ) R, exp(A,t) , 4 (A-14)

in which the quantity ijis defined by

R, = c (1+a,) (x), . B A-15
j Cj( aJ) (xJ)l ‘ ( )

The Rj are constants which must be determined from the bogndary
condiﬁions of the particular experiment.

Equation A-14 is the mathematical expression for the free indﬁction
decay. Only the values of Aj and Rj need be known in order to specify
completely the time béhavibr of the transverse magnetization of the
system. For the.case'under considera;ion, the matrix A has two

eigenvalues, which are determined by solving equation A-8. They are

- _',L 1 1 | ; jcL 1 __L_'z 4 1/2
Ay < (F)lay + T Tt rB] + (-1 () lay + T, B rB] + TATB}
with § =1, 2. ' (A-16)

Since the real part of Aj expresses the rate of decay of the
magnetization, and the imaginary part of Aj its frequency of

oscillation, it is convenient to adopt the following notation for the



real and imaginary parts of Aj:

= (=
AJ, = (TZ)j + iwj ,
(A-17)
1 :
— = - A =
that is, , (Tz)j - Re ;| and uﬁ = Im Aj

The equation for the signal amplitude as a funcﬁion of frequency is
the Fourier transform of g(t). However, the Fourier.transfdrm
calculated by'the computer of a pulse NMR spectrometer is altered by the
existence of a delay between the time the signal reaches the computer
and the moment that data acquisition begins. The relationship_betwéen
the time as méasured by the computer, t“, the real time, t, and the

delay time, ty, is
t° = t-t, . A “ . : (A-18)
Equation A-14 may be rewritten as

2 : .
+t7) = +t° -
g(t:d t’) jzl R.j exp[Aj(td t )] . (A-19)
to incorporate explicitly the distinction between the "real time" and
the "computer time”. The frequency domain signal calculated by the

computer 1s

f(w) f: g(td+ t;) exp(~iwt”) dt~

1 ' _ |
4 Rj (—XJ——-_i—(:)J eXP()\jtd) . o (A-20)

I
i
T YN
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(In evaluating thé integfal at its upper limit use was made of the fact
that the real part of Aj is negative. This causes the contribution from
the upper limit to vanish.) Using the definitions given in equatidn

A-17, we may rewrite equation A-20 as

2
2]

2

e, Tyt e e

R, exp {
g exp l(Tz

) — exp(iw,t,) . (A-21)
3T 1 Tt G- ap

jd

flw) =
]

e~

1

Equation A-21 expresses the lineshape of the frequency domain spectrum.

To illustrate the evaluation of the Rj from boundary conditions and
to clarify the meaning of equation A-21, the lineshape equation for a
standard one-pulse experimenf will be derived. The "boundary
conditions” are always taken to be the conditi&ns at the end of the
pulse sequence;v In this example, we assume that a perfect 90° pulse has
been applied along an arbitrary direction in the k—y plane of the
rotating frame of reference. At t = 0 (immediately after the pulse) we
havé |

g(0) = g,(0) + g,(0) = Mg 18 | , | (A-22)

where Mg is the magnitude of the magnetization immediatély before the
pulse (and immediately after a perfect 90° pulse), énd 1s equal to'MoA +
Mog, and 8 is the angle between the axls along which the pulse was
applied and the x-axis of the rotating frame, i.e. 6 is the phase
difference‘be;ween the pulse signal and the feference sighal. If the

pulse and reference signals are not in phase then tﬁe magnetization will



not be aligned along the y-axis of the rotating frame at the end of the

pulse. From equation A-3 we obtain

BE) = B () + g (D) = - ag, () - ag(t), (a-23)

and at t = 0,

'(0)——116[M + aM | 4

g = -le”” [aMq, + agMoy] N (A-24a)
= 16! [ap Mg + ap. Mgl (A-24b
= e @, P, Mo apgMol - A- )

(pA and pg are the fractions of nuclei in sites A and B, respectively.)
The Rj are determined by substituting equations A-22 and A-24b into the

expressions for g(0) and g(0) obtained from equation A-14:

g(0) = R; + Ry , | (A-25)

£(0) RIAI + Rydy , _ | (A-26)

a substitution which yields

-iM ()‘2 + a,p, + apy)

R, = B exp(18) _and (A-27a)

C+iMg (A + ap, + ap) -
1 A A_. s exp(i6) . (A-27b)

[R]

AT A
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It is convenient to separate the factor eie from the rest of Rj by the
definition
R5 = R exp(-186) . ’ (A-28)

‘With the substitution of equation A¥28, equation A-21 becomes

f(w =
. L 2

9 -t [Re Rj](TZ)j + [Im Rj](w qj)[(Tz)j]

)} {exp((T ) ) 3 5 exp[i(9+w.td)]}
j=1 2’3 1+ [(T,),]° (v~ w) ]

S 7277 B
. _ . _ 2
2 ~t, [Im Rj](TZ)j [Re Rj](w “j)[(Tz)j]
+1 ) {exp((,r ) ) 5 5 exp[i(6+w.td)]}
i=1 273 L+ [(1)),17 (0= w) J

(A-29)

It is 1lluminating to conéider the special case of no chemical
exchange between sites A and B. For the moment it will also be assumed
that both t4y and 6 are equal to zero. In the case of no chemical
exchange both l/TA and l/TB are equal to zero. Substitution of these

values into equation A~16 yilelds

A = —a = -4 ig& (no chemical exchange) (A-30a)



. S S : -
A = - o —‘ TZB + imB (n9 chemical exchange). (A-30b)

Substitution of these expressions and equation A-28 into equation A-27

yields
R{ = 1ipyMo = 1Mo, - (no chemical exchange), and (A-31a)
Ri = 1ipgMo = 1Mo, .~ (no chemical exchange), (A-31b)

and substithtion of equations A-17, A-30, and A-31 into A-29 gives the

lineshape equation for the case of no chemical exchange:

- 2
S Mo (0 = ) (Ty) Moy Ty -
f(w) = ] 3 7 v 1) 2 2
: k=A,B ‘1 + (T2k)' (w - ak) k=A,B 1 + (T2k) (w - uk)
(no chemical exchaﬁge; 6 = tg = 0). (A-32)

Equaﬁion A-32 shows that the imaginary part bf_the frequency domain
signal is made up of two pure absorption curves, one corresponding to
the A resonance and the other to ﬁhe B resonance. The imaginary part of
the prépérly phased spectrum therefore corresponds to the "out of phase”
signal of continuous wave NMR, and is just the faﬁiliar absorption
spectrum of a two si;e, nonexchanging §ystem. The real part of the
signal is the dispersion spectrum.

