
Journal of the American Chemical Society / 102:5 / February 27, 1980 

Photochemical Reduction of Some 
Carboxylatopentaamminecobalt(III) Complexes by 
Tris(bipyridine)ruthenium(II). Evidence for 
Cage Recombination Reactions1 

Wolfhart Bottcher and Albert Haim* 

Contribution from the Department of Chemistry, State University of New York, 
Stony Brook, New York 11794. Received May 18,1979 

Abstract: The quenching of the luminescent, excited state of Ru(bpy)32+ by pentaamminecobalt(III) complexes of p-nitroben-
zoate, o-nitrobenzoate, benzoate, and acetate has been studied at 25 0C, pH 5.8, and ionic strength 0.10 M as a function of the 
concentration of the cobalt complex. Linear Stern-Volmer plots were obtained from which the following quenching rate con
stants have been calculated: (2.4 ± 0.2) X 109, (1.3 ±0.1) X 109, (1.5 ±0.1) X 108, and (2.1 ± 0.2) X 108 M"1 s_ l . Limiting 
quantum yields for cobalt(II) production are 0.011 ± 0.001,0.051 ± 0.001, and 0.45 ± 0.15 forp-nitrobenzoato-, o-nitroben-
zoato-, and benzoatopentaamminecobalt(III), respectively. On the basis of these results and of calculations of diffusion-con
trolled rate constants, it is suggested that the quenching of *Ru(bpy)32+ by the cobalt complexes can result in the transfer of 
an electron from the excited-state donor to the unique ligand of the quencher (for the nitrobenzoate complexes) or to the cobalt 
center of the quencher (for the benzoate and acetate complexes) to produce ligand-centered or cobalt-centered successor com
plexes in a solvent cage. For the latter complexes, cage dissociation leading to the production of cobalt(II) and cage recombina
tion resulting in the regeneration of the reactants are competitive, and therefore substantial yields of cobalt(II) are observed. 
For the ligand-centered complexes, cage recombination predominates and therefore the quantum yields of cobalt(II) are very 
low. 

Introduction 

It is well known that electron-transfer reactions between 
transition-metal complexes can proceed via a resonance ex
change or a chemical mechanism.2 In the chemical mechanism, 
the electron, initially in an orbital localized in the reducing 
agent, is transferred to an orbital centered on a ligand bound 
to the oxidizing metal center. The intermediate produced in 
this manner undergoes internal electron transfer in a subse
quent step, the electron ultimately residing in an orbital lo
calized in the reduced form of the oxidizing metal center. The 
bulk of the experimental evidence for the operation of the 
chemical mechanism rests on rate comparisons.3-6 However, 
there is direct evidence for the intermediacy of ligand radicals 
bound to an oxidizing metal center in radiation chemical 
studies of nitrobenzoatopentaamminecobalt(III) com
plexes.7 

In our previous work,8 we attempted to probe the chemical 
mechanism by studying the reactions of the excited, lumines
cent state *Ru(bpy)3

2+ with pentaamminecobalt(III) com
plexes of 4,4'-bipyridine and some of its derivatives. Although 
radical ions derived from 4,4'-bipyridine are quite stable9 and 
can be generated by utilizing *Ru(bpy)32+,8'10 we were unable8 

to detect 4,4'-bipyridine radicals bound to the Co(NH3)53+ 

moiety. One possible explanation which was advanced8 for the 
failure was a very rapid (>4 X 106 s_1) rate of intramolecular 
electron transfer from the bound radical ion to the cobalt(III) 
center in a postulated Co"I(NH3)5(4,4'-bpy_)2+ intermediate. 
In view of the relatively slow (2.6 X 103 s - 1 ) rate of internal 
electron transfer from /7-nitrobenzoate radical to 
Co(NH3)53+ ,7 we decided to investigate the photochemical 
reactions of nitrobenzoatopentaamminecobalt(III) complexes 
with tris(bipyridine)ruthenium(II), eq 1, where L = p- and 
o-nitrobenzoate (PNBz and ONBz). For comparison purposes, 
we also studied the corresponding reactions of benzoate (Bz) 
and acetate_ (Ac). Quenching rate constants and quantum 
yields for Co(II) production have been measured, and the re
sults provide important information about the mechanism of 
electron transfer and the question of cage recombination re
actions. 

