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spectively, and K is the ratio of the rate constant for quenching
in micelles occupied by a single quencher molecule to the rate
constant for light emission in the absence of quencher. In a
few of the systems examined here, eq | can be used to fit the
data (cf. Figure 3). Especially in the case of quenching by
Ni(CN),%, good fits are obtained with K = 2.0 in DTAB and
0.45 in CO-630. It may be that this model, which assumes
that the mass action law can be applied to micelles containing
more than one quencher molecule, is most appropriate when
quenching is by energy transfer. The lower value of K for the
larger nonionic surfactant micelles also seems reasonable on
this basis.

As is apparent from Figure 3, the fit is less satisfactory for
p-anisidine, although semiquantitative agreement is obtained.
The other results reported do not exhibit conformity to eq 1;
in view of our light scattering observations, this may result
from changes in micelle size, which would invalidate the as-
sumptions of the model.

In a study reported after the work described here was
completed,’” more extensive measurements of the quenching
of luminescence of the octadecyl analogue of IT by methyl-
viologen in SDS and cetyltrimethylammonium micelles have

(37) Schmehl, R. H.; Whitten, D. G. J. Am. Chem. Soc. 1980, 102, 1938,

been carried out. As found here, quenching was strongly
inhibited in the positively charged micelles and enhanced in
SDS. On the basis of their emission lifetime measurements
(which showed only single logarithmic decays and lifetime
quenching paralleling intensity quenching), Schmehl and
Whitten concluded that quenching in the SDS micellar solu-
tions is dynamic, with the residence time of the bound meth-
ylviologen cations on the micelles being short compared to the
lifetime of the ruthenium complex excited state. This con-
clusion, however, is contrary to that reached by Rodgers et
al.,’® who interpreted their results on the reaction of hydrated
electrons with methylviologen in SDS solutions as indicating
irreversible binding of the viologen cations to the micelles. It
would appear that further study is needed before a definitive
model for methylviologen quenching in anionic micelles can
be proposed. ‘
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Mechanisms of quenching of the excited state of Ru(bpy);2* by superoxo-bridged dinuclear cobalt(III) complexes are
investigated by using luminescence quenching studies and by product quantum yield analysis. Bimolecular quenching constants
are of the order of 10° M1 571, which is somewhat higher than the value expected on formal charge basis. Formation of
Ru(bpy),®* and the cobaltous ion as products of photosensitization although in low yields is explained to occur in an
energy-transfer pathway. The energy-transfer pathway accounts for about 10% of the quenching events whereas the excited-state
electron-transfer process accounts for 90% of the quenching. The dark redox reaction which follows the energy-transfer
pathway leads to the products formed in steady photolysis studies.

The role of dioxygen species in redox reactions has been of
interest for a long time as important reactions in chemical and
biological systems are known to involve the superoxo and
peroxo species.! Both the superoxo and the peroxo radicals
are unstable in solution, offering limited opportunities to study
the properties of these systems either by using pulse radiolysis
methods or indirect means. The stability of dioxygen species
increases when coordinated to metal ions. The dioxygen
complexes of cobalt(III) are known as model systems for
biological oxygen carriers.? In these complexes the oxygen

(1) G. A. Hamilton in “Chemical Methods and Mechanisms for Oxygenases
in Molecular Mechanisms of Oxygen Activation”, O. Hayaishi, Ed.,
Academic Press, New York, 1975, p 405.

(2) (a)L.H. Vogt, Jr,, H. M, Faigenbaum, and S. E. Wiberly, Chem. Rev.,
63, 296 (1963); (b) L. Vaska, Acc. Chem. Res., 9, 175 (1976); (c) R.
D. JOI)]ES, D. A. Summerville, and F. Basolo, Chem. Rev., 79, 139
(1979).

bridges exist either in superoxo or in peroxo forms as evidenced
by EPR and X-ray crystallographic measurements.>* The
oxidation state of the metal center is known to be trivalent,
and the oxygen bridge could be in the peroxo form (O,%) or
in the superoxo form (O,7). Sykes and co-workers among
others’ have investigated the redox reactions of the peroxo-
and superoxo-bridged cobalt(IlI) dimers with one-electron
reducing agents. Excited-state electron-transfer reactions of
the superoxo-bridged complexes with the excited state of

(3) (a) T. Strekas and T. G. Spiro, Inorg. Chem., 14, 1421 (1975); (b) M.
Mori, J. A. Weil, and J. K. Kinnaird, J. Phys. Chem., 71, 103 (1967);
(¢) W. P, Schaefer and R. E. Marsh, Acta Crystallogr., 21, 735 (1966);
(d) I. Hyla-Kryspin, L. Natkaniec, and B. Jezowska-Trzebiatowska,
.Chem. Phys. Lett., 35, 311 (1975).