The effect of improper phasing of the spectrum or the existence of

a nonzero deiay time can be seen by again substituting equations A-17,
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A-30, and A-31 into A-29 without setting 6 and t4 equal to zero. One

obtains

f(w)y =

- “tg, , Mo (v = g1,
] exp(d) .
k=A,B 2k 1+ (Ty )" (0= ¢)

5 cos(6 + wktd)

Mo T
- O'; 2k 5 sin(8 + wr)}
1 + (TZR) (w - wk) :

-t Mo Tox
k=A,B 2k 1 + (T )2 (w - ‘)2
’ | 2k %

cos(8 + wt,)

. 2

Mo (w = ) (T, )
. 2 . 2
1+ (1,07 (u - a)

sin(® + u't )}

(no chemical exchange). ' (A-33)

Improper phasing (8 # 0) mixes the absorption and dispersion modes in
amounts which are constant across the entire spectrum. A nonzerovdelay
time also alters the phasing of the.spectrum, but the amount of
dispersion mixed into eaéh absorption signal, and vice versa, varies
with the frequency of the resonance. The phase of a peak located right
at the reference frequency (wg = 0) is not altered at all by the time

delay. The time delay also results in diminished peak heights dué to
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the exponential factor in equation A-33. (This is the direct
consequence of the decay of the time domain signal which oécurs during
the delay time.) As with the phase effect, the peak height diminution
is not the same for the two‘resonances, but depends upon their
respective,relaxation‘times. " These effects are famiiiar to users of

‘pplsé NMR.

The effect of chemical exchange upon the lineshape can be
understood by examining equation A-29. If chemical exchange occurs
between sites A and B then R{ and Ré are complex, not pure iméginary as

in the no exchange case, because Ai and Az will deviate from the values
given by equation A-30. For the case 6 = t; = 0, equation A-29 shows
that complex Rj lead to a lineshape expression whose real and imaginary
parts are made up of a superposition of absorption and dispersion
curves. According to equation A-29 the imaginary (out of phase) portion
of the signal, shown in Figure 1, 1is made up of ép absorption and
diSpersion centered at w and an absorption and dispersion centered at

- Wy the, however, that w; and w, are functions of 1/'rA and I/TB, and
are exactly equal to w& and uﬁ only if there 1s no chemical exchange.

As Figure 1 shows, the amplitude of that portion of the absorption
speétrum located between the two peaks grows as the chemical exchange
rate increases from zero. _(The absorption spectrum corresponds to the
1maginary part of the lineshape expressipn.) This phenoménon is
connected with the increasing contribution of the two dispersion curves
to the imaginary bart of the lineshape expréssién. It can easily be
shown, for example, that the reai parts of RI andvRi are_of opposite
sign in the slo&iexchange limit, for whiéh AI = -é - 1/t, and

A A
AZ = -y - l/TB.28 (The values of the R5 are obtained from equation
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A-27.) This results in the positive portions of the dispersion curves
(one curve centered at W and the other at wz)'being located in the

region between the two peaks.



Appendix B: The NMR Lineshape of a Two Site, Chemically Exchanging
System in the Special Case of a Dilute Solution in which the Two-Pulse

Selective Excitation Sequence has’Eliminated the Solvent Signal

In this work a two-pulse sequence was used to suppress the NMR

signal arising from the solvent of a dilute solution in order to observe

clearly the signal arising from the solute (see Experimental
Procedure). The hélf width at half height of the solute resonance was
used to detefmine the rate of oxygen exchange between the solute and the
solvent, It‘was assumed, on thé basis of physicﬁl arguments, that under
the experimental conditions of this work the chemical exchange increased
the half width at half height of tﬁe soluéé resonance by #n amount equal
. to the pseudo first or&er rate constant for oxygen exchange from the
solute site to the solvent site., 1In this aﬁpendix an expression will be
derived for the lineshape obtained in the two-pulse experiment, and it
will be éhown that the assumption concerning the halfwidth of the solute
peak is correct.. Understandingvfhis appendix requires familiarity with
Appendix A.

The lineshape for the two-pulse expefiment is obtained as a special
~ case of the general lineshape for two site chemical exchange. The time

dependence of the magnetization in the rotating frame is (equation A-14)

2
g(t) = J R, exp(xjc) , : (B-1)
j=1 ) .

~and the lineshape in the frequency domain is given by (equation A-21)
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2
<T2)j - ;(w - “3)[(T2)j]

. f(w) = jél R, s [(Tz)j]z o aﬁ)z R (B-2)
where
g=u-1iv ,
A = -(3)ta, +1?A-+ a + }r—B] + (-1)3(%){[0‘A +i_A - a _-i_B]Z T:TB}l/z’
1/(T2)j = - ReAAj ,
o, = In A,

a, = l/TZA - 1w,
“A f “A 7 “reference " uk - uiulse ’

og and wﬁ have definitions apalogous to those of ay and q&, and

u, v, 1/T2A, l/TZB, 1/t,, l/TB, wy, and wp have their usual meanings

(stated in Appendix A).

For simplicity it has been assumed that ty the time interval between

the arrival of the free induction decay signal at the computer and the



beginning of data acquisition, is equal to zero.

Since the Rj are complex it is helpful to rewrite equation B-2 in

the following form:

. ) ‘ ' . - —_ 2
_ A 9 [Re Rj](TZ)j + [Im RJ.](Q wj)[(Tz)j]
f(w) = . Z . 7 5
=1 L+ (1417 = up)
' 2
2 [Im RJ.](TZ)J. - [Re Rj](w - wj)[(TZ).j]
+ 1 .Z 5 5 . (B-3)
j=1 1+ [(TZ)j] (w - wj)

The imaginary part of the frequency domain signal corresponds to the
absorption mode lineshape, but this linesﬁapé 1s not solely a
superposition of absorption curves; it also contains contributions from
dispersidn curves dﬁé to the presence of chemical exchange. '(In thé
absence of chemical éxchange Rj is pure imaginary, causing‘the imaginafy
part of f(w) to consist of two absorption curves and no dispersion.)
The 1maginary part of the signal. is made up of an absérption curve and a
dispersion centered at wy and an absorption curve and a dispersion curve
centered at Wye

Although the imaginary part of f(@) contains contributions from
both absorption énd dispersion curves, the phase of the spectrum can be
adjusted to make the imaginary part of f(w) consist of an absorption
curve and a dispersion curQe centered at W and an absorption curve oniy
at w (or vice §ersa). Phasihg of the spectrum is>accomplished by

multiplying f(w) by the function e—i¢, in which ¢ is a variable phase
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angle. The new lineshape function is then

£ (w) = f(w)e—i¢
| o . .
2 I[-(Re Rj)sin¢.+ (Im Rj)cos¢](w “ﬁ)[(Tz)j]
‘=- 21_ 5 _ 5
j=1 : 1+ [(Tz)j] (w - wj)
[(Re Rj)cos¢ + (Im Rj)sin¢](T2)j}
+ -
1+ [(Tz)j]Z (w N aﬁ)z
o 2
5 [(Re Rj)cos¢ + (Im Rj)sin¢](w wﬁ)[(Tz)j]

+ 1 -Z {- 5 5

j=1 1+ [(Tz)j] (w - uﬁ)

[(Im Rj)cos¢ - (Re Rj)sin¢](T2)j

+

. (B-4)
1+ 1107 (- wp? |

If ¢ is chosen such that tan¢ = —(Re Rz)/(Im Rz), then the‘imaginary
part of f'(m) will contain an absofption curve centered at w, but. no
dispersion curve at that location. (In practice the choice of ¢ is made
empirically.)

