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butions will also furnish very useful information on both colli-
sion-induced dissociation and dissociative trapping. For instance,
as pointed out in section III, comparison of the high with the low
velocity peak yields the contribution of dissociative trapping and
provides information on the magnitude of the potential well that
leads to the trapping.

In conclusion, molecular dissociation in high-energy collision
from surfaces is predicted here to result in some pronounced
features in observable quantities: a rainbow peak in the fragment
angular distribution; doubly peaked energy distribution; and the
formation of rotational predissociation states in a fraction of

nondissociated molecules. The existence of such well-defined
features is useful for successful application of molecular beam
scattering to the study of these processes.
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The redox reactions of manganese porphyrins in aqueous solutions were studied by steady-state and pulse radiolysis. Mnll'p
was reduced to Mn!P or oxidized to Mn!VP by chemical and radiolytic methods and the various species were characterized
by spectrophotometry. The reduction of Mn'P to Mn"P~ was studied only by pulse radiolysis since the product is short-lived.
Pulse radiolysis also permitted determination of the rate constants for the various redox reactions. Reduction of Mn''P
and Mn"P by e, took place with k ~ 10!® M™! 57! while their reduction by the radicals from /-PrOH was generally 1 order
of magnitude slower. Mn!"P was rapidly oxidized by Cl,” and Br,” by an inner-sphere mechanism involving initial addition
of these radicals to the Mn. The CH,C(CH;),OH radical from #-BuOH was also found to oxidize Mn!IP to Mn!IP via an
intermediate adduct formation. Oxidation of Mn'P to Mn!VP was rapid and quantitative at high pH, using Br,” or CH,CHO
radicals as the oxidants. The reaction was also monitored in neutral solutions using Br,™ and in acidic solutions using Cl,
as the oxidants. In these cases the products are unstable but appear to be the Mn!VP forms.

Introduction

Photosynthetic oxidation of water is believed to involve some
manganese complex as a charge accumulator. Therefore, it has
been proposed?™ that a manganese complex may be used as the
foundation for the photooxidation of water. The most promising
model compounds are the manganese porphyrins and phthalo-
cyanines,’ since they undergo facile redox reactions on the Mn.
We have, therefore, decided to study the redox behavior of
water-soluble manganese porphyrins in order to establish the
kinetic and thermodynamic basis for their possible eventual ap-
plication.

One-electron-transfer reactions of porphyrins (P) can be con-
veniently studied by pulse radiolysis (see, e.g., ref 6 and references
therein). These compounds can be reduced by e,q™ or various
organic radicals, e.g., (CH;),COH, and oxidized by Cl,", Br,",
or CH,CHO radicals. In the present paper we report spectro-
photometric and kinetic studies on the reduction of Mn"™!P to
Mn!'P and further to Mn'P~ and on the oxidation of Mn!IP to
MnP and of Mn'P to Mn!YP under various experimental
conditions.

Experimental Section

The metalloporphyrins were obtained from Midcentury
Chemical Co. in the form of Mn"I'TPPS (tetrakis(4-sulfonato-
phenyl)porphyrin, Na* salt), MnlI'TMPyP (tetrakis(N-methyl-
4-pyridyl)porphyrin, CI- salt), and Mn'TPyP (tetra-4-
pyridyl)porphyrin). They are all monomeric in dilute aqueous
solutions,” % and their concentrations were determined spectro-
photometrically on the basis of the reported extinction coeffi-
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cients.>!! The other chemicals used as buffers or scavengers were

Baker Analyzed reagents, except for ethylene glycol, which was
from Fisher. Water was purified by a Millipore Milli-Q system.

Solutions were prepared freshly before each experiment and
were kept in the dark to minimize photolysis. They were deox-
ygenate by bubbling with pure N, or N,O; the latter serves as
an electron scavenger (N,O + ¢,."—> N, + OH + OH"). Spectra
were monitored in a Cary 219 spectrophotometer interfaced with
a PDP-11/55 computer for storage and manipulation of spectra.