(4) (a) W. P. Schaefer and R. W. Marsh, J. Am. Chem. Soc., 88, 178
(1966); (b) W. P. Schaefer, Inorg. Chem., 7, 725 (1968).

(5) A.G. Sykes and'J. A, Weil, Prog. Inorg. Chem., 13, 1 (1970).
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Table I. Direct-Photolysis Quantum Yields?

Inorganic Chemistry, Vol. 19, No. 6, 1980 1715

complex #(Colly complex #(Coll)
[(NH,),Co(-0,)Co(NH,),] = 0.005% [(bpy),Co(uNH,,0,)Co(bpy),] * 0.017
{(NH.).Co(u-NH,,0,)Co(NH,),] ** 0.070 [ (phen),Co(u-NH,,0,)Co(phen), ] ** 0.002
[ (en),Co(u-NH,,0,)Colen),] 0.002

@ [HCI] = 1.0 M; irradiation wavelength = 450 nm; temperature = 31 + 0.5 °C. ? Quantum yield for the decomposition of the complex:
[(NH,);Co-0,~Co(NH,),] 5*%%“ + [Co(NH,),H,0]°*" + O, + SNH,*

Ru(bpy);2* are reported in a preliminary communication re-
cently,!! and this paper gives an account on the luminescence
quenching studies and photosensitized decomposition reactions
of the quenchers 1-5. It is also attempted in this study to

((NH3)5Co—0p—Co (NH3)5J(NO3)5
1

02

((NHz)4Co \/CO(NH3)4](NO3)4

NH3
2

Oz
CLaco” ><:o1_2(cno4)4j
\NHz

3, L = ethylenediamine
4, L = 2,2"-bipyridine
5, L = 1,10-phenanthroline

understand the nature of the excited states of cobalt(IIT)
complexes. Although, cobalt(III) complexes show a variety
of photochemical reactions,®” identification of the photoreactive
excited state has been difficult inspite of investigations using
photosensitization methods,? flash spectroscopy,” and mixed-
solvent systems,°

Experimental Section

Preparation of the Complexes. [Ru(bpy);]Cl, was prepared from
RuCl, and 2,2"-bipyridine as described.'> Ru(bpy),** was prepared
by oxidizing [Ru(bpy);]Cl; with PbO, in solution. [(NH,)sCo-
0,~Co(NHj;),]Cls was prepared by the literature method.!* The
unstable chloride salt was converted to the stable nitrate salt by treating
it with concentrated nitric acid until the precipitation was complete.
The precipitation was repeated twice to obtain the pure material. The
u~-amido-u-superoxo dibridged complexes were prepared as described
in the literature.!*!* UV-vis absorption spectra were obtained in
a Carl-Zeiss Specord spectrophotometer. Emission spectral mea-
surements were carried out by using a Aminco-Bowman spectro-
photofluorometer.

Emission Quenching Studies. Solutions containing the Ru(bpy),**

ion and the quencher were irradiated by using 450-nm light at 25 °C.’

Quenching studies were carried out in hydrochloric acid solutions unless
otherwise indicated as the complexes were not very highly soluble either
in H,SO, or in HCIQ, solutions. The solutions were deaerated by
purging with purified nitrogen. The exciting light of the fluorometer
(4 X 10 einstein/s) did not cause any decomposition of the quencher
or Ru(bpy);* during the time of measurement. The relative emission
intensities were corrected!® for light absorption by the quencher.