It will be shown that in a dilute solution in which A is the
solvent and B the solute, and in which chemical exchange is not rapid
enough to coalesce the A and B resonances, Az is given to é good

approximation by

Ay == =+ )+ e, - (B-5)



from which we obtain

T

) . v
(=) =5—+— - and w, = @ . (B-6)
22 Tag B ‘8 |

Therefore, the NMR spectrum of a dilutg solution in which the.A and B
resonances are not coalescéd may be phased to yield an absorption peak
centered at wﬁ with a hélf width.at half height equal to 1/'1'2B + I/TB.
This 1s the sought after result concerning the liqewidth of the solute
peak.

Before proving that A, = =(1/Tpp + 1/1g) + iwg for the system of
interest, the relativg sizes of the peaks at Wy and w, will briefly be
considered. The foregoing discussion applies to all pulse sequences;
even the spectrum obtained in the standard one-pulse experiment may be
phased to yield an absorption peak at wﬁ with linewidth 1/T2B + l/TB.
Thé advantagé of the two-pulse selective excitation sequence for
chemical exchange studies lies in its suppression of the solvent
resonance, thereby allowing the linewidth of the solute peak to be
measured accurately. In terms of the formalism of this appendix, the
two-pulse sequence greatly increases the ratio ofAlRZI to lR1| relative
to its value in the one-pulse experiment.

The constants R, and R, are determined from the conditions at the
end of the pulse sequence. We assume that at the end of the second
pulse the A (solvent) magnetizatioh has been returned to the z-axis of
the rotating frame, and the B.(solute)-magnetization is located in the
y-z plane of the rotating frame gnd has a transverse component of
magnitude MB’ (The orientation of the B magnetization at the end of the

second pulse has been chosen such that no x component of magnetization

179



180
exists. The lineshape function derived for this case differs only in
phase from lineshape functions corresponding to other initial X~y

orientations of the B magnétization.) The initial conditions are

.therefore
g(0) = M and | | (8-7)
g(0) = —lagMy | (B-8)

the latter obtained from the modified Bloch equations (equation A-3)

. From equation B-l we may

with & = &, + &, g,(0) =0, and g (0) = 1M,

also write

g(0) = R, + R and (B-9)

£(0) Rlll + RZAZ . : : » (B-10)

Combining equations B-7 through B-10 yields

—iMB(A2 + aB)
R, = . (B-11a)

R, = . ' (B-11b)

If there is no chemical exchange then Al = -ay and'kz = -ag, from

which it follows that Ri = 0. Thus, as would be expected, the two-pulse



spectrum contains no signal at @y in the absence of chemical exchange.
(The solvent site acquires transverse magnetization only if chemical
exchange occurs.) It can be shown that at low rates of exchange IRZI is
much greater than IRII’ meaning tha;vthe peak at W, (the sélute peak) is
fhe dominant péak in the spectrum. However, as the rate of exchange
{ncreases the ratio 'RZI/IRII decreases, and the height and area of the
sqlvent peak grow'in relation to the héight and area of the solute peak.
It will now be shown that 1, = =(1/Typ + l/TB) + iwg in the NMR
spectrum of a dilute soiution ih which chemical exchange is not rapid
enough to coalesce the A and B resonances, in whichlB,is the solute and

A the solvent. The condition of no coalescence may be stated as

' = Ww* - .1_ .1_ | -
IAwABI z 'wA mBl > —+ ‘ (B-12)
A B

(the one-pulse NMR spectrum of a two site system contains only a single

maximum when inequality B-12 is false, hence the reference to

coalescence), and the meaning of "dilute solution” is [B] << [A], which

is equivalent to

R (B-13)
B A

The condition of no coalescence is appropriate for the two-pulse

sequence, because if l/rA + I/TB were larger than or on the order of

Aw,, then the A and B magnetizations would remain together, rather than

AB

move apart, during the interval between the two pulses, the second pulse

would return both magnetization vectors ‘to the z-axis, and both the

solvent peak and the solute peak would be suppressed. For all cases of

181



182

interest, therefore, inequality B-12 is true.
To derive the limiting expression for Az it is helpful to separate

the exact expression for Aj into its real and imagihary pérts:28'53

2,1/2

) 2
- d 2A 2B
W+ oW . .20 2.1/2
Ia A, - “B (-1yI (&7 + ; 61/2 (B-15)
where
1,1 1.2 1 1 2
G = = )+ Aw, )T,
4 TZA TZB HKIB 4 AB
1,1
Ho= - b - ey
2 T2A T2B AB
1 1 1 1 1 1
T =g+t =, — =g +t—,
Toa Toa Ta 8 Tz B
buyg T YT T 9 T gy

= c2 + ab _ (B-16)

or in the form



2 2 1,1 1 42 1 1 2 12
R R R R LURO D B oy (TR
’ ' 2A 2B AB : AB
= a% - bf
where A
a= (Tl - tl )2 ? b= Tlr ’ £ - (AQAB)Z ’
2A 2B AB »
1,1 1 32 1 1 2
4 TZA TZB tATB 4 AB
=i s e Ay L 2
2A 2B AB

Equation B-16 is used in the derivation of -Re Ags B-17 in the

derivation of Im Aj.

The Limiting Form of -Re AZ

Starting from equation B-16, we obtain

1/2 2

2 + u?) (2 +apyl/?

+ ﬂ)l/z

2
c

=»c(1

[}

i + G)E) - GPEIEY + @PRIGHE) - ..

2.2 - 3.3
¢+ ) - GPGNEF) + GPRIGHES) - ..
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(The square root of 1 + ab/c2 has been expanded in a Taylor series.)