*Ru(bpy)3
2+ + Co(NH3)SL2+ 

— Ru(bpy)3
3 + + Co(NH 3 ) 5 L + (1) 

Experimental Section 

Materials. The benzoato and nitrobenzoato complexes were pre
pared by the method of Gould and Taube,3 except that four extractions 
with ether were carried out to remove the excess parent acid. Aceta-
topentaamminecobalt(III) perchlorate was prepared by the method 
of Sebera and Taube.11 The sample of pyridinepentaammineco-
balt(III) perchlorate was the same as used in previous work.12 The 
purification of the argon, of the water, and of the lithium perchlorate 
was described previously.12 All other chemicals were reagent grade 
and were used as received. 

Luminescence Quenching Measurements. A series of solutions of 
constant Ru(bpy)32+ concentration (2 X 1O-6 M) and variable 
quencher concentration (5 X 1O-4 to 5 X 10-3 M) containing also the 
desired amounts of buffer and of LiC104 was prepared. These solutions 
were deaerated for approximately 1 h in 1-cm2 serum-capped fluo
rescence cells and then thermostated at 25.0 0C in the cell compart
ment of a Perkin-Elmer MPF-44A fluorescence spectrophotometer. 
Emission intensity measurements were carried out at 615 nm with an 
excitation wavelength of 450 nm. 

Photolysis Measurements. Flash photolysis measurements were 
carried out with a Xenon Corp. Model 720 apparatus. The experi
mental details were described recently.8 The carboxylate complexes 
are known to undergo redox reactions when irradiated in their ligand 
to metal charge transfer bands (near-UV). Therefore, in order to 
prevent the direct photochemical reduction, the outer compartment 
of the thermostatable photolysis cell was filled with 0.010-0.10 M 
Fe(ClCt)3 in 5 M HCIO4. This was sufficient to absorb most of the 
flash light of wavelength shorter than 350 nm. Steady-state photolysis 
measurements were carried out with a conventional setup consisting 
of a 450-W Hanoyia Xe-Hg lamp mounted in a Schoeffel LH 151 N 
lamp,housing and an optical train with a 0.6-cm glass plate, a 5-cm 
cell filled with water, a 450-nm interference filter, a lens, a shutter 
and an iris. The details of the photolysis cell were described previ
ously.8 Light intensity was determined by tris(oxalato)ferrate(III) 
actinometry. The cobalt(II) produced was.estimated using Kitson's 
method.13 

Visible and ultraviolet spectra were recorded in a Cary 17 or 118 
spectrophotometer. pH measurements were carried out with an Orion 
Model 801 or a Radiometer Model 26 pH meter. 

Results 

The emission intensities measured in the quenching exper
iments were treated according to the equation 

(/o//)cor = 1 + *sv[Q] (2) 
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Table I. Stern-Volmer Constants Ksv, Limiting Quantum Yields $i for Production of Co2+, and Quenching Rate Constants /cq for the 
Reactions of *Ru(bpy)3

2+ with Co(NH3)5L"+ Complexes" 

IO-2A:S V , M - *! 1O9V, M-1S-1 

— O 2 C - ^ ^ — N O 2 " 

_ o ! C ^ > -

-O1C-Qr 

— O 2 C — C H 3 " 

- © 
-€H0> C H * + 

—O1C-Q)-NOr' 

14± lc 

7.8 ±0.6 

0.90 ± 0.06 

1.3 ±0.1 

1.0 ± 0.06 <* 

6.45 ± 0.07rf 

28 ± 2C 

(1.1 ±0.1) X 10-2 

(5.1 ±0.1) X 10-2 

0.45 ±0.15 

0.80 ±0.12 

0.92 i O . l C 

2.4 ±0 .2 /2 .4 ±0.1 

1.3 ±0.1, 1.2 ±0.1 

0.15 ±0.01, 0.10 ±0.04 

0.21 ±0.02 

0.17 ±0.01/0.21 ±0.05 

1.09 ±0.01' ' 

4.7±0.3C 

" Measurements at 25 0C, pH 5.8 (phosphate buffer), jt = 0.10 M (LiClO,*). * The first entry is calculated from KSV/T0; see text. The second 
entry is calculated from eq 13. c Measured by K. R. Leopold, B.S. Thesis, State University of New York, Stony Brook, 1977. d From ref 8. 
e This entry corresponds to quenching by the free ligand. 

where (IQ/I)00T is the corrected ratio of emission intensities in i„ 
the absence and presence of quencher, respectively, and Ksv ~ c« 
is the Stern-Volmer constant. The corrected intensity ratios 
are related to the observed intensity ratios by the equation 

