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Using the wave functions ¥, ¢,, and y, in eq 17 and 18, we
calculated from eq 22 the corresponding incident, reflected, and
transmitted fluxes, j, j,, and j,. The results are displayed in Figure
3. The ratios |j./ji| and |j,/ji} are, respectively, equal to the
reflection and transmission coefficients, while the absolute value
of j has little significance. It turns out, as shown in Figure 3, that
the magnitude of the particle fluxes of both (|| - |/|) and j is
the same, and is fairly constant independent of x. This is a natural
consequence of the stationary-state treatment of the free particle
motion in one dimension.

Substituting eq 21 into eq 6, the tunnel correction factors were
calculated. We are now in a position to compare the calculated

values with our experimental data,” for all the terms appearing
in eq 5 have been evaluated. As shown in Figure 4, agreement
between the calculated and experimental KIEs seems reasonable
in view of various simplifications involved in our calculations. We
have shown’ that the large theoretical values of the KIE are mainly
due to the much larger tunnel correction factors for the H* +
c-C¢H,; than for the H* + ¢-C¢D, reaction. It seems to us that
tunneling plays a role in the hydrogen-atom-transfer reactions with
significant activation energy.
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Rate constants for one-electron reduction of SO, by several radicals and for reduction of several compounds by SO," radicals
were determined by pulse radiolysis at pH 1. SO, is reduced by the (CH;),COH radicals with k = 2.1 X 10° M~} 57 and
by viologen radicals and certain porphyrin =-radical anions with k ~ 103-10° M~! s/, The SO," radical reduces compounds
which have reduction potentials more positive than —0.28 V. The rate constants for these reductions vary from <107 to >10°
M~ 57! and depend on the redox potentials of the compounds and on other properties such as charge and self-exchange rate.
The reduction potentials for SO, and for the porphyrins were determined by cyclic voltammetry under identical conditions.
These reduction potentials were used along with the rate constants and previously reported self-exchange rates to ~stimate
the self-exchange rate for the couple SO,/SO,* in acidic solutions. The calculated values were found to vary over many
orders of magnitude, similar to the situation reported before for the O,/0,™ couple.

Introduction

The radical SO,*~ exists in solution in equilibrium with its dimer,
the dithionite ion.!

S,0F = 280, 09

This equilibrium is shifted predominantly to the left; K, =
(0.6~1.4) X 10 M was determined from ESR measurements of
SO, concentrations at equilibrium.>* Dithionite is a reducing
agent which is frequently used to reduce metalloporphyrins,*®
other metal complexes,”!? and certain organic and biological
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compounds.!'"!3 It acts as a one-electron reducing agent pre-
dominantly via the SO,", although certain compounds were shown
to be reduced directly by S,0,% also (but with lower rate constants,
see, e.g., ref 10).

A+ SOZ.- - A+ SOZ (2)
A + $,0,5 — A" + SO, + SO, 3)

Rates of reduction by S,0,2~ were measured by spectropho-
tometry or stopped-flow techniques and the rate constants for
reaction 2 were derived from the overall kinetics and the equi-
librium constant K;. The values of k, are thus dependent on the
accuracy of K, and on the condition that ki, the rate of monom-
erization of dithionite, is not the rate-determining step. Fur-
thermore, such measurements are limited to conditions under
which S,0,% is stable, i.e. neutral and alkaline pH. To overcome
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some of these limitations we chose to study the reactions of SO,*~
produced by one-electron reduction of SO, in a pulse radiolysis
experiment.

SO, is the stable form of S(IV) in acidic solutions.

SO, + H,0 = H* + HSO;, pK, = 186!  (4)

It has been shown already!” that SO, may be reduced by the CO,”
radical with ks = 7.6 X 108 M1 57!

CO, + SO, — CO, + SO, (5)

and it is likely to be reduced by other strongly reducing radicals
as well. Therefore, it should be possible to produce SO,* by pulse
radiolysis of acidic solutions of SO, containing other appropriate
scavengers and to follow directly the subsequent reactions of SO,"
radicals before they dimerize.

In this paper we report the rate constants for reduction of SO,
by several radicals and for reduction of a number of organic
compounds and metalloporphyrins by SO,*~. The self-exchange
rate for the couple SO,/S0,*~ was calculated from the rates of
reaction with various compounds and found to be dependent on
the system studied. The redox potentials for this couple and for
the metalloporphyrins were determined by cyclic voltammetry.