Using the fact that G + ¢ = a/2, we next write

G + (G2 +H2)1/2 ’
2

Sre. HE - MEDER) - BIGEDED) - )

T2 QEDE)  PREDER - -k (B-19)

The square root of the above quantity is expanded in a Taylor series:

LG+ (c%+ H2>1/2}1/z
{ 2
al/? : 172,01 1.2 . (1y2/3y,1 4 3
-2 e G- QPR GRAE - ), (3-20)
where
-2 - Qe s BREE - . (8-21)

Finally, we arrive at the expression for -Re AZ:

, o2 s 2y1/2
I o Bl e
L a2 Iyl v 2 . dy3vl 3 Ly 3y,5y,1 14
= T x - GIGTk + GGG - GGG Gk + ...}
S it e DA - . G
Tog A e 27421 27427431 vt :
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Equation B-22 is exact.
The right side of equation B-22 reduces to I/TZB (to a good

approximation) if

1/2

x €1 and

% x << 1. (B-23)

1/'r2B

The conditions of B-23 are equivalent to

ab

—E-< 1 and <1 and

c /1

K1, (B-24)

olo

We now examine the conditions of validity of each of the inequalities of

B-24.

n

Starting from the definition of ab/cz, we have

2A 2B A'B
ab _
2
(o] {_l_(l _ 1)2_ 1 +—(Aw )2 }2
4 T2A TZB tATB 4 AB
1
A8
= . (B-ZS)
{ %(A“k8)2 - TIT }2
AB +L(l _ 1)2__1_(1 )+l(Aw )2
(rl __;L_)Z 16 TZA TZB 2 TATB 8 AB
2A 2B

The right side of equation B-25 has in it three quantities which can
vary independently: 1/(7,7g), (AQAB)Z, and (l/T2A - I/TZB)Z. We wish to
show that ab/c2 is no greater than ! under the conditions given by

inequalities B-12 and B-13. We proceed by finding the value of
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(1/1'2A - I/TZB)2 which causes the right side of equation B-25 to take
its maximum value (with respect to [1/79, - 1/123]2),'then finding the
relationship between 1/(7,1tg) and (AwAB)2 necessary to make this maximum
value no greater than 1. The right side of equafion B-25 is at a -

maximum with respect to (1/‘r2A - 1/T2B)2 when

(?1_. - .T_l_)z = 4'Z(Aw y2 - | » ' ' (B-26)
2a 28 A ATB |

in which case equation B-25 becomes

5 _ A'B ,
(B2 = - . (B-27)
1 2 1,1 1 2 1,1
H(dw, )7 - = ) |+ Haw, ) - = )
l 8 TATB ' 8 AB 2 T, Tg

According to equation B-27 the maximum value of ab/c2 is infinite 1if
(AQAB)Z < 4[1/(TATB)]. The quantity ab/c? will be less than or equal to

one for all values of (1/1’2A - I/TZB)2 only if

2 1
(Aw, )™ > 8 . (B-28)
AB TATB -

Inequality B-28 is met by the combination of inequalities B-12 and B-13,
which are true for the system under consideration.
We next determine whether b/c is less than or equal to one. - THe

quantity b/c is given by



&

o |o

= , (B-29)

(Tl - Tl )2 -t %<AQAB)
2A 2B AB

1
&

and reaches a local maximum with respect to (1/T1,, - l/TZB)2 when the
latter quantity 1s equal to either zero orié/(fATB) -~ (AQAB)Z. The
restrictions imﬁosed in making ab/c2 less than or equal to one have
already excluded po#itive values of 4/(TATB) - (AwAB)Z. We therefore
limit our consideration to the local maximum at which (1/‘r2A - I/TZB)2

is equal to zero. This glves

1
. | TA g
(=) - . : (B-30)
¢ ‘max 1 2 1 _
HAw, )" -
4 AB TATB

From equation B-30 it is seen that the ratio b/c is less than or equal

to one if inequality B-28 is true,

: ) a1/2 b
'I_‘he quantity 7 < may be written
I/TZB '
. 1
a2y | A'B _
% P ” ' » (B-31)
l/r213 | ) %—(Aw )2 _ 1 v
AB T, T
1 1,1 1 A'B
2B 2A 2B T T T
2A 2B

and 1{s at a maximum with respect to (I/TZA - I/TZB) when
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R e
2A 2B A'B
which yields
., | 1
L al’2 g  Ta'B .
% e, © hnax = - 1 2 1y /2 (5
28 2(z=){ (aw, )* - 4(=—=) }'
T8 AB T, T3
Because 1/T,p = 1/TZB + 1/t we may write
1
L a2 - A |
' 4 E-lmax < * (B-34)
1/t 4 1 1/2
2B 2(8w, ) {1 - ()1

(AwAB)Z a8

Since we are interested in situations in which inequality B-28 is true,
(i.e. in which ab/c2 and b/c are less than or equal to 1) we may

substitute inequality B-28 into equation B-34 to obtain

1/2 A
| 4 b | & — (B-35)
4 1/T23 ¢ 'max zl/Z(A )
| “AB
Therefore
1/2
| 22—2 ) 1 s
4 1/t c :
' 2B
(AwAB)2 >8 L _ and -l¥'<< 21/2(Aw e ‘ (B-36)
KATB 4 E& AB
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We may summarize our results byjsaying that

1 ) 1/2 1

9 .
if (AQAB) > 8-T 7 and 2 g (AQAB) >>-;— _ (B-37)
AB A

then to a good approximation
D S , ' -

2B B

The inequalities in B-37vare sufficient requirements for the validity of
equation B-38, and are met by the conditions which hold for the

two-pulse spectrum of a dilute solution, inequalities B-12 and B-13.

The Limiting'Form of Im_A1

We expahd the right side of equation B-15 by following a procedure
similar to that used in the expansion of tﬁe right side of equation
B-14, the difference being that we start with G2 + H2 in the form given

by equation B-17. This procedure yields

» .

w

A% G - 1 - APy - AR - )

+
Im Aj 5

where

+ (%J(%)(%J({T)(Z—if + ol
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and the quantitieé b, d, and f have the meanings given in equatioﬁ
B-17. Since f1/2 = Awyp, equation B-40 yields the following exact

expressions for Im Al and Im AZ:

I@ A =wy -z, : A (B-41).
Im AZ = + z , | | (B-42)
where

Aw ' ' .
M (%) Ly (%)(%)(;_!)ﬁ + BRIBIGN + ) B

and y is given by equation B—4d.

It will be shown that z (which is equal to zero in the'absence of
chemical exchange) 1is small in compafison to IAQABI under the conditions
given in B-12 and B-13. Since IAwAB' = wg in the two-pulse ‘experiment,
Im AZ is given to a good approximation by wﬁ. The correction term z is
not necessarily small coﬁpared to wg becaﬁse the latter quantity is a
frequency of precession in the fotating frame, not the laboratory
frame. Since the pulse frequency is.chosen to be near w, the quantity
w& is nearly equal to éero. Depending upon the application it may or
may not be acceptable to neglect the correction term. However, in the
case of the two-pﬁlse experiment the important point seems to be whether
z 1s significant in comparison to AwAB, thereby producing a noticeable
change in the position of one peak relative to the other.