UoZO(MT ~ (W-Oobsd 
1 - IQ-(AD+AQ) A 

1 - 1 0 - / , D AD + AQ 

1 - \Q-A'Q 
X 

2 . 3 0 3 / 4 ' Q 
(3) 

where A D and AQ are the absorbances per centimeter of donor 
and quencher, respectively, at the excitation wavelength and 
A'Q is the absorbance per centimeter of the quencher at the 
emission wavelength. As shown in Figure 1, the plots of UoZ 
^)cor vs. [Q] were linear.14 Values of Ksv for the complexes 
studied and for the p-nitrobenzoate anion were obtained by a 
least-squares fitting of the data to eq 2 with the requirement 
that the intercept be 1. From these values of A ŝv, listed in col
umn 2 of Table I, and the relationship ^ s v = kqTo, where kq 

is the rate constant for reaction 1 and To = 0.60 ± 0.02 /us15 is 
the lifetime of *Ru(bpy)32+, values of kq were calculated and 
are listed in column 4 of Table I. Included in the table for 
purposes of comparison are the quenching rate constants8 for 
i (Co(NH3)5py3 +) and ii (Co(NH3)5bpy4 +). It will be seen 

Co(NH3). n r crfNiuNOHn NCK1 

that the nitrobenzoate and Ar-methyl-4,4'-bipyridine com
plexes react at rates near the diffusion-controlled limit, whereas 
the benzoate, acetate, and pyridine complexes react at rates 
one order of magnitude slower. The mechanistic implications 
of these observations will be discussed below. 

In the steady-state photolysis measurements, solutions of 
constant [Ru(bpy)3

2+] (~2.5 X IO - 5 M) and variable 
[Co(NH3)5L2+] (2 X 10-4 to 7 X IO"3 M) were irradiated for 
a period of time t, and then analyzed for Co2+ . Quantum yields 
4>m were calculated from the expression <£m = (K[Co2 +]/?/) 
where V is the volume of the solution irradiated, [Co2+] is the 
concentration of Co 2 + present after irradiation for a time t, 
and / is the light intensity. Plots of 1 /<£>m vs. 1 / [Co(NH3)5L2+] 
were linear (see Figure 2) and least-squares treatment of the 
data yielded values of intercepts and slopes. The inverses of the 

[ Q ] , MxIO0 

Figure 1. Stern-Volmer plots for the quenching of *Ru(bpy)32+: A, 
PNBz"; B, Co(NH3)JPNBz2+; C, Co(NH3)5ONBz2+; D, Co-
(NHj)5Ac2+; E, Co(NHj)5Bz2+. 

intercepts are the limiting quantum yields for Co2+ production, 
$i, and are listed in column 3 of Table I. The ratios of inter
cepts to slopes, as shown below, are equal to A"sv. Values of kq 

calculated from KSV/TO are listed in column 4 of Table I. 
A solution containing ~ 3 X 10"4 M Co(NH3)5PNBz2+ and 

~ 1 X 1O-5 M Ru(bpy)3
2+ at pH 5.8 was subjected to flash 

photolysis. No transients could be seen at 330 or 420 nm, the 
reported7 wavelengths for the maxima of Co111-
(NH3)5(PNBz2-)+. 

Discussion 

The results of the quenching measurements are interpreted 
on the basis of the equations 

Ru(bpy)3 2+. 
!Ao 

:*Ru(bpy)3
2 + (4) 

*Ru(bpy)3
2+ + Q ^ = ^ *Ru(bpy)3

2+—Q (5) 
k-4 

*Ru(bpy)3
2+—Q -^ Ru(bpy)3

3 +—Q- (6) 

The forward and reverse reactions in eq 4 represent the exci
tation of Ru(bpy)3

2+ by absorption of light and the first-order 
radiative and nonradiative decays of *Ru(bpy)3

2+ , respec
tively. The forward reaction in eq 5 represents the diffusion-
controlled approach of the excited state (*Ru(bpy)3

2+) and 
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17.6 

13.2 

4.4 

Figure 2. Quantum yields for Co2+ production: A, Co(NH3)5PNBz2+; B, Co(NHb)5ONBz2+; C, Co(NH3)5Bz2+; D, Co(NH3)5py3+. 