Steady-state irradiations were carried out in a %Co source
(Gammacell 220) with a dose rate of 2 X 107 eV g™! min™'. Pulse
radiolysis experiments utilized the computer-controlled apparatus
described previously.!? Pulses of 8-MeV electrons from an
ARCO-LP-7 linear accelerator were usually of 10-ns duration
with doses (300-600 rd) that produce 2—-4 uM of radicals from
water. An electronic shutter and the proper interference filters
were used to minimize photolytic effects by the analyzing light.
Dosimetry was performed by N,O-saturated KSCN solutions
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Figure 1. Absorption spectra of Mn!"P’s (—) and their reduction
products, the Mn''P’s (-—-). Solutions containing 3.9 X 10° M
Mn™TPPS or 6.4 X 10~° M Mn'TMPyP and 0.1 M i-PrOH at pH 6.8
were saturated with N,O and irradiated in the y-cell. Dose rate = 2.4
X 107 eV g7! min~l, optical path length = 2 mm. Dotted lines were
spectra recorded after 30-s irradiation each for MnTPPS and after 60-s
irradiation each for MnTMPyP. The Mn!'P’s were reoxidized by air to
yield the corresponding Mn''P’s nearly quantitatively.

assuming G[(SCN),7] = 6.0 and ¢ = 7600 M~' cm™! at 480 nm."?

Results and Discussion

Radiolytic reduction was done with either e,,~ (in the presence
of -BuOH as an OH scavenger)

H,0 w— ¢, OH, H )
Mn"P + e,;~ — Mnl'P )

or the hydroxyisopropyl radical produced in N,O-saturated i-
PrOH solutions.

Caq— + N2O — OH+ OH + N2 (3)
OH + (CH,),CHOH — H,0 + (CH,),COH  (4)
MnlP + (CH,),COH — Mnl'P + (CH,),CO + H* (5)

In order to carry out one-electron reduction of the Mn!'P, solutions
of Mn"IP were bubbled with N,O, the porphyrin was reduced
stoichiometrically with Na,S,0,,'* and then the solution was
irradiated.

Mn!'P + (CH,),COH — Mn"P~ + (CH,),CO + H* (6)

Radiolytic oxidation of the Mn''P and Mn'!P was attempted with
Br,, Cl,~, and CH,CHO in N,O-saturated solutions containing
Br~ at pH 7-13, CI” at pH 4, or ethylene glycol at pH >11.°
Reaction with OH is not expected to give quantitative oxidation
because this radical preferentially adds to the ligand.
Reduction of Mn''P to Mn"'P. Steady-state radiolysis of
N,O-saturated neutral and alkaline solutions of Mn!'P containing
i-PrOH leads to quantitative reduction to the Mn""P. This is
evident from a comparison of the spectra obtained in the radiolysis
with those recorded with dithionite-reduced substrates. The
spectral changes upon y-radiolysis exhibit good isosbestic points
(Figure 1), thus indicating clean reduction. The G values for

(13) Schuler, R. H.; Patterson, L. K.; Janata, E. J. Phys. Chem. 1980, 84,
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Figure 2. Differential absorption spectra observed upon pulse radiolysis
reduction of Mn'IP’s, Sclutions containing (5~8) X 10> M porphyrins
and 0.1 M i-PrOH were saturated with N,O and then irradiated with
pulses of electrons. The spectra were monitored after completion of the
formation reaction (20-80 us after the pulse). (A) Mn!UTPPS, pH 6.8.
(B) Mn!I'TPPS, pH 11.9. (C) Mn'TMPyP, pH 6.8. (D) Mn!!'TPyP,
pH 6.8. The solid lines were calculated from the spectra recorded in the
y-irradiation experiment as in Figure 1. One unit on the relative ab-
sorbance scale corresponds to € = 1000 M~ 5™ for species produced with
a yield of G = 6.

reduction of Mn"TPPS and Mn'TMPyP at pH 7 and 13 are
in the range of 6.8 & 0.4, i.e., equal to the total yield of radicals,
indicating quantitative reduction.