Experimental Section

The materials used were of the purest grade commercially
available and were used without further purification. Sodium
bisulfite was an analytical grade reagent from Mallinckrodt.!®
The amount of S(IV) in the bisulfite was determined by dissolving
a sample in 6 M HCIO, and measuring the absorbance of SO,
at 280 nm, ¢ = 367 M~! cm™ was used.!® Formic acid was also
Mallinckrodt AR and 2-propanol was Baker Analyzed reagent.
Duroquinone (DQ) was obtained from Sigma; sodium 9,10-
anthraquinone-2-sulfonate (AQS) and p-nitroacetophenone
(PNAP) were from Aldrich; riboflavin was from Calbiochem; and
methylviologen (MV) and benzylviologen (BV) were from K&K.
The porphyrins were obtained from Midcentury Chemical Co.

The metalloporphyrins used were derived from tetrakis(4-
sulfonatophenyl)porphyrin (TSPP), tetrakis(N-methyl-4-
pyridyl)porphyrin (TMPyP), tetrakis(3-pyridyl)porphyrin (TPyP),
or tetrakis(/V,N,N-trimethyl-4-anilino)porphyrin (TAP). When
the metal centers of the porphyrins are Zn',, In"!, Sn'V, or SbY,
these compounds are known to undergo one-electron reduction
on the ligand to form metalloporphyrin #-radical anions, which
exhibit broad absorptions around 700 nm.2%?! When the metal
centers are Mn', Fe!ll, or Co'! the metalloporphyrins are reduced
on the metal to form the divalent state.??> This reduction is
accompanied by smaller changes in the absorbance of the por-
phyrins and was followed in the 550-nm range. The reduced
metalloporphyrins are more sensitive to acidic conditions and may
demetallate.?? Under our experimental conditions the de-
metallation was always much slower than the reduction.

Acid solutions were prepared in most cases with 0.1 M HCI
or HCIO, and were bubbled with ultrapure nitrogen. They were
examined by pulse radiolysis first in the absence of SO,; then the
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bubbling was replaced with a nitrogen flow above the solution and
the desired amount of solid NaHSO, was introduced into the
solution. Under these conditions the bisulfite was immediately
converted to SO, which did not escape from the solution. The
details of the pulse radiolysis apparatus, experimental conditions,
and data processing have been described before.?*

Rate constants for reduction of SO, by various radicals were
determined in most cases by following the rate of decay of the
reducing radical as a function of SO, concentration. The viologen
radicals were monitored at 600 nm and the porphyrin radical
anions at 700 nm. Reduction by the radical derived from 2-
propanol could not be followed in the same manner because of
lack of a suitable intense absorption. Therefore, the rate of this
reaction was determined by competition kinetics using AQS as
the competitor.

Rate constants for reduction of the various substrates by SO,*~
were determined by following the buildup of absorption of the
product radical as a function of substrate concentration in the
presence of excess SO,. In all cases the product formation was
monitored also in the absence of SO,, i.e. when the substrate was
reduced by the CO,*~ or the (CH,),COH radical. Reduction by
SO,*~ was found to be always slower than by the other radicals.

Cyclic voltammetric studies were made with a Rank E611
potentiostat driven by a purpose-built triangle wave generator.
A conventional three-electrode arrangement was used. The
working electrode was either a freshly polished glassy carbon
electrode or a gold foil. A Pt counter electrode was used in
conjunction with a saturated calomel reference. All solutions
contained metalloporphyrin (ca. 5 X 107 M) in water and were
thoroughly deoxygenated by purging with N,. For TMPyP
complexes, the aqueous solution also contained 2-propanocl (20%
v/v) and 0.1 M HCl. For TSPP complexes, the background
electrolyte contained 0.1 M HCl + 0.1 M HCOOH. The cyclic
voltammograms were recorded by plotting the current vs. applied
potential at different potential scan rates (in the range of 10 mV/s
to 20 V/s). The electrode surface was cleaned before each scan
and the area of the electrode was determined by oxidation of
ferrocyanide. The reproducibility of the peak potentials and
currents was within 5% of the quoted values.

Solutions of sodium bisulfite were made by adding weighed
amounts of solid material to N, purged aqueous solutions con-
taining 0.1 M HCl + 20% 2-propanol. The N, stream was stopped
upon addition of the solid to prevent removal of SO,. In order
to keep atmospheric oxygen out of the system the electrolysis cell
was maintained in a small glove box under an atmosphere of N,.
The concentration of NaHSO; was ca. 10 M. For these ex-
periments a glassy carbon working electrode was used.