Table II. Diffusion-Controlled Rate Constants and Quenching 
Efficiencies for the Reactions of *Ru(bpy)3

2+ with Co(NH3)5L"+ 

Complexes 

L 

—O2C—(Q^—XO2~ 

-o2c-^g>-
NO2 

-o&-@-

— O X — C H , " 

- © 
-CH>cH]+ 

— O 2 C-<f^>—NO 2 ' 

™ 0 - O N C H , 2 + ' 

108(rA 

+ 'B)> 
cm" 

10.3 

10.1 

10.1 

9.7 

9.8 

10.4 

8.8 

9.1 

io-9£d, 
M-' 

S - 1 A 

3.0 

2.9 

2.9 

2.8 

1.8 

1.4 

4.8 

2.6 

U 
0.80 

0.45 

0.05 

0.08 

0.09 

0.78 

0.98 

0.96 

10-^-d, 
s-i d 

4.2 

4.4 

4.4 

5.3 

6.8 

6.8 

1.2 

6.8 

10-'°*«, 
s-1 ^ 

1.7 

0.4 

0.02 

0.06 

0.07 

2.5 

5.6 

17 

cobalt(III) complexes (column 4 of Table I). It must be rec
ognized that kq is a measure of the fraction of encounters be
tween *Ru(bpy)32+ and Q which result in the deactivation of 
the excited state. In order to assess the quenching efficiency 
of the encounters, it is necessary to have values of /cj, the dif
fusion-controlled rate constants for the reactions of 
*Ru(bpy)32+ with the Co(III) complexes. Values of k<s° at 
infinite dilution were estimated using the Debye equation16 

corrected for the hydrodynamic effect:17,18 

£d° = 
47r(DA + DB)N0 

1000 < " • ' • > / / . ' T * 
exp(ax) 

bx 
(7) 

" Calculated from rA = 6.8 X 10-8 cm for Ru(bpy)3
2+ and values 

of ^B estimated as described in the text. * From eq 7 and 8. c Calcu
lated from kq/ki. d Calculated from k& and Ko, eq 10.e Calculated 
from/q/cd/U — Zq)- * This entry corresponds to the free ligand. 

the cobalt(III) complex (Q) to produce an encounter or pre
cursor complex. The precursor complex can dissociate to yield 
the reactants (reverse of eq 5) or undergo the well-estab
lished10,15 electron transfer quenching reaction (eq 6). The 
reduced quencher in eq 6 is represented by Q - . It will be seen 
later that two alternative formulations are possible for Q - . 

Applying the steady-state approximation to the excited state 
*Ru(bpy)32+ and to its encounter complex with Q, it can be 
shown that (/o//)cor - 1 + Tokq[Q], where kq - kdkct/(k-d 
+ ket). Of major interest in the present work are the nature and 
the reactions of the species *Ru(bpy)33+—Q - produced in the 
primary quenching process. However, before discussing this 
point, it is instructive to examine the values of kq for various 

DA and DB are the diffusion coefficients of the two reactants 
(taken to be 5 X 1O-6 cm2 s - 1 ) . No is Avogadro's number. rA 

and rB are the effective radii of the reactants. For water at 25 
0C, a is 7.131 X 1O -8ZAZBZ(^A + ^B). where zA and zB are the 
charges of the reactants. b = 3rArs/(rA + ^B)2- Values of k^ 
at ionic strength 0.10 M were calculated from the infinite 
dilution values /Cd0 and the Debye-Br^nsted equation:19 

log kd = log /Cd0 + 2zAzBaMZ[l + /8(rA + rB)y/Ji] (8) 

ju is the ionic strength, a and /3 are 0.509 and 3.29 X 107 for 
water at 25 0C, respectively. Equations 7 and 8 are applicable 
to spherical reactants. For Ru(bpy)32+, which is spherical, we 
take rA = 6.8 X 10~8 cm.20 However, the cobalt complexes are 
not spherical and therefore we have calculated the radii 
equivalent to the sphere of equal volume from the equa
tion20 