The ratio z/AmAB is given by



oo QG+ PRIGHY + BRIGIG ¢ b, (-0

and is much less than one if

1b '
— <1 and 7 d <1 . (B-45)

From the definitions of b, d, and f it is easy to show that bf/d2 is

always less than or equal to one. The quantity b/4d may be written as

1
T, T
1 b A'B
- . (B-46)
el s
2A 2B AB

The maximum value of b/4d with réspect to (l/rZA - 1/1'28)2 is

b _ ' | _
E) = . (B-47)

Comparison of equation B-47 with inequalities B-12 and B-13 shows that
under conditions of a dilute solution in which the A and B resonances
are not coalesced, b/4d is much less than 1. We have thus shown that

‘under these conditions z/A“hB is much less than 1, and therefore

w = Im A, = - and - .
2 2 B if inequalities
) (B-48)
B-~12 and B-13 true
wl - w2 = Im Al - Im Xz = AwAB .
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Appendix C: ExperimentallData

This appendix contains the data obtained from 175 nMr spectra. All
spectra except those of solution -4 were acquired at an rf frequency of
27.377 MHz. The spectra of solution 4 were acquired at 24.416 MHz. The

symbols used in the tables of data have the following meanings:

*
(%TJH 0 the measured half width at half height of the water peak.
2 2 .
The measured value includes broadening arising from magnetic
"field inhomogeneity.
*
GL—) the measured half width at half height of the S(IV)
T2 S(1IV)

A peak. This quantity was measured in spectra in which only
one S(IV) peak appeared. It includes broadening arising
from magnetic field inhomogeneity.

(TI)H o = the longitudinal relaxation time of the oxygen-17 in the
2

water of the solution.

AvS(IV),HZO the spectral frequency of the S(IV) peak minus the
spectral frequency of the water peak of the same
solution. This quantity was measured in spectra in

which only one S(IV) peak appeared.'



. Table C-1

Experimental Data: 1 m NaCl Solution

solution composition: 0.1749 g NaCl, 3.00 ml Hy0

measured pH = 2.46 (pH adjusted with HCl)

.
T (%2—),{20 | (;—IJHZO
°c) (sec-1 (sec-'l)
1.7 292 289.2 * 0.2
8.0 236 232.6 + 0.2
14.5 195 190.8 * 0.2
21.6 160 157.2 % 0.1
28.9 134 130.9 £ 0.2
38.3 109 106.6 * 0.1
47.7 91 88.5 * 0.1
57,1 77 74.6 + 0.1
66.5 66 63.8 * 0.1
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Table C-2

Experimental Data: Solution 4

solution composition: 5.0018 g Na;5,05, enough Hy0 to make total volume

11.3 ml
measured pH = 4.50

T 6%;);20 ' v&%;);(lv)

(°c) (secél) (sec-l)

-15 | 2630 % 10 4184 * 87

-10 2023 * 13 3380 * 130
-5 1497 * 7 2692 * 75
0 1264 * 8 2350 * 100
5 1116 £ 5 2240 * 72
10 - 1072 £ 7 2220 * 110
15 1082 £ 5 2596 * 103
20 | 1136 * 4 2999 * 96
25 1237 + 7 . 3630 * 230
30 1401 8 4100 * 270
35 1581 * 8 4890 * 290
40 1915 * 13 6430 * 570
50 . 2441 * 18 9350 * 1020
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Experimental Data: Solution E

Table C-3

solution composition: 0.0567 g Na,5,05, 0.1395 g NaCl, 3.00 ml H,0

measured pH = 3.00 (pH adjusted with 6M HCl)

67.8

41

| | . -

T C%;)HZO f%;)gzo &%;);(IV) | A"s(IV),Hzo
(°c) _(sec-l) (sec ) (sec ) (Hz)

3.7 414.7 % 0.6 268.5 * 0.2 510 £8 4781
10.6 361.9 ¢ 0.6 214.4 0.1 549 * 8 4777
15.2 335.5 t 0.6 193.4 % 0.3 587 £ 7 4791
20.0 304.1 * 0.6 167.4 0.1 636 * 7 4795
25.0 274.6 * 0.6 147.2 * 0.1 708 + 8 4803
29.5 252.6 * 0.6 131.0 * 0.1 773 * 14 4811
34,1 232.5 * 0.6 119.8 * 0.2 842 * 9 4831

38,9 215.5 * 0.6 105.6 * 0.2 945 * 16 4824
43.7 200.4 * 0.4 94.9 * 0.1 1013 ¢ 11 4848
50.4 183.5 * 0.4 83.0 * 0.2 1155 * 14 4858
58.2 167.8 * 0.4 71.0 * 0.4 1337 t 25 4851

157.1 % 0.3 61.5 ¢ 0.1 1571 * 4877
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Table C-4

Experimentai Data: Solution F

solution composition: 0.0570 g Na,5,0s, 0.1407 g NaCl, 3.00 ml HZOV

measured pH = 3.52 (pH adjusted with 6M HC1)

*

1 *

T ('11;)1{20 (%‘_1-)1-{20 ("T'z')s( V) Vs (1) JH,0
(°c) (sec™h) (sec™h) (sec™h) (Hz)
4.3 349.4 * 0.1 261.5 % 0.1 -— 4817
17.6 290.3 * 0.1 174.3 * 0.3 738 ¢ 11 4808
24.7 272.1 £ 0.1 147.2 + 0.2 846 + 13 4823
29.3 259.6 * 0.1 133.5 * 0.1 953 * 14 4834
34.0 249.4 0.1  120.2 * 0.6 1069 * 16 4838
38.6 241.9 * 0.1 106.3 * 0.2 1179 + 22 4840
43.5 235.0 * 0.1 96.0 * 0.5 1312 * 16 4866
50.1 224.9 * 0.1 83.7 * 0.3 1555 # 29 4880
57.8 214.3 £ 0.1 72.8 £ 0.3 1875 t 35 4879
67.7 203.6 * 0.1 60.5 * 0.5 2268 * 51 4908
75.4 194.8 * 0.1 54,0 * 0.5 2826 * 75 4924

196



el

-

solution composition: 0.0574 g Na,8,0sg, 0.1387 g NaCl, 3.00 ml H,0

Table C-5

Experimental Data:

Solution I

measured pH = 4.44 - (pH adjusted with 6M NaOH)

1

*

T (‘g)uzo (;.—I)HZO
(°c) (sec™h) (sec™)
2.8 294;1 t 1.1 280.4 £ 0.1
8.9 243.2 + 0.9 226.7 * 0.1
14.6 213.6 + 0.9 196.3 * 0.2
19.4 194.8 * 0.3 170.4 * 0.1
24,4 177.2 * 0.5 148.8 * 0.1
29.3 165.9 * 0.8 131.0 * 0.1
36.9 153.3 £ 0.6 110.5 * 0.1
44;4 145.8 + 0.7 95.1 *+ 0.1
52.0 142.6 * 0.5 82.3 % 0.1
60.1 141.4 * 0.4 70.2 % 0.1
68.3 + 0.5 62.8 * 0.1

' 142.0

197



Experimental Data:

Table C-6

Solution J

solution composition: 0.0573 g Na,§,05, 0.1379 g NaCl, 3.00 ml H,y0

measured pH = 4.98

(pH adjusted with NaOH)

* %* .