Results and Discussion

Reduction of SO,. The SO,*~ radical in acidic solutions was
produced either by reaction 5 under conditions similar to those
described before!’ or by reaction with the 2-hydroxy-2-propyl
radical

(CH,),COH + SO, — (CH;),CO + H* + SO," (6)

Pulse radiolysis of acidic solutions of 2-propanol is known to
yield predominantly the (CH;),COH radical. The rate constant
for reaction 6 was measured by competition with the reduction
of AQS, reaction 7, since direct measurement by following the
absorbance of either (CH,),COH or SO,*" is practically impos-
sible.

(CH;),COH + AQS — (CH;),CO + H* + AQS*™ (7)
AQS'— +H* = AQSH' (pKa =3.2) (8)

By following the yield and the kinetics of formation of AQSH*
at 400 nm at various [AQS] in the absence and in the presence
of varying concentrations of SO, we derived k, = 3.1 X 10° and
ke=2.1x10° ML

(24) Neta, P.; Huie, R. E. J. Phys. Chem. 1985, 89, 1783.
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TABLE I: Rate Constants for Reduction of SO, and Redox
Potentials of the Reducing Radicals

Neta et al.

TABLE II: Rate Constants for Reduction of Various Compounds by
S0,'~ and Electrochemical Results on These Compounds

reducing radical k, Mgt E', Vvys. NHE
(CH,),COH 2.1 X 10° -1.2¢
MV 1.2 x 10° -0.45%
BV*+ 5 x 108 -0.38%
ZnTMPyP*** 8 X 108 —0.69¢
InTMPyP*+* 2 % 108 -0.51¢

9Lilie, J.; Beck, G.; Henglein, A. Ber. Bunsen-Ges. Phys. Chem.
1971, 75, 458. ®Michaelis, L.; Hill, E. S. J. Gen. Physiol. 1933, 16,
859. Steckham, E.; Kuwana, T. Ber. Bunsen-Ges. Phys. Chem. 1974,
78, 253. ¢Reference 20.

8

pH

Figure 1. Effect of pH on the rate of reduction of SO,/HSO;™ (6 X 107
M) by MV**,

It should be pointed out that the SO,*" formed by reaction 6
in competition with reaction 7 subsequently reduces AQS

SO, + AQS — SO, + AQS*- 9)

but the rate constant for this reaction is about 25 times lower than
k5 (see below) so that the two processes were completely resolved.

The rate constants for reduction of SO, by the viologen radicals
and two metalloporphyrin w-radical anions were measured by
following the decay of these radicals as a function of [SO,]. The
results are presented in Table I. Reduction of SO, by the me-
thylviologen radical takes place with a nearly diffusion-controlled
rate constant, 1.2 X 10° M1 ¢!

MV** + SO, — MV?* + SO, (10)

The rate constant for the benzylviologen is slightly lower, in
accordance with the lower driving force of its reaction with SO,.
The rate constant for the reaction of MV** was found to be
strongly pH dependent (Figure 1) due to the acid-base equilibrium
4, i.e. MV** reduces SO, but does not reduce HSO;™.

MV** + HSO; + H* = MV?* + S0O,~ + H,0 (l1)

Equilibrium 11 lies predominantly to the left due to the higher
redox potential of HSO;™ as compared with SO,. Experimentally,
however, it was found?’ to be drawn to the right as a result of the
dimerization of SO,*~ to S,04".

From kg for MV** and BV** and from the redox potentials
of these radicals (Table I) and the redox potential of SO,/SO,*"
we calculate the rate constants for the reverse reactions, i.e. for
reduction of the viologens by SO,*~, of 1.2 X 10% and 1.4 X 107
M1 57!, respectively. The corresponding values measured by the
dithionite stopped-flow experiments in neutral solutions are
somewhat higher, 9 X 10% and 9 X 107 M~! 57!, respectively.'?

The two metalloporphyrin #-radical anions, formed by reduction
of Zn- and INTMPyP, reduce SO, with rate constants that increase
with the driving force, as is the case with the viologen radicals.
But the absolute values for the porphyrins are not higher than

(25) Mayhew, S. G.; Abels, R; Platenkamp, R. Biochem. Biophys. Res.
Commun. 1977, 77, 1397.

k El,a D,b k¢

compound M1l Vvs, NHE 10%cem?s? 107 cm s
PNAP 2.6 X 107 -0.2524
AQS 1.3 X 108 -0.240¢
riboflavin 40 x 108 -0.138¢
DQ 1.4 x 10° 0.004¢
IrCl* 1.1 x10° 0.89
MnlITSPP*- <107 -0.19 2.48
Mn!'TMPyP3* 4.6 X 108 0.02 1.79 1.04
Fel'TSPP*- 1.2x 108 -0.11 2.61
Fel'"TMPyP5* 3.4 % 10° 0.162 1.35 2.06
Co'll'TSPP*- 4 x 107 0.202 1.88 1.08
Col'"TMPyP** 2 % 108 0.422 2.12 1.27
ColllTAP** 1.9 X 108 0.21 2.2
SnYTMPyP¢* 1.6 X 10°  -0.138 3.62 4.62
SHYTPyP™* 27X 10°  -0.020 432 5.28