/ • B = V 2 ( r f l < W / 3 (9) 

d\, di, and di, the diameters along the three principal axes, 
have been estimated from bond distances and geometric con
siderations. Values of rA + rB, Ic^, and/ q , the fraction of en
counters between *Ru(bpy)32+ and the quencher (kqjki) that 
result in deactivation, are listed in Table II. It will be seen that 
for the PNBz, ONBz, and bpy complexes, the measured values 
of kq approach calculated values of k& and, therefore, nearly 
every encounter (or every other encounter for Co(N-
H3)50NBz2+) result in electron transfer. In contrast, the 
values of kq for the benzoate, acetate, and pyridine complexes 
are at least one order of magnitude smaller than the diffu
sion-controlled limits (/q < 0.1) and, therefore, less than 10% 
of the encounters result in deactivation. An alternate and in
structive approach to view this data is to calculate the values 
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*Ru(bpy)3
2+ + Co"i(NH3)5L"+ ^ * *Ru(bpy)3

2+- - -Coi"(NH3)sL"+ 

HV 

feet Co 

1/T° fecr^ Ru(bpy)3
3+ Co"(NH3)sL 

Ru(bpy)3
2+ + Co"I(NH3)5L"+ \k.c 

(n - i )» k( 
Co 

-Ru(bpy) 3
3 + + Co"(NH3)5L (M-O+ L 

* C o 2 t 

hv 1/T0 

* c r L ^ Ru(bpy)3
3+- - - -Coni(NH3)s(L-)("-1^ -^ -+Ru(bpy) 3

3 + + Co"i(NH3)5(L-') ("- , )* 

>Ru(bpy)3
3+ + CoIH(NH3)5L"+ ^ = * *Ru(bpy)3

2+-- -Co"I(NH3)sL" + 

fc-d 

of ket (eq 6) from the expression/qfc-d/(l - / q ) . In order to 
perform the calculation, it is necessary to have values of k-^. 
These were estimated from the expression k-& = k^/Ko where 
Ko, the outer-sphere association constant for eq 6, is given 
by12 

K0 = 
4nN(rA + r B ) : 

3000 exp -
1 + / V / 2 ( ' A + /-B) 

(10) 

It will be seen that the values of k-d are nearly the same for all 
the Co(III) complexes in Table II, but the values of ket vary 
considerably, ranging from 2.4 X 108 to 2.5 X 1010 s_1 . Evi
dently, the cobalt complexes of Table II fall into two categories. 
Co(NH3)5Ac2 + , Co(NH3)5Bz2 + , and Co(NH3)5py3+, rela
tively inefficient quenchers, have ket values in the vicinity of 
108 s_ 1 , whereas the complexes Co(NH3)5ONBz2+, 
Co(NH3)5PNBz2+, and Co(NH3)5bpy4 + , quite efficient 
quenchers, have ket values near 1010 s_1. It is noteworthy that 
the distinction between the two classes of cobalt(III) complexes 
is not associated with varying rates of dissociation of the pre
cursor complexes (reverse of eq 5), but with different rates of 
intramolecular electron transfer within the precursor com
plexes. The difference between the two classes is ascribed to 
a different detailed mechanism for the electron transfer. For 
the nitrobenzoate and Ar-methyl-4,4'-bipyridine complexes, 
it is postulated that the chemical mechanism is operative, the 
electron being transferred from *Ru(bpy)3

2+ to an orbital 
localized in the unique ligand L of Co(NH3)sL"+. For the 
acetate, benzoate, and pyridine complexes, it is postulated that 
the acceptor orbital is localized in the cobalt center. 

Some additional, albeit indirect, evidence for the proposed 
mechanism comes from a consideration of the quenching of 
*Ru(bpy)3

2+ by the free ligands. Ar-Methyl-4,4'-bipyridinium 
and p-nitrobenzoate ions quench *Ru(bpy)3

2+ at diffusion-
controlled rates (fcqforbpy2+is2.5 X 1 0 9 M - 1 s_ 1) , whereas 
benzoate, acetate, and pyridinium ions are ineffective 
quenchers (&q < 107 M - 1 s - 1 ) . Values of kei for the first two 
ligands are >6 X 1010 s_ 1 and for the last three <107 s - 1 . We 
suggest that the first two ligands, whether free or bound to a 
Co(NH3)S3 + moiety, accept an electron from *Ru(bpy)3

2+ 
at rates equal to or near the diffusion-controlled limit, e.g., for 
the bound ligands the chemical mechanism obtains. In con
trast, the last three ligands, whether free or bound to 
Co(NH3)S3 + , do not accept an electron from *Ru(bpy)3