Pulse radiolysis experiments gave differential spectra (Figure
2, experimental points) which are in good agreement with those
calculated (Figure 2, solid lines) from the steady-state radiolysis
or the chemical reduction experiments. Similar spectra were
observed in the presence of r-BuOH, but with half the yield, owing
to reduction by e, only. Resuits similar to those of Figure 2 were
obtained under other conditions (concentrations, pH, scavengers).
The example shown for MnTPyP (Figure 2D) exhibits a con-
siderable difference between the results of the pulse radiolysis and
the ~-radiolysis experiments. This difference results from the low
solubility of the uncharged Mn'TPyP in neutral solutions, which
apparently dimerizes under these conditions and causes a spectral
shift. The difference spectrum in the pulse radiolysis is taken at
short times, before dimerization of the product could occur. In
fact, the spectrum monitored 70-80 ms after the pulse is shifted
and is in good agreement with the +y-radiolysis experiments.
Furthermore, experiments at higher concentrations show clearly
that the Mn"TPyP product precipitates out of the solution. At
pH 3, on the other hand, where the Mn"TPyP is more soluble,
no discrepancy in the spectrum and no precipitate were observed.

The kinetics of reduction were followed at various wavelengths,
usually at the maxima and minima, and as a function of porphyrin
concentration. The second-order rate constants derived are
summarized in Table I.  All forms of the manganese porphyrin
studied are reduced with (CH;),COH and (CH,;),CO™ with k ~
10° M 57!, Reduction by (CH,),CO" is generally faster than
that by its acid form (CH3),COH (pK, = 12.0),' which is in fact
observed with the MnII"TMPyP. However, with Mn™'TPPS this
trend is not evident, probably because it is compensated by the
electrostatic effect of the negatively charged reactants on the rate
of reaction. The hydrated electrons reduce most porphyrins with
diffusion-controlled rates (k ~ 101° M1 s!, Table I).

Reduction of MnIP. The transient absorption spectra recorded
upon radiolytic reduction of Mn"TPPS and Mn'"TMPyP (Figure
3) exhibit broad absorptions around 770 nm which are charac-
teristic of the ligand =-radical anions produced by reaction 6.
These species decay by second-order reactions (2k = 7.8 X 107
M1 57! for MnI'TPPS™ and 7.4 X 108 M~ 57! for Mn'"TMPyP"),

(15) Laroff, G. P.; Fessenden, R. W. J. Phys. Chem. 1973, 77, 1283,
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TABLE I: Rate Constants for Reduction of Manganese
Porphyrins by Radicals in Aqueous Solutions
porphyrin radical pH Kk, M's!
[(H,0),MnHITPPS]?~ Caq” . 68 ~1x10"
[(H,0),MnlIITPPS]3- (CH,),COH 3.1, 1.5x10°
6.8
[(H,0)OH)MnlIITPPS]*-  (CH,),COH 8.9 1.7 x 10°
[(OH),MnlITPPS}5" (CH,),CO" 119, 1.7x10°
12.6
{(H,0),MnITMPyP|5* Caq” 6.8 ~3x10%°
[(H,0),MnlIITMPyP]5* (CH,),COH 3., 1.4x10°
6.8
[(H,0)(OH)MnIITMPyP]** (CH3)2¢OH 8.9 1.6 x 10°
[(OH),MnIITMPyP]3* (CH,),CO~(H" 11.9 2.3X10°
[(OH), MalLTMPYP |3+ (CH,),CO" 12.4 2.2x10°
[(H,0), M TPyP]* Caq” 68 ~1x10"
[(H,0),MnllITPyp]* (CH,),COH 4.0, 1.6x10°
‘ 6.8
[(H,0)MnlITPPS]*- Caq” 6.8 ~1Xx10°
[(H,0)MnlITPPS]*- (CH,),COH 6.8 1.8 x 10°
[(H,O)MniITPPS]4- (CH,),CO" 12.4 8.4 X 10%
[(H,0)MnllTMPyP}4* Caq” 6.8 ~3x10'°
[(H,0)MnITMPyP]* (CH,),COH 6.8 1.8 % 10°
[(H,0)MnlITMPyP]** (CH;),CO" 12.4 2.2x10°
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Figure 3. Differential absorption spectra observed upon one-electron
reduction of Mnl'P’s. The corresponding Mn!!'P’s were first reduced with
sodium dithionite and then irradiated with pulses of electrons. (A) 6 X
10 M Mn!'TPPS in 0.1 M i-PrOH at pH 6.8, saturated with N,O.
Spectrum recorded 300-500 us after the pulse. (B) 1 X 10# M
Mn!TMPyP in 0.1 M i-PrOH at pH 6.8, saturated with N,O, 30-50 us
after the pulse.