(6) V. Balzani and V. Carassiti, “Photochemistry of Coordination
Compounds”, Academic Press, New York, 1970.
(7) J.F. Endicott in “Concepts of Inorganic Photochemistry”, Wiley, New
York, 1975.
(8) (a) M. A. Scandola and F. Scandola, J. Am. Chem. Soc., 94, 1805
(1972); (b) P. Natarajan and J. F. Endicott, ibid., 94, 3635 (1972);
(¢) H. D. Gafney and A. W. Adamson, Coord. Chem. Rev., 16, 171
(1975).
(9) P.Natarajan and J. F. Endicott, J. Am. Chem. Soc., 98, 2470 (1973).
(10) J. F. Endicott, G. J. Ferraudi, and J. R. Barber, J. Phys. Chem., 79,
630 (1975).
(11) K. Chandrasekaran and P. Natarajan, J. Chem. Soc., Chem. Commun.,
774 (1977).
(12) R. A. Palmer and T. S. Piper, Inorg. Chem., 5, 865 (1966).
(13) Inorg. Synth., 12, 197 (1972).
(14) 1. S. Valentine and D. Valentine, Jr., Inorg. Chem., 10, 393 (1971).
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Figure 1. Spectra of the superoxo-bridged dicobalt(I1II) complexes:
1(—),2(¢2),30C),4(--),5(%X).

Intensities of the light emitted by *Ru(bpy)s** in the presence (I)
of and in the absence (/) of the quencher were related to the quencher
concentration according to the Stern—Volmer relationship (eq 1), where

Ly/1=1+ K,[Q] Ky = qu H

k, is the bimolecular quenching constant and 7 is the radiative lifetime
of *Ru(bpy);** at 25 °C which was measured to be 0.5 us. Ionic
strengths of the solutions were adjusted by adding NaCl in HCI
solutions or by adding NaClO, in HCIO, solutions.

Photosensitization Reactions. The photosensitization studies were
carried out at 30 £ 1 °C by using a 250-W high-pressure mercury-
vapor lamp (Applied Photophysics), and the setup was fitted with
cells containing filter solutions and glass filters to obtain mono-
chromatic light. Concentrations of the Ru(bpy);** ion in solution
were adjusted such that >95% of the light from the irradiating beam
was absorbed by the sensitizer. After the irradiation, the solution
was mixed well and the absorbance of the solution was measured. The
change in absorbance at 450 nm was followed as a function of time
which corresponded to a first-order process. The first-order growth
of absorbance was attributed to the reduction of Ru(bpy),** formed
in the primary photochemical reaction. Ru(bpy);** concentration
immediately after irradiation was calculated from the extrapolation
of the first-order plot to “zero” time. Ru(bpy);** decay during
irradiation was found to be less than 5-10% of the total Ru(bpy),**
formed in the photosensitization reaction.

The cobaltous ion produced in the photosensitization reactions was
determined by the ammonium thiocyanate method.!* Cobalt(II)
formation due to direct photolysis of the quenchers was found to be
much less than 1% of the total cobalt(II) formed in the sensitization
reaction. Quantum yields for the products of photosensitization
reactions were determined in the presence of added Ru(bpy);** by
using freshly prepared solutions of the complex.

Results

Visible absorption spectra of the superoxo dinuclear co-
balt(III) complexes used in this investigation are shown in
Figure 1.

In acid solutions, [H*] =~ 102 M, all the complexes are
stable to either substitution or redox reactions. The direct-

(15) J. N. Demas and A, W. Adamson, J. Am. Chem. Soc., 95, 5159 (1973).
(16) R. E. Kitson, Anal. Chem., 22, 664 (1950).
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Table II.  *Ru(bpy),** Quenching Constants for the Dinuclear Cobalt(III) Complexes

complex [HCl},M [HCIO,],M [H,SO,l,M g, M Ky 107% o, M' 57!