2+ , 
because of their highly negative reduction potentials. Under 
these circumstances, the chemical mechanism for the bound 
ligands is precluded, and the alternate, but slower, electron 
transfer to the cobalt(III) center becomes operative. To be 
sure,21 the key difference between the two classes of ligands 
is that those that promote the chemical mechanism have ac
cessible, long-lived radicals8'9'22 whereas the remaining ligands 
do not. In fact, the radical generated from iV-methyl-4,4'-
bipyridinium and *Ru(bpy)3

2+ has been detected and char
acterized by flash photolysis.8 Similar attempts to detect the 
p-nitrobenzoate radical formed by quenching of *Ru(bpy)3

2+ 

have failed. However, there is no concern about this point since 

the products of the electron-transfer quenching have opposite 
charges (+3, —2) and, presumably, undergo cage recombi
nation in preference to cage dissociation, as observed previ
ously23 for the quenching of *Ru(bpy)3

2+ by a variety of ni-
troaromatic compounds. 

Additional details for the postulated mechanisms come from 
an examination of the fate of the successor complexes 
Ru(bpy) 3

3 +—Q - . Two detailed electronic formulations can 
be ascribed to the successor complexes, I and II. In I the elec-

Ru(bpy)3
3+—Co I I(NH3)5L("-1»+ 

I 

Ru(bpy)3
3+—Co" l(NH3)5(L-)("-1)+ 

II 

tron added to the Co(III) complex is localized in an orbital 
centered in the cobalt, whereas in II the electron is in a ligand 
orbital. In general both formulations can be accessible, and 
therefore eq 6 must be replaced by eq 11 and 12: 

*Ru(bpy)3
2+—Co11^NH3)SL"+ 

* e t C o 

> R u ( b p y ) 3
3 + - ~ C o ^ N H ^ s L C - ' ) + (H) 

*Ru(bpy)3
2+—Co11HNH3)SLf"-1)+ 

^ i R u ( b p y ) 3
3 + - - C o I l l ( N H 3 ) 5 ( L - ) < " - 1 ) + (12) 

It is noteworthy that reactions 11 and 12 are entirely analogous 
to the reactions postulated to account for the direct formation 
of Co(II) and of the bound ligand radical in the reaction of 
Co(NH3)sPNBz2 + with hydrated electrons.7 The possible 
reactions of the successor complexes are depicted in Scheme 
I (which also includes all the previous steps). The upper and 
lower sets of reactions in the scheme correspond to the for
mation of cobalt-centered and ligand-centered quenching 
product, respectively. The successor complexes are shown to 
undergo cage recombination reactions, A:cr

Co and A:cr
L, to re

generate the reactants. In competition with the cage recom
bination reactions, the successor complexes undergo cage 
separation reactions, kcs

Co and kcs
L, to produce III and IV, 

Co'HNH^sL^"-1)+ Co111(NH3)5(L-)(' !-1)+ 

III IV 
respectively. Ill is known to undergo rapid spin interconver-
sion24 and/or ligand detachment25 reactions, k-i, to produce 
Co2 + . The metal-bound ligand radical, whether in the cage, 
kf, or separated from its geminate partner, k\, reacts via in
tramolecular electron transfer to produce the appropriate 
Co(II) species. Because of the low concentrations of 
Ru(bpy)3

3+, III, and IV, the homogeneous bimolecular re
combination reactions of Ru(bpy)3

3+ with III or IV are too 
slow to compete with the first-order reactions of III (ft-i_) or 
IV (k\).26 On the basis of Scheme I, and applying the steady-
state approximations to the precursor and successor complexes 
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and to III and IV, the quantum yield of Co2+, $m , is given 
by 

£d[Co(NH3)sL"+']7? 
(kef° + ^e1L)ZCd[Co(NH3)SL" + ] + (*_d + kef° + ket

L)/r0 

(13) 

L COlr CO _|_ 
"• et * cs ~ 

R = 

Ir C o k . C l - L 

- + kcs
L + kf 

Co + *, Co 

+ 
^ e t ^ c s 

/CVr ' ^CS * ^ i 
(14) 

Fromeq 13 it is predicted that a plot of l / $ m vs. 1/[Co(III)] 
should yield a straight line with an intercept equal to (kei

c° + 
kel

L)/R and a ratio of intercept to slope equal to {ket
Co + 

kel
L)kdTo/(k-d + ket) = Ksv This prediction is borne out by 

the experimental results (see Figure 2). Values of Ksv calcu
lated from the measurements of yields of Co2+ are in excellent 
agreement with values of Ksv derived from the emission 
quenching measurements (compare the two sets of values of 
^q = KSV/TQ in the last column of Table I). 