T G%;)HZO (%;)HZO f%;)s(rv) AvS(IV),HZO
(°c) (sec-l) (sec-l) (sec-l) (Hz)
2.7 292.8 * 0.8 281.8 * 0.1 1128 * 8 5286

8.7 240.0 * 0.7 229.0 * 0.1 1176 * 6 5284
15,2 201.1 * 0.6 188.4 * 0.1 1262 * 5 5283
22.2 169.0 * 0.4 154.8 * 0.1 1385 * 6 5292
28.7 148.3 * 0.4 133.5 * 0.2 1532 *+ 9 5285
36.1 130.7 * 0.3 111.6 £ 0.1 1730 * 10 5285
43.9 118.8 * 0.4 95.4 * 0.1 2020 % 15 5283
51.6 110.0 * 0.4 82.4 * 0.1 2322 £ 20 5287
60.1 104.3 * 0.4 70.9 * 0.1 2752 + 20 5295
67.8 101.2 * 0.4 62.5 + 0.1 3201 * 47 5292
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solution composition: 0.0565 g Na,5,05, 0.1398 g NaCl, 3.00 ml H,y0

measured pH = 4.07

Experimental Data: Solution K

Table C-~7

*

T 0

(°c) (sec )
2.2 313.5 £ 0.4
8.2 262.6 * 0.3
14.3 230.0 * 0.4
) 22.6 203.6 * 0.4
- 29.9 188.5 * 0.4
37.3 181.0 * 0.3
44.9 176.6 0.4
55.4 174.7 £ 0.4
65.1 171.5 *.0.6

I+
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Experimental Data: Solution L

solution composition: 0.0579 g Na28205, 0.1401 g NaCl, 3.00 ml H,0

measured pH = 4.58 (pH adjusted with 6M NaOH and 6M HCl)

Table C-8

' (%;);20
°c) (sec™h)
1.4 302.8 * 0.6
8.0 247.6 * 0.4
14.4 209.9 0.4
22.3 177.8 * 0.4
22.4 179.1 0.3
29.7 157.7 £ 0.3
37.4 145.1 * 0.3
44.9 136.3 £ 0.3
52.6 131.9 * 0.3
62.1 130.7 *

0.4
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Table C-9

Experimental Data: Solution Q

solution composition: 0.0287 g Na,S,0g, 0.1572 g NaCl, 3.00 ml H,0

measured pH = 2.58 * (pH adjusted with 6M HCl)

%* %
T (%Z—JHZO (tlr_z')s( Iv) AVs(1v) JH,0
°c) (sec™D) (sec™h) (Hz)
0.6 368.2 * 0.6 455 t 11 4763
7.3 295.9 * 0.6 - 493 £ 9 4776
13.8 _243.8 £ 0.5 549 * 10 4785
21.3 ©200.4 £ 0.5 607 *12 4795
21.4 206.1 + 0.5 622 % 14 4802
29.0 166.5 + 0.4 699 %20 4804
36.9 1461.4 0.4 749 t 12 4823
44,5 122.5 * 0.4 886 * 16 4835
52.4. 108.1 * 0.4 1031 * 24 4857
60.0 96.8 * 0.4 1168 * 38 4878
£0.8 1336 * 47

A+

67.4 : 88.0

4856
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Experimental Data: Solution R

Table C-10

solution composition: 0.0289 g Na28205, 0.1579 g NaCl, 3.00 ml H,0

. measured pH = 3.01

(pH adjusted with 6M HC1)

*

T G%;)HZO G%;JS(IV) A"s(IV),Hzo
(°c) (sec ) (sec-l) (Hz)
1.1 372.6 * 0.6 472 6 4778
7.8 317.3 £ 0.5 499 t 8 4784
14.3 272.1 * 0.6 552 + 8 4796
21.6 231.8 * 0.6 635 * 10 4806
21.7 234.4 % 0.8 630 + 11 4805
29.1 199.2 0.5 711 * 13 4815
36.7 172.8 £ 0.5 821 ¢ 27 4820
44.5 151.4 * 0.4 941 * 45 4839
52.1 136.3 * 0.3 1095 £ 21 4848
59.7 125.7 £ 0.5 1213 * 28 4870
67.3 115.6 * 0.6 1352 * 40 4883
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Table C-11

Experimental Data: Solution S

solution composition: 0.1301 g Na,S,05, 0.0939 g NaCl, 3.00 ml H,O

measured pH = 3.02 (pH adjusted with 6M HC1)

* *
T (;—Z)HZO (%;) SCIV) Vg (1v) JH0
(°c) : (sec ) (sec-l) (Hz)
1.1 639.6 * 1.4 532 * 6 4735
7.7 580.6 * 1.1 587 + 3 4734
13.9 526.5 * 1.3 664 * 3 4749
21.4 471.9 * 1.1 775 * 4 4756
21.9 481.3 t 1.4 - 798 + 6 4751
29.3 415.3 £ 1.6 908 * 5 4762
36.9 371.3 % 1.2 1069 * 8 4760
44,6 L 34204 % 1.1 1304 £ 7 4781
52.3 321.1 % 1.2 1578 t 28 4785
60.1 ©304.1 £ 0.9 1942 25 © 4806
+0.9 2410 *

67.7 294.1 44 4834
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Experimental Data: Solution T

‘Table C-12

solution composition: 0.1280 g Na,$,0g, 0.0879 g NaCl, 3.00 ml H,0

measured pH = 4,97

(pH adjusted with 6M NaOH)

* *

T G%;)HZO C%;)S(IV) A"s(IV),Hzo
°c) (sec-l) (sec ) (Hz)
1.1 320.4 * 0.7 1019 ¢ 5 5236
7.5 261.4 * 0.6 1037 2 5240
14.1 218.7 % 0.4 1114 * 3 5258
21.9 184.7 £ 0.6 1278 = 3 5260
22.0 187.2 * 0.9 1270 * 2 5261
29.4 1170.9 % 0.8 1505 * 7 5258
37.0 157.7 * 0.6 1814 * 15 5269
44.9 153.3 % 0.9 2187 * 24 5265
52.5 146.4 * 0.5 2675 * 16 5289
1 60.2 150.2 % 0.4 3268 * 55 5280
67.8 157.7 + d.s 3986 + 41 5294
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Table C=13

Experimental Data: Solution U

solution composition: 0.0930 g NaZSZOS’ 0.1170 g NaCl, 3.00 ml H,0

measured pH = 3.01 (pH adjusted with 6M HC1)