[(NH,),Co(u-0,)Co(NH,),} * 1.0 1.0 956 1.91

0.1 0.1 368 0.74

1.0 1.0 2154 4.30

0.1 0.1 1110 2.22

0.02 0.02 640 1.28

0.02 0.42 2241 4.48

0.5 1.50 2307 4.62

[(NH,),Co(u-NH,,0,)Co(NH,),] ** 1.0 1.0 2000 4.00
(2058)@ 4.12)%

0.1 0.1 1045 2.09

0.01 0.01 500 1.00

0.01 1.33 2178 4.36

0.01 0.54 1375 2.75

1.0 1.0 4421 8.84

0.1 0.1 534 1.07

0.01 0.21 1474 2.95

0.01 0.81 1750 3.50

[(en),Co(u-NH,,0,)Co(en),] * 1.0 1.0 1600 3.20
(1750)¢ (3.50)¢

0.1 0.1 2182 4.36

0.01 0.01 348 0.70

0.01 0.51 1800 3.60

[(bpy),Co(u-NH,,0,)Co(bpy),] ** 0.81 0.81 2237 4.47

0.11 0.11 2105 4.21

0.01 0.01 1500 3.00

{(phen),Co(u-NH,,0,)Co(phen),] ** 1.0 1.00 4048 8.10

@ Values calculated from lifetime quenching studies.
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Figure 2. Stern—Volmer plots for luminescence quenching of the
*Ru(bpy),** by the superoxo cobalt(III) complexes: 1, m (u; = 1.0
M); 2, O (y; = 0.10 M); 3, A (g; = 0.10 M); 4, & (y; = 0.01 M);
5 @ (u = 1.0 M).

photolysis quantum yield data for the complexes investigated
are given in Table .

Results of the emission quenching studies in the form of
Stern—Volmer plots are shown in Figure 2, and the bimolecular
quenching constants and Stern—Volmer constants (Kj,) are
given in Table II.

Steady irradiation of an aqueous acidic solution containing
Ru(bpy);?* and the cobalt(III) dimer produces the cobaltous
ion and Ru(bpy);**. Results of the quantum yields for the
formation of Ru(bpy);** and the cobaltous ion for different

Table [II. Determination of Stern-Volmer Constants from
1/¢ vs. 1/[Q] Plots

inter-
inter- slope X cept/

complex cept 10° slope  Kgy
[(NH,),Co(u-0,)Co(NH,),] 5* 12 6.35 1890 1914
[(NH,),Co(u-NH,,0,)Co(NH,),]** 13 54 241¢ 3909

[(en),Co(u-NH,,0,)Co(en),] ** 33 135 244% 3200
[(bpy),Co(w-NH,,0,)Co(bpy),]** 52 10.4 5000 4473

¢ Values could not be determined accurately due to the nonlin-
earity of the plot as a result of complications from secondary re-
actions.

Table 1IV. Effect of Added Ru(bpy),* on
Photosensitization Quantum Yields®

10°[Ru- 10%¢-
(py),**], 10°%-  (Ru-
complex (concn) M (Colh) (bpy),*")
[(NH,),Co(u- 02)CO(NH3) s 1.18 2.04 24
(3.325x 107 M) 2.36 1.87 1.91
5.06 2.10 2.40
12.32 2.3 2.09

[(NH,),Co-NH,,0,)> 0290 542 45
Co(NH,),] * (1,095 x 11 417 3.9
1073 M) 1.8 3.00 3.9

3.3 3.10 3.9

[(en),Co(u-NH,,0,)- 0.7 12 88

Co(en),] ** (4.48 x 107* M) 1.06 1.2 6.62
1.80 1.23 7.413
[(bpy),Cow-NH,, 0, 047 3.0 157
Co(bpy),] ** (5.3 X 107* M) 1.4 3.1 1.5
2.4 3.1 1.2
@ [Ru(bpy),**] = 3.65 X 10 M: [HCl] 1.0 M;7, = 5.00 X
1078 emsteln/mm b [Ru(bpy)s“] =2.65 X 107* M,

quenchers are presented as plots of 1/¢ vs. 1/[quencher] in
Figure 3. The intercept/slope values calculated from these
plots are given in Table IIL.

Quantum yields for the products of photosensitization re-
actions determined in the presence of added Ru(bpy):3* are
presented in Table IV for a given concentration of the
guencher. The data determine the effect of added Ru(bpy)**,
which is a product of the photosensitization reaction, on the
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Figure 3. Variation of quantum yield for Ru(bpy),3* and Co?* formation as a function of quencher concentration in 1.0 M HCl; ¢, ¢, d, b,
and a correspond to the cases for the quenchers 1, 2, 3, 4, and 5, respectively. Limiting quantum yields for Co(II) are about twice that of

Ru(bpy);** for 2, 3, 4, and 5.

quantum yield for cobaltous ion.