4QOne-electron reduction potentials reported previously or half-wave
potentials determined for the porphyrins in this work by cyclic vol-
tammetry. ?Diffusion coefficient. °Electrochemical rate constants.
4Reference 26. ¢Reference 27. /Margerum, D. W.; Chellappa, K. L.;
Bossu, F. P.; Burce, G. L. J. Am. Chem. Soc. 1975, 97, 6894.

those for the viologens as may be expected from the redox po-
tentials (Table I). This discrepancy probably results from dif-
ferences in the self-exchange rates of the viologens vs. the por-
phyrins (see below).

Reduction of SO, by the radical anion of ZnTMPyP was
monitored by following the decay of the porphyrin radical at 700
nm on a time scale of 0.1-0.2 ms. In these experiments it was
noticed that at longer times, 1-2 ms, the absorption increases. The
spectrum at long times was different than that of the initial anion
radical. Its maximum was at 660 nm and its width at half-height
was about 100 nm. This spectrum is ascribed to a species formed
by the reaction of SO,*~ with ZnTMPyP which is not an elec-
tron-transfer reaction to the porphyrin w-system. It is known that
excess dithionite destroys the TMPyP ligand in many metallo-
porphyrins (see, e.g., ref 4), and the reaction observed here may
be the initial step leading to that destruction. The rate constant
for the reaction is approximately 1 X 108 M~! 57! and its mech-
anism may involve addition of the radical to the porphyrin.

Reduction by SO,"~. The rate constants for reduction of various
compounds by SO,* radicals in acid solutions are summarized
in Table II. For the organic compounds p-nitroacetophenone,
anthraquinone-2-sulfonate, riboflavin, and duroquinone the rate
constants for reduction by SO,*" increase from 2.6 X 107 to 1.4
X 10° M' s7!. This increase follows the rise in reduction po-
tential®®?” as expected from the Marcus relation.® Rate constants
which are considerably lower than 107 M~' s™! cannot be easily
determined due to the rapid dimerization of SO,*". Rate constants
above ~3 X 10° M~! 57! approach the diffusion-controlled limit
and are not expected to exhibit the increase in k with increase
in E'. Moreover, compounds with more positive £! often cannot
be experimentally measured due to their thermal reaction with
bisulfite or SO, prior to the pulse, as was found with benzoquinone.

The rate constants for reduction of the various metallo-
porphyrins by SO, vary from <107 t0 3.4 X 10° M~' 57!, Their
dependence on redox potential is obvious only for porphyrins with
the same metal center since such porphyrins usually have the same
self-exchange rates.” When the metal center is different, however,
the self-exchange rate may be also different, often by several orders
of magnitude, and this, of course, affects the rate of reduction.
Furthermore, the overall charge of the porphyrins varies from 7+
to 3— so that the electrostatic effect on the rate of reaction with
SO, is considerable. More quantitative treatment of these results
is attempted by using the Marcus cross relation equation and the
self-exchange rates (see below).

(26) Meisel, D.; Neta, P. J. Am. Chem. Soc. 1975, 97, 5198.
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Figure 2. Typical cyclic voltammograms recorded in 0.1 M HCl solutions
containing 20% v/v 2-propanol: (a) CoTMPyP, (b) FeTMPyP, (c)
SbTPyP, (d) SnTMPyP, (¢) NaHSO,. Experimental conditions as given
in the text.

The rate constants for reduction of the porphyrins are only
partially in agreement with those determined previously by the
dithionite method in neutral solutions. Our value for FeTSPP
is in the same range as the rate constants determined for several
other Fel'-porphyrins,® and our values for MnTSPP and
CoTMPyP are similar to those reported before using dithionite.?
On the other hand, the rate constants we measured for MnTMPyP
and FeTMPyP are, respectively, one and two orders of magnitude
higher than those determined by the dithionite method.®? A dif-
ference of this magnitude is not likely to result from the pH change
between the two experiments since the axial ligation on these
porphyrins and their redox potentials do not change between pH
7 and pH 1. (The presence of excess SO, also was found to have
no effect on the redox potentials determined by cyclic voltammetry,
see below.) Our rate constants for CoTSPP and CoTAP also are
much higher than values reported for other Co~porphyrins.’ The
reason for this discrepancy is unclear.