to give chlorins and phlorins, as discussed previously.!¢
Oxidation of MrnM'P. The reaction of Mn''P with OH radicals
is not expected to yield the Mn"P quantiatively since OH radicals
are known to add rapidly to unsaturated systems!” and are likely
to add to various positions on the porphyrin ligand. We have,
therefore, used one-electron oxidants which do not tend to add
to double bonds, i.e., Cl,”, Br,™, and CH,CHO. Although these
radicals are known to react in many cases by a simple electron
transfer, oxidation of certain metal complexes by Cl,” and Br,~
has been shown'® to occur by an inner-sphere mechanism.
Therefore, the reactions in the present case may follow the se-

quence 7-9. The experiments confirm this assumption. The
Br,” + Mn!'P — [Br,-Mn!!P] (7

[Br,—Mn!P] — Br~ + Br-Mn!lIP ®)

Br-Mn"P + H,0 = H,0-Mn!""P + Br~ %)

(16) Baral, S.; Neta, P.; Hambright, P. Radiat. Phys. Chem., in press.

(17) Farhataziz; Ross, A. B. Natl. Stand. Ref. Data Ser. (U.S., Natl. Bur.
Stand.y 1977, No. 59.

(18) See, e.g.: (a) Meyerstein, D.; Espenson, J. H.; Ryan, D. A,; Mulac,
W. A. Inorg. Chem. 1979, 18, 863. (b) Morliere, P.; Patterson, L. K. 7bid.
1982, 21, 1837 and references therein.
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TABLE II: Rate Constants for Oxidation of Manganese
Porphyrins by Radicals in Aqueous Solutions

porphyrin radical pH k, M7 g™t
[(H,0)MnllTPPS]*- Br,” 6.8 1.8 x10%¢
[(OH)MnlITPPS]*" Br,”? 12.9 2.5x10°¢
((H,O)MnITMPyP]*  Br,~ 6.8 8.5 x10°¢
[(OH)MnlITMPyP]3*  Br,”® 12.9 1.4 x 10108
[(H,0)MnllTMPyP]**  Cl,- 4.0 1.5 x 10%
[(H,0)MnlITPPS)*- CH,C(CH,),OH 9.4, ~95x10°

‘ 12.
[(H,0)Mnl'TMPyP])** CH,C(CH,),0H 9.0 ~1.8x10°
[(H,0),MnllITPPSI®>-  CI,” 3.0 2.1%x10°
[(H,0),MnIIITMPyP |5 CI,” 3.0 1.5 x10°
[(H,0),MnlI'TPyP]*  CI,- 3.0 1.0 x 10'°
[(H,0),MnllITPPS]3-  Br, 6.8, 6.7 x 107
8.9

[(OH),Mn™ITPPS]*-  Br,- 12.9 9.2 x 10®
[(H,0),MnIITMPyP]5* Br,” 6.8 6.8 x 10°
{(OH),MnIIITMPyP|?* B~ b 12.9 4.6 x 10°
[(H,0),MnIITPyP|*  Br,- 6.8 1x10°
[(OH), MnlITPPS]*-  CH,CHO 12. 6.2 x 10
[(OH), MnIITMPyP) 3+ CH,CHO 12.4 2.2 x 108
[(OH),MnlITPyP]- CH,CHO 11.9  ~4x10°
[(OH),MnHIITPPS[s-  OH 12.4 8 x10°
[(OH),MnlIITPPG}S- O~ 14 3.4 %108
[(OH),MnIIITMPYP|** OH 12.4 3.5 x10°
[(F,0),MnIITPyP]*  OH 6.8 6 x10°