Flash-photolysis investigations have indicated!! that the
redox products resulting from the primary photosensitization
reaction get accumulated before reacting again to give the
starting materials as reported earlier. Our attempts to de-
termine the steady-state concentrations of the primary pho-
toproducts failed to give reliable values because the corrections
involved were large. The approximate steady-state concen-
trations of the photoproducts were in the range of 15% of
Ru(bpy);** used for the sensitization studies. However, ab-
sorption by these products was negligible to contribute to the

products formed in steady photolysis.
Discussion

The sensitizer *Ru(bpy);2* is a well-characterized species
and is formed on exciting the complex Ru(bpy);>* in the
intense visible absorption band. The excited state is assigned
a charge-transfer!” character in accordance with the high
intensity of the absorption band (¢(450 nm) = 1.41 X 10* L
mol™! cm™). *Ru(bpy);?* is known to be a powerful reducing

(17) J. N. Demas and G. A. Crosby, J. Am. Chem. Soc., 93, 2841 (1971).
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agent'® (E° for Ru(bpy);**/*Ru(bpy);** is -0.82 V) and a
mild oxidizing agent as well.”® *Ru(bpy);** transfers the
excitation energy to suitable acceptors,® and recently photo-
electron production from this excited state has been attributed
to a biphotonic absorption process.?!

The absorption spectra of the dinuclear cobalt(IIT) com-
plexes are complicated due to the fact that the intensities of
the transitions in the visible region are fairly high to assign
them as pure ligand field transitions. While earlier reports??
assign the low-energy bands due to d-d transitions, recent
studies indicate that the bands are predominantly charge
transfer in character.??*

As far as the thermal reactions of the quenchers are con-
cerned, all the complexes are substitution inert and stable for
days in aqueous acidic solutions. The superoxo-bridged di-
cobalt(III) complexes are reduced by one-electron reducing
agents in aqueous medium, producing the corresponding
peroxo complexes.?® The single-bridged peroxo complex
decomposes further to give the fragments [Co(INH,)s]?* and
{Co(NH,)50,}*" which decomposes subsequently to give
aqueous cobaltous ion (eq 2). [Co(NH;)s0,]** has been

[(NH3)5Co-0;-Co(NH,)s]** + ¢ ~——»
2Co? + 0, + 10NH,* (2)

observed in the reduction of the dinuclear superoxocobalt(IIT)
complex by the chromous ion.?” The reduction of 3 by various
one-electron reducing agents has been investigated in detail,?
and the studies show that the superoxo group is reduced di-
rectly and is not reduced through the cobalt(IIT) center.?’ The
peroxo complex readily protonates at the peroxo bridge and
the protonation equilibria lead to different isomers of the
peroxo complex as in eq 3, where K; = 0.141 M and K, =
1.1. One-electron-reduction products of 3, 4, and 5 are stable
in solution and have been isolated in solid form.*

h

O'O\ 34+ + i /E)*é\ 4+ K_Z‘
(en)pCo Colen) + H = (enhCo Colenls) =
ez SNHT 2] Clerl NHe ™

|

7

0 0-0

SN 4+ PN Z3t +

[:(en)ZCo\ /Co(en)zj = E(en)gCo\NH /CO(en)ZJ + H 3
NHZ 2

Direct irradiation of the superoxo-bridged complexes pro-
duces the cobaltous ion, in low quantum yields,'# as one of the
photolysis products. None of the quenchers used in the present
study is very photosensitive at 450 nm where photosensitization
studies were carried out.

Mechanism of the Quenching of *Ru(bpy);**. Bimolecular

(18) C. Creutz and N. Sutin, J. Am. Chem. Soc., 98, 6536 (1976).

(19) C. Creutz and N. Sutin, J. Am. Chem. Soc., 98, 6384 (1976).

(20) V. Balzani, I. Moggi, M. Manfrin, F. Bolleta, and G. S. Laurence,
Coord. Chem. Rev., 15, 321 (1975).

(21) D. Meisel, M. S. Matheson, and J. Rabani, J. Am. Chem. Soc., 100,
117 (1978).

(22) M. Linhard and M. Weigel, Z. Anorg. Allg. Chem., 308, 254 (1961),

(23) A. A. Vicek, Collect. Czech. Chem. Commun., 25, 3036 (1960).

(24) A. P. B. Lever and H, B. Gray, Acc. Chem. Res., 11, 348 (1978).

(25) V.M. Miskowski, J. L. Robbins, I. M. Treitel, and H. B. Gray, Inorg.
Chem., 14, 2318 (1975).

(26) (a) J. D. Edwards, C. H. Yang, and A. G. Sykes, J. Chem. Soc., Dalton
Trans., 1561 (1974); (b) A. G. Sykes, Chem. Br., 10, 170 (1974).