Rate constants for reduction of several compounds by SO,*"
were found to be generally ~ 1000 times greater than those for
reduction by O,~.* That ratio does not hold for the porphyrins.
Using the reported®! rate constants for O, we find a ratio of ~15
for FeTMPyP, CoTMPyP, and FeTSPP, and a ratio of 9 for
MnTMPyP. These lower ratios must be the result of the overall
high rate constants for these porphyrins as compared with those
of the compounds considered before. For duroquinone, the rate
constant reported for O, is 4.5 X 105 M~ 571,32 which is 310 times
smaller than that for SO,*, in line with the previous ratios. On
the other hand, for PNAP the reaction with O, is less favorable;
we calculate a rate constant of 5.7 X 102 M s™! (from the reverse
rate constant of 1.4 X 10%33 and the redox potentials of —0.355
and —0.155 for PNAP and O,, respectively). This rate constant
is 4.5 X 10* times slower than that for SO, + PNAP. It is
reasonable to expect that the ratio of k(SO,")/k(O;") will increase
as the absolute rate constants decrease, as is found here.

Cyclic Voltammetric Measurements. The redox potentials for
some of the compounds examined in this study have been measured
before and are given in Tables I and I1. For the porphyrins, redox
potentials were measured mainly in neutral solutions and, although
in several cases these are not expected to change between pH 7
and pH 1, we determined the redox potentials for all the porphyrins
at pH 1.

(30) Bradic, Z.; Wilkins, R. G. J. Am. Chem. Soc. 1984, 106, 2236.

(31) Pasternack, R. F.; Lee, H.; Malek, P.; Spencer, C. Inorg. Nucl. Chem.
1977, 39, 1865. Solomon, D.; Peretz, P.; Faraggi, M. J. Phys. Chem. 1982,
86, 1842, Peretz, P.; Solomon, D.; Weinraub, D.; Faraggi, M. Int. J. Radiat.
Biol. 1982, 42, 449.

(32) Patel, K. B.; Willson, R. L. J. Chem. Soc., Faraday Trans. 1 1973,
69, 814,

(33) Wardman, P.; Clarke, E. D. Biochem. Biophys. Res. Commun. 1976,
69, 942
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Cyclic voltammograms were recorded for each of the com-
pounds in N,-saturated solution. Several examples are shown in
Figure 2. For Col'TMPyP, Co'l"TSPP, Co'TAP, Fe'''TMPyP,
SbYTPyP, and Sn'YTMPyP the voltammograms showed quasi-
reversible electrochemical behavior, i.e. the peak currents observed
upon the forward (cathodic) scan were of equal magnitude to those
observed upon the reverse (anodic) scan. The magnitude of the
forward peak current (i;) could be interpreted in terms of the
following equation3¢

iy = 2.69 X 10°4C,D"/ %!/ (12)

where A is the electrode area, C, is the initial concentration of
electrode-active material, D is the diffusion coefficient of the
species, and v is the potential scan rate (V/s). All the above
compounds gave linear plots of i, vs. v'/? from which values of
D were estimated. The separation between anodic and cathodic
peaks also depended upon potential scan rate and approached 60
mV at very slow scan rates.

For these compounds, the half-wave potentials for one-electron
reduction (E,/,) were determined as the average of the cathodic
and anodic peak potentials at slow scan rates. The potential range
was restricted to about 150-200 mV beyond the cathodic peak
to avoid problems of further reduction.

In contrast with the above cases, Mn""TMPyP, Mn!'TSPP,
and Fe!"TSPP showed nonreversible electrochemical behavior
upon one-electron reduction. A clear peak was seen upon the
cathodic scan for which the peak current and potential depend
upon the scan rate, showing that the electrode process is diffusion
controlled. However, no peak could be resolved upon the anodic
scan. For these compounds it appears that demetallation follows
the reduction step so that the divalent metalloporphyrin is too
unstable to be detected on the reverse scan. Indeed, for
MnTMPyP the free base porphyrin adsorbs onto the electrode
surface and can be detected upon multiple scanning.

For these metalloporphyrins, plots of i, vs. v'/2 were linear and
allowed determination of diffusion coefficients. Linear plots were
also obtained for peak potential (E,) vs. log v, from which
half-wave potentials were derived according to*

E, = Ey;, - 0.78(RT/nF) - (RT/nF) In (kRT/nFv)  (13)

where k is the pseudo-first-order rate constant for demetallation.