@ k for initial addition stop; see text for details. ? At pH 12.9
~10% of the radicals are in the form of BrOH", based on the
equilibria given in ref 20.
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Figure 4. Differential absorption spectra observed upon one-electron
oxidation of Mn!'P’s, by oxidizing radicals. (A) 6 X 107> M Mn''TPPS,
0.1 M ethylene glycol, pH 12.4, saturated with N,O, recorded 100-140
us after the pulse. (B) 5.5 X 10~ M Mn!'TPPS, 0.01 M KBr, pH 12.9,
saturated with N,0, 200-300 us. (C) 6 X 10~° M Mn'TPPS, 0.01 M
KBr, pH 6.8, saturated with N,O, 60-80 us after the pulse. (D) 8 X 1075
M Mn""TMPyP, 0.01 M KBr at pH 6.8, saturated with N,O, recorded
(A) 4-8 and (O) 50-80 us after the pulse. The corresponding Mn'''P’s
were reduced with sodium dithionite to the Mn''P’s and then irradiated
with pulses of electrons. The solid lines are from similar steady-state
y-radiolysis experiments as described in the text.

kinetics of the reaction of Br,” with Mn"TPPS and Mn"TMPyP,
measured by following the decay of Br,™ absorption at 360 nm
and the buildup of the Mn' species at various other wavelengths,
conform to second-order processes with k; ~ 10° M~ s™! (Table
IT). The spectra observed after the completion of the first re-
actions (7 and 8) were clearly different from those of the final
products. For Mn'TMPyP the spectral difference is clearly seen
in Figure 4D, whereas for Mn"TPPS this difference, although
real, is much smaller. Reaction 9 was observed on a time scale
about 1 order of magnitude longer than that of the initial Br,~
reaction, and the first-order rate constants were found to be 4 X
10° 57! for MnTPPS and 6 X 10*s™! for MnTMPYP, i.e., similar
to those observed with vitamin By,..!® The actual k; and k_y were
not calculated because the equilibrium constant Ky is unknown,
although the final products appear from the spectra to be pre-
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Figure 5. Differential absorption spectra observed upon reaction of
CH,(OH)(CHj), with Mn"'P’s, showing the initial and final spectra. The
solid line was obtained from a similar vy-irradiation experiment. (A) 6
X 107 M Mn"TPPS, 0.1 M ¢-BuOH, pH 6.8, saturated with N,0,
spectra recorded (¢) 40-80 us and (O) 50-80 ms after the pulse. (B)
1 X 10 M Mn'TMPyP, 0.1 M (-BuOH, pH 6.8, saturated with N,0O,
spectra recorded () 10-15 ps and (O) 15-30 ms after the pulse. (C)
y-irradiation of 8 X 105 M Mn'TMPyP, 0.1 M #.BuOH pH 6.8, in
0.2-cm cell, N,O saturated.

dominantly in the aquo form.'

Parallel experiments at pH 12.9 showed a similar behavior. At
this pH the oxidizing radical is still mostly Br,"? However, the
values of k; are slightly higher and the exchange reaction 9 is also
somewhate faster, 9 X 10° s for MnTPPS and 1.5 X 10°s! for
MnTMPyP. The differences in rate constants are probably owing
to the different protonation state of the MnP.

Oxidation by Cl,” can be studied in acidic solutions. Since
MnTPPS demetallates in acid, we studied only the more stable
MnI'TMPyP. Oxidation of this porphyrin by Cl,” at pH 4 was
found to take place with k = 1.5 X 1010 M1 57! (Table II), slightly
faster than in the case of Br,". .

Another oxidizing radical studied is CH,CHO, which is pro-
duced from ethylene glycol by.?

OH + HOCH,CH,0H — HOCHCH,0H + H,0 (10)

(11)

Oxidation of Mn"TPPS by CH,CHO took place with only 60%
efficiency. The remaining 40% appeared as reduction by
HOCHCH,OH, which took place in competition with reaction
11, as evident from the absorption at 750 nm (Figure 4A). With
Mn"TMPyP the reduction was predominant and, therefore, the
kinetics and mechanisms of the CH,CHO reactions were not
studied in detail.