(27) A. B. Hoffman and H. Taube, Inorg. Chem., 7, 1971 (1968).

(28) H. R. Michael and A. G. Sykes, J. Chem. Soc., Dalton Trans., 1550
(1974).

(29) D.H. )Timolhy, H. R. Michael, and A. G. Sykes, Inorg. Chem., 14, 1720
(1975).

(30) K. M. Davies and A. G. Sykes, J. Chem. Soc. A4, 1418 (1971).
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Figure 4, Schematic diagram of the reaction mechanism.

quenching constants observed for all the quenchers shown in
Table II are higher than the diffusion-controlled rate constants
predicted by Debye’s equation.’® The quenchers carry high
positive charge and are of large size which predict somewhat
lower diffusional limiting rate constants. However, it may also
be noted that the charge is distributed all over the molecule
and the net charge at a given point may be much lower. In
fact the superoxo bridge carries a negative charge, and the
large quenching rate constant may be indicative of the pre-
dominant quenching by the superoxo group. The predominant
mode of quenching by the dinuclear complexes is by the ex-
cited-state electron transfer from *Ru(bpy),** to the quencher.
In the sensitization experiment using flash spectroscopy,
bleaching of the Ru(bpy),** absorption at 450 nm and the
subsequent reappearance of Ru(bpy),?* due to reaction 4 have
already been demonstrated.!!

Ru(bpy);** + peroxo complex =
Ru(bpy);** + superoxo complex (4)

The bimolecular rate constant for this thermal back-reaction
is about two orders of magnitude lower than that for the
photoreaction. Our estimates show that 80 & 10% of the
quenching process proceeds through this excited-state elec-
tron-transfer process.’  As shown earlier,!! lifetime mea-
surements show identical results as the luminescent quenching
measurements, and the quenching process occurs by a dynamic
quenching mechanism.

Photosensitized Formation of Cobaltous and Ru(bpy),**
Ions. While the predominant process described abave is the
one anticipated on thermodynamic grounds and the mechanism
is well understood for this process, formation of the cobaltous
ion and Ru(bpy);** through this pathway does not seem
feasible. Thermal back-reaction converts most of the primary
photochemical products arising from the excited-state elec-
tron-transfer process to the starting materials. Direct-pho-
tolysis studies show that the superoxo complexes are not highly
photosensitive at 450 nm and the decomposition of the complex
observed during sensitization is not due to direct photolysis
since the light absorbed by the quencher is less than 5% of the
incident light. The formation of cobaltous ion in the photo-
sensitization reaction could also arise due to the decomposition
of the peroxo complex formed in the excited-state electron-
transfer process in competition with the thermal back-reaction
or other sensitization processes. However, the peroxo com-
plexes do not give rise to cobaltous ions as shown for the
dibridged complexes.’>  The formation of the observed

(31) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).

(32) Electron-transfer efficiency from the excited state is determined by using
Lin and Sutin’s procedure: C. T. Lin and N. Sutin, J. Phys. Chem.,
80, 97 (1976).

(33) Single-bridged peroxo complexes decompose in acid solution to give rise
to cobalt(II); the reaction is too slow? to compete with the electron-
transfer back-reaction.

(34) J. Simplicio and R. G. Wilkins, J. Am. Chem. Soc., 91, 1325 (1969).
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products is not possible from this pathway, and to account for
the decomposition reaction some other mechanism has to be
proposed. The emitting state of Ru(bpy);** can also be
deactivated by transferring the excited-state energy to the
quencher provided the excited state of the quencher lies below
that of Ru(bpy);?*. Indeed such low-lying states are available
in principle as the absorption spectra of cobalt(III) complexes
show. Energy transfer to the superoxo dicobalt(III) complex
could lead to the decomposition of the complex from the states
which are active in direct photolysis. The presence of Ru-
(bpy);** in addition to cobaltous ion as a product of the sen-
sitization rules out this process also.