Where information exists, the measured half-wave potentials
(Table II) are in very good agreement with literature values. For
example, E| /, values have been reported for CoTMPyP in 0.01
M HNO,; (0.415 V),3 FeTMPyP in 0.1 M HCI (0.16 V),”
MnTMPyP in water of pH 5.2 (=0.02 V),’¥ S"TMPyP at pH §
(-0.28 V),% and SbTPyP at pH 5 (-0.20 V).% For Co, Fe, and
Mn porphyrins the electron is added to the central metal ion
causing reduction of the trivalent ion, while for Sn and Sb por-
phyrins the electron is added to the porphyrin ring. Within the
limited data, the difference in redox potential between TMPyP
and TSPP complexes with a given metal ion is ca. 230 & 40 mV.
The fact that the TMPyP complexes are the easier to reduce is
to be expected on the basis of their electron-donating properties.
The relative ease of demetallation is also consistent with known
trends.?3?

The derived diffusion coefficients (Table II) are in line with
expected values with respect of the molecular size of the com-
pounds. Where the electrochemistry followed quasireversible
behavior, electrochemical rate constants were determined from
the peak separation as a function of scan rate.** The derived rate
constants (k,) (Table II) show that it is easier to add an electron
to the porphyrin ring than to the central metal ion. Presumably,

(34) Bard, A. J.; Faulkner, L. R. Electrochemical Methods—
Fundamentals and Applications; Wiley: New York, 1980.

(35) Olmstead, M. L.; Hamilton, R. G.; Nicholson, R. S. Anal. Chem.
1964, 36, 667.

(36) Pasternack, R. F.; Rohrback, D. F.; Deutsch, E.; Heineman, W. R.
Inorg. Chem. 1977, 16, 2650.

(37) Forshey, P. A.; Kuwana, T. Inorg. Chem. 1981, 20, 693.

(38) Harriman, A. J. Chem. Soc., Dalton Trans. 1984, 141,
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TABLE IIE: Calculation of Self-Exchange Rate Constants

Neta et al.

reaction ki? Kt kiyf k(S0,/S0,*) fiz
MV** + SO, 1.5 X 10° 5.6 X 102 1 x 1084 8.2 x 10° 0.49
SO, + MnTMPyP 4.9 X 108 1.7 X 10° 3 % 10%¢ 2.7 X 10° 0.18
SO, + FeTMPyP 7.8 X 10° 42 % 107 1 X 108/ 9.3 x 107 0.02
S0,” + FeTSPP 1.9 x 108 1.0 X 103 1 x 108/ 6.8 x 107 0.53
SO, + CoTMPyP 2% 108 1.1 X 102 20¢ 47 x 10° 4 x 107
SO, + CoTSPP 4% 107 2.0 X 108 20¢ 7.0 X 108 0.057
SO, + CoTAP 1.9 x 108 2.8 X 108 20¢ 1.7 X 108 0.037
SO, + IrCl> 1.4 X 10° 9 x 10%° 2.3 % 105* 2.8 x 1072 3% 106

4Rate constants for the reaction listed, in M~ 57!, determined in this work and corrected for the effect of the diffusion-controlled limit by the
equation k! = Kopeg ! — kaier ! taking kg = 6 X 10° M 7. ®Equilibrium constants determined from known redox potentials listed in Tables I and
I and taking E,;, = -0.288 V for the SO,/SO,* couple. “Self-exchange rate constants for the couple reacting with SO,/S0,", in M™' s7!. ¢From
ref 44. ¢From ref 29, taken to be similar to the values for the other Mn~porphyrins determined. /Average from ref 6 and ref 45. ¢From ref 36 and
46. *From Pennington, D. E. In Coordination Chemistry, Martell, A. E., Ed.; American Chemical Society: Washington, DC, 1978; Monograph 174,

Vol. 2, Chapter 3.

this is connected with geometric factors since the metal ion is
screened by axial ligands and by the porphyrin ring. Also, kg is
influenced by the self-exchange rate of the couple and, in most
cases, this is much slower for reduction of a metal ions than for
reduction of a large organic moiety.

The cyclic voltammograms recorded with aqueous solutions of
NaHSO; at pH 1 were highly irreversible (Figure 2¢). Sharp
peaks (half-widths ca. 40 mV) were found upon the cathodic scans
but no peaks could be resolved upon the reverse anodic scans.
Again, the peak current and potential depended upon scan rate
showing that the electrode process was diffusion controlled. For
this system the most probable reaction scheme is

SO, + ¢ — SO, (14)
2802.— - S2O42— (15)

for which the peak potential is related to the half-wave potential
by39

E, = Ey;, - 0.9(RT/nF) + (RT/3nF) In 2kCoRT/3nFv)
(16)

In principle, the bimolecular rate constant for dimerization of the
SO,*" radical (k) can be estimated by this technique but it is too
fast for accurate determination. From the above relationship, the
half-wave potential for the SO,/SO,*” couple at pH 1 was found
to be —0.288 V vs. NHE. This value is in very good agreement
with that calculated before,* and it indicates that SO, is able
to reduce all the metalloporphyrins listed in Table II, although
there is a large spread in thermodynamic driving force for electron
transfer.