* %*
T ('_i"z‘)uzo | (';'1')520 (;_2) S(IV) Vs 1y ,H‘éo
(°c) - (sec™h) o (sec™hH (sec™h) (Hz)
0.8  536.6 1.0 303.2 % 0.3 501 * 4 4758
8.1 478.8 ¢ 1.0 242.1 * 0.1 550 5 4760
14.5 430.4 % 1.5 197.0 * 0.3 621 * 6 4772
21.0 377.6 £ 1.1 — 711 + 8 4771
21.5 —— — 723 ¢ 16 -
29.1 331.8 * 0.9 132.0 * 0.1 838 t 8 4782
36.8 295.9 % 1.1 111.9 * 0.2 974 * 13 4791
44.6 282.1 % 2.9 —- 1118 * 23 4794
52,5 245.7 * 1.1 81.9 * 0.2 1304 £ 45 4812
60.4 230.0 * 0.9 71.6 £ 0.1 1600 * 46 4830
68.0  217.4 £0.6  63.2 % 0.1 1930 # 110 4839
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‘VTable c-14

Experimental Data: Solution V

solution composition: 0.0932 g NaZSZOS; 0.1156 g NaCl, 3.00 ml Hy0

measured pH = 5.00 (pH adjusted with 6M NaOH and 6M HCl)

* *
T G%;)HZO | '(%;)s(lv) A"s(Iv),Hzo
(°c) (secflj ~ (sec V) (Hz)
0.4 | 314.9 * 0.6 1020 * 3 5261
7.0 255.2 * 0.6 1024 £ 7 5266
14.0 211.9 * 0.4 1076 +.7 5267
21.4 179.0 * 0.4 1197 * 6 5267
29.2 ©156.0 £0.5 1384 + 9 5271
36.9 140.0 * 0.4 | 16461 * 14 5276
44.7 130.1 * 0.7 1956 * 39 5268
. 52.5 ‘ 124.7 % 0.7 2383 £ 55 5305
60.5 123.0 * 0.6 2843 * 63 5299

i+

0.7 3220

A+

68.2 124.7 200 5293
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CAPTIONS FOR FIGURES

Calculated NMR lineshapes showing thé effect of chemigal
exchange of the observgdAnucleus between two equally |
populated sites A and B. .Thg naturai linewidths of the two
peaks, 1/T-2A and I/TZB, are each equal toklmA - w3|/15.6,
where wa and_ah are the precessional ffequencies of the
nuclei in sites A and B, respectively. The quantity 1/1 is
the pseudo first order rate constant .for exchange of nuclei

from one site to the other.

Compositions of the sodium bisulfite solutions upon which
the 170 NMR experiments were performed. The values on the
abscissa are numbers read from a pH meter which was

connected to the pH electrode iﬁmersed in each solution at

room temperature.

Traces of a portion of thé.170 NMR spectrum éf'sodium
bisulfite solutions of various acidities, showing how the
number of peaks in the spectrum as well as the widths and
chemical shifts of the peaks are dependent upon the pH of
the solution. The S(IV) concentraﬁion of each solution was
0.20 moles of S(IV) per 55.5 moles of H,0, and the
temperature of each solutiqn was between 4 and 10°C. The
term "pH" refers to the common logarithﬁ of the reciprocal

of the room temperature activity of hydrogen ion as
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Figure 4
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Figure 5

p.
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measured by a pH meter. The 179 spectra were recorded at a

radio frequency 6f.27.377 MHz using the two-pulse sequence
described in the Experimental Procedure section. The
chemical shift scale was chosen so that the water peak in
the one-pulse spectrum of each solution.had a chemical.
shift of zero. Downfield shifts are positive. The

vertical expansion is not the same for different traces.

Traces of a portion of the l70'NMR spectrum of a sodium
bisulfite solution of [S(IV)] = 0.201 m and for which the
room temperéture PH meter reading_was 4,44, showing how the
peaks broadened as.the temperature was raised. The 174
spectra Qere recorded at a radio frequency of 27.377 MHz
using the two-pulse sequence described in the Experimental

Procedure section, and the chemical shift scale was chosen

- so that the water peak in the one-pulse spectrum at each

temperature had a chemical shift of zero. Downfield shifts
are positive. The vertical expansion is not the same for

different traces.

Temperature dépendence of the difference between 1/T2* and
1/T, of the 170 in the water of sodium bisulfite solutions
of [S(IV)] = 0.20 ﬁ and various concentrations of H'.
(I/TZ)*HZO is the measured half width at half height of the
water peak, and includes broadening due to magnetic field
inhomogeneity (estimated to be 0.5 * 0.1 Hz). The term pH

refers to the common logarithm of the reciprocal of the

'



Figure 6

pp. 39-41

Figure 7

pp. 45-47

Figure 8

pp.. 50-53

room temperature activity of hydrogen ion as measured by a

pH meter.

Dependénce of the half width at half height of ghe
bisulfite peak at 175 ppm upon the concentration ¢f
S(IV). Data at each temperature were obtained from the
Same‘set of four sodium bisulfite solutions. At 25°C the
fonic strength of eachvsolution was 1.0 m, and the activity
4t:

of H' as measured by a pH meter ranged from 9.6x10" o

1.00x1073 m.

Dependence of the half width at half height of the
bisulfite peak ldcated at 175 ppm upon the concentration of

S(1IV) divided by the room temperature activity of H*. Data

~at each temperature were obtained from the same set of six

sodium bisulfite solutions. (At the lowest temperature
data were obtained from only five of the six solut;ons.)

At 25°C the ionic strength of each solution was 1.0 m, and
the common logarithm of the ac,tivitybf-H+ as measured by a
pH meter was -2.58, -3.01, -3.,00, -3.01, -3.02, aﬁd -3.52
for the solutions having abscissa values of 0.038, 0.103,

0.199, 0.334, 0.447, and 0.662, respectively.

Dependence of the half width at half height of the

‘bisulfite peak located at 175 ppm upon the concentration of

8032—. Data at each temperature were obtained from the

same set of six'sodium bisulfite solutions. (At the lowest

209



Figure 9

po

Figure 10

Pe

70
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temperafure data were obtained from only five of the six
solutions.) At 25°C the ionic strength of each solution
was 1.0 m, and the common logarithm of the activity of gt
as measured by a pH meter was, in order of increasing
abscissa value, -2.58, -3.01, -3.00, -3.01, -3.02, and
-3.52. The solid symbols and error bafs represent the
experimental data. Also shown (as open symbols) are poihts
obtained from the weighted linear least squares fit of the

data to the function (1/T2)175 = N* + Q‘[SO32—] + R[SHO3-].

Arrhenius plot of Q. The ordinate values were obtained

from the weighted linear least'squares fitting of the data

-of Figure 7 to the function (1/T2)175 = N* + Q‘[SO32_] +

R[SHO3—], where (1/T,),y5 is the half width at half height
of the peak located at 175 ppm in the oxygen-17 NMR spectra

of the bisulfite solutions. The straight line represents

_the weighted linear least squares fit of the points.