Another radical which may react with Mn'P by an inner-sphere
mechanism is that formed by reaction of OH with ¢-BuOH, i.e.,
CH,C(CHj;),0H, as found in the case of Co!P.? The spectra
shown in Figure 5 indicate that CH,C(CH,),OH forms an adduct

HOCHCH,0H — CH,CHO + H,0

(19) The Br~ concentration in these experiments was only 0.01 M and we
have added up to 1 M KBr with no observable spectroscopic changes.

(20) (a) Since the equilibrium Br~+ BrOH™ = Br,”+ OH has K ~ 70
and [Br] = 0.01 M. Mamou, A.; Rabani, J.; Behar, D. J. Phys. Chem. 1977,
81, 1447. (b) Fessenden, R. W, private communication.

(21) Morehouse, K. M.; Neta, P. J. Phys. Chem., in press.

(22) Bansal, K. M.; Gritzel, M.; Henglein, A.; Janata, E. J, Phys. Chem.
1973, 77, 16. Steenken, S. Ibid. 1979, 83, 595.

(23) Baral, S.; Neta, P. J. Phys. Chem. 1983, 87, 1502.
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Figure 6. Chemical oxidation of a solution containing 4.3 X 10~ M
Mn''TPPS, 0.01 M KBr, pH 12.9, N,O saturated with gradual addition
of Br,.
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Figure 7. Transient differential absorption spectra observed upon one-
electron oxidation of Mn"TPPS by several oxidizing radicals. The solid
lines in A and B were obtained from the difference between the spectra
of the product and the starting material in Figure 6. (A) 6 X 10° M
Mn'TPPS, 0.1 M ethylene glycol, pH 12.4, saturated with N, O, spectra
recorded 100-200 us after the pulse. (B) 6 X 10~ M Mn'TPPS, 0.01
M KBr, pH 12.9, N,O, 200-300 us after the pulse. (C) 8 X 10~ M
Mn!TPPS, 0.01 M KBr, pH 6.8, N,0, 500-800 us. (D) 7 X 10° M
Mn!TPPS, 0.0 M NaCl, pH 3.3, N,O, 30-50 us.

with Mnl'P, but, unlike the case of the Co!'P, this adduct is
unstable and forms Mn!'P as the final product.

Mn!'P + CH,C(CH,),0H — HOC(CH,),CH,-Mnl'P  (12)
HOC(CH,),CH,-Mn"P — HOC(CH,); + Mn!'P (13)

The rate constants were k;, ~10° M1 57! (Table II) and k;5 ~4
X 10% s7! for MnTPPS and ~7 X 10% 57! for MnTMPyP.
However, the overall yields of oxidation were relatively low, in-
dicating the occurrence of side reactions which may affect the
observed kinetics.

The reaction of OH with Mn!"P was examined at pH 11-12.
Both Mn"TPPS and MnUTMPyP give a partial yield of the Mn'P
form (~60% and 30%, respectively) but the kinetics were complex
and the nature of the other products was unclear; probably OH
attacks several sites. ‘ '

Oxidation of Mn™P. The question of whether Mn!"IP is ox-
idized to Mn'VP or Mn'P* has been raised in the past. It appears
from the results of Calvin and co-workers®?* and from the results
of Harriman and Porter® that in most cases oxidation takes place
on the metal rather than on the ligand. Several manganese(IV)
porphyrins have been prepared by oxidation of the corresponding
Mn!P with hypochlorite, H,O,, or Br;, at high pH, while in neutral
and acidic solutions Mn!VP is generally unstable. In a similar
fashion, we have oxidized Mn"'TPPS and Mn'TMPyP with Br,
and with H,0, at high pH and recorded the spectra of the Mn!¥
forms (Figure 6), which are found to be in agreement with those

(24) Loach, P. A.; Calvin, M. Biochim. Biophys. Acta 1964, 79, 379.
Wohlgemuth, R.; Otvos, J. W.; Calvin, M. Proc. Natl. Acad. Sci. US.A. 1982,
79, 5111.