At pH 1 it was found that the peak potential was independent
of ionic strength (<2 M) and only slightly dependent upon con-
centration of NaHSO,. It does depend, however, upon pH. For
HCI concentrations of 0.01, 0.1, 0.5, 1.0, and 2.0 M E; values
of —0.31, -0.29, -0.23, -0.17, and —0.13 V were found, respectively
(Figure 3). This pH effect suggests that the radical is protonated
in strongly acidic solutions.

SO, + H* = SO,H* (17)

Unfortunately, the pH dependence cannot be studied at lower pH
because of H, liberation at the electrode surface and thus the pK
for the above transition cannot be determined by this technique.

Self-Exchange Rate Constants. The self-exchange rate constant
for the couple SO,/SO,"~ was estimated to be 3.4 X 102 M s71.40
This value was based on recalculation of earlier results on the redox
potential of SO, and its self-exchange rate, taking into account
the pH effect in going from HSO;7/SO,™ to the SO,/SO,™ couple.
Our results provide a direct measurement of the redox potential
of the SO,/SO,™ couple, which is very close to the calculated value.
Since the self-exchange rates for several of the reactants listed
in Tables I and II have been reported in previous studies, we can
calculate the self-exchange rate for SO,/SO,™ from these rate

(39) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706.
(40) Stanbury, D. M.; Lednicky, L. A. J. Am. Chem. Soc. 1984, 106, 2847.

Ep (V vs. NHE)

—.4 1 1
0 1 2
pH
Figure 3. Effect of pH on the reduction potential of SO,.
constants. The calculations were made by using the Marcus
cross-relation equations
ki = (kyikpKiaf12)'/* W), (18)

[In Ky + (w5 ~ wy) /RT)?

In = 19
2= Uin Gy 2 + (o + v /RT) )
—(wiy + Wy — Wy~ wyy)
W, = exp[ RT (20)
423 X 107%2,Z,
Wab (21)

T A1+ 3.28 X 107A(u1/2)

as outlined before.** The results summarized in Table ITI were
obtained by using eq 18 and 19 without taking into account the
work terms.

By using the self-exchange rates reported for MV# and for
MnTMPyP (Table III) we calculate k(SO,/SO,"") of the order
of 10° M™! s, With Fe-porphyrins, if we assume the same
self-exchange rate®*’ for both of them, as suggested before, 2’ we
obtain k(SO,/S0,*") = (7-9) X 107 M~! 7!, With the Co-
porphyrins, taking k,; = 20 M™! 57! for all three compounds,3¢4
we calculate k(SO,/SO,*) between 5 X 10° and ~2 X 108 M™!
sl. Thus k(SO,/S0O,"") varies over four orders of magnitude.
More complete calculations which take into account the work
terms according to eq 18-21 gave as much variations in k-
(S0,/S0O,") as before. The corrections for the work terms change
the calculated self-exchange rates by 1-3 orders of magnitude,
but the result is very much dependent on the radius assumed for
the reacting species and, of course, on their charge. With the
porphyrins, it has been suggested that the four positive or negative

(41) Haim, A.; Sutin, N. Inorg. Chem. 1976, 15, 476.

(42) Brown, G. M; Sutin, N. J. Am. Chem. Soc. 1979, 101, 883,

(43) Marcus, R. A.; Sutin, N. Biochem. Biophys. Acta, 19858, 811, 265.

(44) Creutz, C,; Keller, A. D.; Sutin, N.; Zipp, A. P. J. Am. Chem. Soc.
1982, 104, 3618.

(45) Pasternack, R. F.; Spiro, E. G. J. Am. Chem. Soc. 1978, 100, 968.

(46) Pasternack, R. F. Tnorg. Chem. 1976, 15, 643.
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charges on the porphyrin periphery do not exert the same effect
as a point charge or a uniformly distributed charge (see, ¢.g., ref
22a). Moreover, the reference self-exchange rates listed in Table
III were calculated in most cases by disregarding the work terms.
Because of all these reasons it was decided to present only the
results obtained without accounting for work terms (Table III).