‘The logarithm of R plotted Qersus‘the reciprocal of the
absolute temperature. The ordinate values were obtained
from the weighted linear least squares f;tting_of the data
of Figure 7 to the function (1/T,);75 = N +_Q‘[so32‘} +
R[SHO47 ], where'(1/T2)175'1s the half width at half height
of the peak located at 175 ppm in the oxygen-17 NMR spectra
of the bisulfite solutions. The points at the two highest

temperatures have negative values of R, and therefore have

‘no loci on the semilog plot. However, the corresponding
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error bars extend to posi;ivé values of R, as shown. The
straight line represents the weighted linear least squares

fit of the eight highest temperature points.

Figure 11 The logarithm of {1/T2(175) + N} piotted as a function of

p. 72 the reciprocal of the absolute temperature. The quantity
1/T2(175) is the natural linewidth of the peak lbcated at
175 ppm in the 170 NMR spectra of the bisulfite
solutions. The quantity N is that term in the pseudo first
order rate constant for oxygen exchange out of the 175 ppm
environment which is independent of both pH and S(IV)
concentration. The ordinate values were obtgined from the
weighted linear 1eaét squares fitting of the data of Figure
7 to the function (1/T2)175 = N° + Q'[SO32_] +FR[SHO3-],
where (1/'1'2)175 1s the half width at half height of the

‘peak at 175 ppm, and N” is equal to 1/Ty( 75y + N.

Figure 12 Values of l/T1 of the 170 in water as a function qf the

p. 73 _ reciprocal of the absolute temperature for several
bisulfite solutions. The total concentration of S(IV)
ranged from 0.20 to 0.33 m, and :he pH rénged from 3 to
5. Enough NaCl was pfesént in eaéh solution to bring the

ionic strength up to 1.0 m.

Figure 13 Temperature dependence of the equilibrium quotient for the
p. 81 reaction (SHO3-)175 = (SHO3-)195, where the subscripts 175

and 195 identify the two isomers of bisulfite ion by their
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Figure 15

P

86

99

_ 212
179 NMR chemical shifts (in ppm) relative to water. The 
equilibrium q@otient was determined at an ionic strength of
1.0 m for S(IV)iconcentrations‘of 0.20 and 0.45 m. The

straight line represents the linear least squares fit of

" the data.

Values of thé quantity N + 1/T2(175> -~0‘302(1/T1)H20 as a
function of the absolute temperature. The ordinate values
are assumed to be equal to N. The straight line represents
the least squares fit of these points, and was obtained
through a weightéd‘honlinear least squares computer
analysis of the data of Figﬁre 11, as explained in the

text.

The temperature dependence of the exact chemical shift of
tﬁe peak located at ca. 175 ppm downfield from the water
peak in the 170 NMR spectra of two sodium bisulfite
solutions of pH 3. The chemical shift values are given
relative to the éhift of'ﬁhe water peak. The spectra were
recorded at a radio frequency of 27.377 MHz. The
compositidns of the two solutions were [S(IV)] = 0.199 m,
pH = 3.00, u = 1.00 m; énd [S(IV)] = 0.456 m, pH = 3.02, ¢4
= 1.04 m, where "pH" refers to thévcommon logarithm of the
reciprocal of the room temperature activity of hydrogen ion

as measured by a pH meter.



Figure 16

p. 101

Figures

17-22

PP-
105-110

"The temperature dependence of the exact chemical shift of

the peak located at ca. 193 ppm downfield from the water
peak in the l7O.NMR spectra of three sodiuﬁ bisulfite
solutions of pH 5. The chemical shift vélues are given
relative to the shift of the water peak; The spectra were
recorded at a ra&io frequency of 27.377 MHz. The
compositions of the three solutions were [S(IV)] ; 0.201 m,,
pH = 4.98, u = 1.00 m; [S(IV)] = 0.326 m, pH = 5.00, uo=
1.01 m; and [S(IV)] = 0.449 m, pH = 4.97, u = 0.99 m, where
"pH" refers to the common logarithm of the reciprocal of
the room tempefature activity of hydrogén ion as measured

by a pH meter.

The pseudo first order rate constant for exchange of 170
from the 195 ppm environment to water plotted as a function
of -1og10[H+], for six different sodium bisulfite solutions

of [S(IV)] = 0.20 m and ionic strength 1.0 m. Data

‘acquired at six different temperatures are shown in Figures

17-22. The open circles represent 1/T)gg HyO values
. >
obtained by analysis of the broadening of the water peak in

the 170 NMR spectra of the solutions. For the solution of

highest pH, 1/T195,H20 was also evaluated from the width of

the S(IV) peak located about 193 ppm downfieid from the
water peak. This datum is representgd by the solid dot.
The smooth curve in each plot repfesents the weighted
linear least squares best fit of the Hzo data to the

expression 1/1195,H20 = A+ B[H+]. The horizontal line is

213



Figure 23

Figure 24

p. 123

Figure 25

p. 148
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a plot of A vs. -loglo[H+], and the diagonal line is a plot

of B[H+] vS. —loglo[H+].

The‘logafithm of k_17 plotted as a function of the absolute
temperature; k_;y7 is the rate constant for tﬁe reaction in -
which -sulfur diOxide‘and water are formed from hydrogen ion
and the isomer of bisulfite ion which has an oxygen-~17 NMR

signal located 195 ppm downfield from that of water. The

straight line represents the weighted linear least squares

fit of the data.

The logariﬁhm of k18 plotted as a function of tﬂe absolute
temperature. k18 is the rate constant for the reaction in
which an oxygen atom is exchanged between water and the
isomer of bisulfite ion which has an oxygen-17 NMR signal
located 195 ppm downfield from that of water. The straigh;
liqe represents ﬁhe weighted linear least squares fit of

the data.

The temperature dependence of two functions:

® - the hélf_width at half.height‘of the water peak in the
170 NMR spectrum of a 4.7 M sodiuﬁ bisulfite solution.
of pH 4.5;

© -~ the half width at half height éf the water peak in the

| 175 R spectrum of the 4.7 M sodium bisulfite solution
minus 3.24 times thé longitudinal relaxation rate

- constant of 170 in the water of 0.2 m sodium bisulfite



Figure 26

p. 156

solutions. The ordinate values are assumed to be equal
to I/THZO,S(IV)’ the pseudo first order rate constant
for oxygen éxchange from water to S(IV) species{ The
straight line represents the weighted linear least

squares fit of the data.

The temperature dependence of three functions:

Q =

the half width at half height of the S(IV) peak in the

170 NMR spectrum of a 4.7 M sodium bisulfite solution

~of pH 4.5;

solid line - the pseudo first order rate constant for

oxygen exchange from the S(IV) site to water in the 4.7

M soldtion, determined from the broadening of the water

peak; -
the difference between the above two quantities. This
difference is assumed to be equal to the half width at
half height which the S(IV) peak would have in the

absence of oxygen exchange between S(IV) species and

water.
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