Redox Reactions of Manganese Porphyrins

reported previously.” We have also carried out radiolytic oxidation
at high pH using Br,” or CH,CHO as the oxidizing radical. The
spectra obtained in these cases are in good agreement with those
found in the chemical oxidation experiments. The differential
spectra calculated from the above experiments were then used for
examination of the pulse radiolysis results (Figure 7). It should
be pointed out, however, that in the vy-radiolysis the oxidation could
not be carried out quantitatively. Apparently, the product is
partially reduced by the Br~ or the ethylene glycol present in excess.
Pulse radiolysis experiments at pH 12.9 in the presence of Br~
show that Mn!'TPPS and Mn™TMPyP are oxidized by Br,” with
ki, =9.2 X 10% and 4.6 X 10° M™! 57!, respectively, to give the
manganese(IV) porphyrins (Figure 7 and Table II).

MnI"P + Br,” — 2Br + MalVP (14)

As the pH is dccreased the rate of reaction decreases to become
~10 times lower'at pH 7-9 (Table II). The decrease in the rates
results from the change of (HO),Mn"'P into (H,0),Mn''P,
occurring betwgen pH 7 and 13 with both porphyrins. These
acid-base equilibria also cause changes in redox potentials® which
are in line with the observed decrease in reactivity.

The differential spectra recorded upon oxidation by Br,™ at pH
7 are slightly different from those found at high pH; the shifts
may be due to the acid-base equilibria of the Mn'lIP species, It
is suggested, therefore, that oxidation at pH 7 also yields Mn!VP,
which at this pH is unstable and could not be. confirmed by
y-radiolysis or chemical oxidation experiments. Similarly, pulse
radiolytic oxidation by Cl,” at pH 3.3 occurred very rapidly (Table
IT) and gave a differential spectrum (Flgure 7) which suggests
formation of Mn!VP, but again the product is unstable.

Oxidation by CH,CHO at pH ~ 12 was somewhat slower than
oxidation by Br, at this pH or by Cl,” at pH 3 but faster than
that by Brz at pH 7 (Table II). The differential spectra (Figure
7) are in very good agreement with those obtained. from the
chemical oxidation experiments and indicate a clean one-electron
oxidation by CH,CHO, without any interference by a possible
reduction with HOCHCH,OH (as found in the other cases dis-
cussed above).

Since MnIVP is stable at high pH, we have also made an attempt
to oxidize Mn!'P by O~ at pH 14. Unlike OH, which can add
to many sites on the porphyrin, O~ (OH + OH™ = O™ + H,0,
pK, = 11.8)% is known to have extremely slow addition reactions?’

(25) Harriman, A. J. Chem. Soc., Dalton Trans submitted for publica-
tion.

(26) Rabani, J.; Matheson, M. S. J. Phys. Chem. 1966, 70, 761. Weeks,
J. L.; Rabani, J. Ibid. 1966, 70, 2100.
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and may thus react by an electron-transfer oxidation.?® The
results indicate that even at pH 14 oxidation of Mn!'P to Mn!VP
by O~ takes place with only ~50% efficiency; the remaining
radicals apparently react via other routes.

Summary and Conclusions

Oxidation and reduction of water-soluble manganese porphyrins
by various free radicals have been studied. The species involved,
Mn!VP, Mn!IP, Mn!'P, and Mn!P~, were characterized through
their absorption spectra. One-electron reductions by e, ",
(CH3)2COH and (CH3)2CO‘ and oxidations by Cl,7, Br;7, and
CH,CHO were found in most cases to be clean and efficient
reactions with rate constants in the range of 10°-10'0 M™! 571,
nearly diffusion controlled. The reaction of CH,C(CH;),OH
radicals with Mn"P was also found to give partial yield of Mn!"P.
However, the primary radicals of water radiolysis, H and OH,
were found to react by processes which do not result in quantitative
overall redox reactions and were not studied in detail.

Since these Mn porphyrins undergo such facile redox reactions,
they may hold some promise as possible catalysts for oxidation
of water. The formation of the Mn!VP even at low pH, as evident
from the spectra taken at short times in the pulse radiolysis
experiments, is especially promising because Mn!VP can, in
principle, accept two electrons from water as has been proposed
before??

(H,0)MnVP — OMn'P + 2H* (15)

and lead to formation of oxygen. Further studies on the production
of Mn!VP and its reactions at short times are underway.
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