From the rate of reduction of IrCl¢>~ we calculate a very low
value of k(80O,/S0,*"), in disagreement with the other values.
The reason for the difference may lie in the fact that K, in this
case is very high, so that the rate of electron transfer k,, may be
low due to the effect predicted by the “inverted region” of the
Marcus relationship, i.e. when further increase in driving force
results in slowing down the reaction.

A previous estimate of the self-exchange rate of SO,/SO,"" of
3 X 102 M~ s7! was derived® from rate constants with two cobalt
complexes.® On the other hand, from reactions with viologens'?
there was an indication of a very high self-exchange rate for
S0O,/80,'" as is found here with methylviologen and the por-
phyrins. Taking all these results into account, we found k-
(SO,/S0O,™) to vary over many orders of magnitude. The var-
iations in k(SO,/S0,"") are reminescent of the wide variations
found in the self-exchange rates for 0,/0,""#7 This is not

surprising since the behavior of SO,*~ was suggested to parallel
that of O,~3° Such variations may be a general characteristic
of redox pairs composed of a small number of atoms and one form
of which is neutral, so that solvation of the two species varies
greatly.” Similar but smaller variations were noticed also in the
reactions of ClO, with different types of compounds.*®
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The solution-phase, time-resolved phosphorescence of singlet molecular oxygen (*A;0,), created by energy transfer from
a sensitizer, has been examined by using a near-infrared detection system capable of resolving events that result in the formation
of '4,0,. As a method by which to examine oxygen quenching reactions, this approach is seen to complement flash absorption
studies. Unlike existing experimental techniques, however, our approach is uniquely sensitive to rate-limiting steps that might
exist during the energy-transfer process to form 'A,0,. In this report, we present oxygen quenching rate constants for the
triplet state of five different molecules in-several solvents. In addition, we suggest that a static quenching component may
be involved in the oxygen-induced deactivation of a triplet state.

Introduction

The deactivation of excited-state organic and biological mol-
ecules by molecular oxygen has long been a subject of scientific
study.'”> Attempts to characterize the organic molecule—oxygen
interaction have included: (a) the chemical trapping of photo-
oxygenated molecules,>%7 (b) both time-resolved and steady-state
fluorescence studies,'® and (c) flash absorption studies of molecular
triplet states.>>’? . Although results of these studies have con-
tributed a great deal to our understanding of the mechanism by
which molecular oxygen quenches an excited state, a complete
and accurate description of this interaction is still lacking. This

(1) (a) Birks, J. B. Photophysics of Aromatic Molecules; Wiley: New
York, 1970. (b) Birks, J. B. Organic Molecular Photophysics; Wiley: New
York, 1973, Vol. I; 1975, Vol. IL.

(2) Stevens, B. Acc. Chem. Res. 1973, 6, 90 and references cited therein.

(3) Patterson, L. K.; Porter, G.; Topp, M. R. Chem. Phys. Lett. 1970, 7,
612.

(4) Porter, G.; Topp, M. R. Proc. R. Soc. London, A 1970, 315, 163.

(5) (a) Gijzeman, O. L. J.; Kaufman, F.; Porter, G. J. Chem. Soc., Far-
aday Trans. 2 1973, 69, 708. (b) Gijzeman, O. L. J.; Kaufman, F. Ibid. 1973,
69, 721.

(6) Wasserman, H. H., Murray, R. W., Eds. Singlet Oxygen; Academic:
New York, 1979, and references cited therein.

(7) Frimer, A. A, Ed. Singlet Oxygen; CRC Press: Boca Raton, FL, 1985;
Vol. I-1V, and references cited therein.

(8) Paramenter, C. S.; Rau, J. D. J. Chem. Phys. 1969, 51, 2242,

(9) Bensasson, R. V.; Land, E. J.; Truscott, T. G. Flash Photolysis and
Pulse Radiolysis, Pergamon: Oxford, 1983, and references cited therein.

0022-3654/87/2091-1611801.50/0

is particularly true of the reaction channel which results in energy
transfer to form singlet molecular oxygen ('4,0,).57

It has recently become feasible to detect the near-infrared
phosphorescence of !A,0, (*Z;0; <= 'A,0,; 1270 nm, 7874 cm™)
in a solution-phase time-resolved experiment.!%!4 This technique
has subsequently become indispensable in studies of 'A,0, decay
dynamics.!’>"17 In addition, examination of the intensity of this
luminescence has provided insight into the efficiency of 14,0,
formation in a photosensitized process.’®2*  Unfortunately,

(10) (a) Salokhiddinov, K. I.; Byteva, I. M.; Dzhagarov, B. M. Opt.
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