The pathway in which net products of photosensitization
are observed is different from the excited-state electron-transfer
pathway discussed earlier and is elucidated from the results
obtained for the u-amido-u-superoxo complexes. In the case
of the ethylenediamine dibridged complex and Ru(bpy);?*,
the excited-state electron-transfer process produces the peroxo
dibridged complex and Ru(bpy);>* (see eq 5). Thermal
Oz

\Co(en)234+ —

NH2 -

* 2+
Ru(bpy)s + ({en)sCo

02
Ru(bpy)33+ + ((en)2Co - >Co(en)2]3+ 3
NH2

back-reaction between the photoproducts is fast, and there is
little accumulation of the peroxo complex or Ru(bpy),** in
the medium. Since the u-amido-u-peroxo ethylenediamine
complex itself does not decompose in the acidic medium to give
the cobaltous ion, the predominant excited-state electron-
transfer pathway is not the one which causes formation of the
cobaltous ion. Again excited-state electron transfer directly

(35) Recent pulse-radiolysis experiments confirm that reduction by strong
organic radicals, unstable metal ions, and hydrated electrons reduces
the dioxygen bridge to give the analogous peroxo complexes.*

(36) P. Natarajan and N. V. Raghavan, J. Chem. Soc., Chem. Commun.,
268 (1980).

to the metal center is also ruled out considering the fact that
one-electron transfer by various reducing agents in thermal
reaction involves the dioxygen bridge only and does not involve
the metal center.’* Thus the net products of the photosensitive
reaction are to be attributed to an independent pathway, and
the following mechanism in Figure 4 is proposeéd to account
for the products.

Ru(bpy);** externally added to the steady photolysis system
does not change the photosensitization quantum yields for
Ru(bpy);** production as well as dicobalt(III) complex de-
composition as shown in Table IV. These results indicate that
Ru(bpy);** production is also not coupled with the primary
electron-transfer reaction observed in flash photolysis. It is
proposed that formation of Ru(bpy);** is due to the oxidation
of Ru(bpy);** ion by the excited state of the dicobalt(IIT)
cation. In this process the cobalt complex decomposes to give
the cobaltous ion as one of the products. Ru(bpy);’*, which
remains in solution, slowly decays to Ru(bpy);** with a
half-life of more than 1 h, probably reacting with the species
present in the medium. On the basis of the above mechanism,
the quantum yield for net product formation was related to
the quencher concentration by eq 6.

2 1 1 kq + ks

= = +
¢(Co™)  ¢(Ru(bpy)s™) k[0l R ©

The intercept vs. the slope in the 1/¢ vs. 1/[Q] plot gives
a measure of the Stern—Volmer constant, and the values of
K, calculated from the plots are given in Table III.  Good
agreement is seen in cases where secondary reactions do not
complicate the measurement of quantum yields. Complications
seen for the dibridged ammine complexes are due to the
secondary reaction described in Figure 4.
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He I photoelectron spectra are presented for P;N3Fg_,(CsHs), (n = 1,2,4) and P;N;FsCH,N(CH,),. Ionization energies
are discussed in terms of perturbations of molecular orbitals of the parent aryl and phosphazene functions. The data confirm
the strong electron-withdrawing effect of the P;N3Fs moiety and show a dramatic decrease in this effect as fluorine atoms
are replaced by phenyl groups. One also observes a significant destabilization of the phosphazene out-of-plane = molecular
orbital as the fluorine atoms are replaced by phenyl groups. The ionizations from the phenyl m,, and m, orbitals are unresolved
in phenylphosphazenes, thus demonstrating the lack of significant phosphazene—-aryl group mesomeric interactions. The
electronic effect of the electron-donating dimethylamino substituent on the phenyl unit is transmitted to the phosphazene

through the o-bond system.

Introduction

The nature of the electronic interaction between aromatic
hydrocarbon groups and directly bonded second-row atoms
such as silicon and phosphorus continues to attract considerable

(1) Part 11: Dupont, J. G.; Allen, C. W. Macroniolecules 1979, 12, 169.
(2) (a) University of Vermont. (b) University of Oxford.

0020-1669/80/1319-1719501.00/0

attention. Various spectroscopic probes have been applied to
these systems in order to evaluate the relative importance of
conjugative, hyperconjugative, and inductive effects.-5
Aryl-substituted cyclophosphazenes have been examined by

(3) Attridge, C. J. Organomet. Chem. Rev., Sect. A 1970, 5, 323.
(4) Pitt, C. G. J. Organomet. Chem. 1970, 61, 49.
(5) Bock, H,; Ramsey, B. G. Angew. Chem., Int. Ed. Engl. 1973, 12, 734.

© 1980 American Chemical Society