The values of the limiting quantum yields, R/(kei
c° + ket

L), 
provide information about the fates of the successor complexes 
and additional support for the two proposed reaction pathways 
(kcl

c° and ket
L) of the precursor complexes. Since the rates 

of outer-sphere reactions of carboxylatopentaammineco-
balt(III) complexes are quite insensitive to the nature of the 
carboxylate ligand,27 we would expect that a cobalt-centered 
successor complex would give limiting yields of Co(II) that are 
nearly independent of the carboxylate ligand. For a cobalt-
centered successor complex, the limiting quantum yield is given 
by kcsCo/{kcsCo + kct

c°). kcs
Co and A:cr

Co are determined 
largely by the charge of the cobalt complex and the redox 
properties of the Co(NH3)SL2+/"1" couple, and thus little 
variation in $i is expected when L represents a series of related 
carboxylato complexes. However, this expectation is in marked 
contrast with the experimental observations. For the PNBz and 
ONBz complexes the limiting quantum yields for Co2+ for
mation are very small (0.011 and 0.051, respectively), whereas 
a substantial value of $i (0.45) is found for Co(NH3)sBz2+. 
The difference in behavior between the nitrobenzoate and 
benzoate complexes can be accommodated nicely within the 
postulated dual pathway for the disappearance of the precursor 
complexes and assigning different rates of cage recombination 
to cobalt-centered and ligand-centered successor complexes. 
Thus, for the nitrobenzoate complexes, the dominant path for 
the disappearance of the precursor complexes is via the 
chemical mechanism with the resulting formation of a bound 
radical ligand. Since internal electron transfer from nitro
benzoate radicals to the cobalt(III) center to which they are 
attached is slow (2.6 X 103 and 4.0 X 105 s~' for 
Co(NH3)5PNBz2+ and Co(NH3)5ONBz2+, respectively) 
compared to cage separation (109-1010 s_1), the low quantum 
yields indicate that cage recombination is a highly favored 
process. This result appears reasonable when it is recognized 
that the successor complex consists of a 3+ ruthenium product 
and a cobalt complex with a 2— charge localized on the ni
trobenzoate ligand, and it is recalled that free radicals pro
duced by quenching *Ru(bpy)3

2+ with nitroaromatic com
pounds23 do not escape the cage. From eq 8 and 10, we estimate 
that the rate constant for cage separation of Ru(bpy)3

3+---
Co11KNH3MPNBz2-)+ is 4 X 109 s"1. If the only source of 
Co2+ is cage separation of the ligand-centered successor 
complex, the limiting quantum yield of Co2+ is given by 
&csL/(A:csL + kCT

l). Using kcs
L = 4 X 109 s - 1 and $i values of 

0.011 and 0.051 we obtain kcr
L = 3.6 X 10" and 6.9 X 1010 

s-1 for Co(NH3)5PNBz2+ and Co(NH3)5ONBz2+, respec

tively. These rate constants are of reasonable magnitude for 
a reaction with a 1.6-V driving force between two species 
having self-exchange rate constants of the order of 108 M - 1 

s - i 28-30 However, if the Co2+ is produced by the alternate 
pathway leading to cobalt-centered successor complexes, the 
values of kCT

L given above represent lower limits, and, in fact, 
arguments presented below suggest that this may be the case. 
For Co(NH3)SBz2+, electron transfer to the cobalt(III) center 
was suggested above as the major pathway for the disappear
ance of the precursor complex, and the substantial quantum 
yield observed (0.45) indicates that cage separation competes 
favorably with cage recombination. If only a cobalt-centered 
successor complex is formed, the limiting quantum yield is 
kcsCo/(kCsCo + kcr

c°). Therefore, kcs
c° = 0.82fccr

Co and using 
kcs

Co = 4.3 X 109 s-1 we obtain A:cr
Co = 5.2 X 109 s"1 to be 

compared with kCT
L > 6.9 X 1010 s-1. The smaller rate constant 

for electron transfer from the cobalt-centered successor com
plex as compared to the ligand-centered successor complex is 
consistent with the lower rate of self-exchange and oxidation 
potential of I vs. II.31 

Returning to the question of the source of Co2+ in the re
actions of the nitrobenzoate complexes, if it is assumed that 
all the Co2+ is formed by the reaction of the precursor complex 
leading to a cobalt-centered successor complex, then the lim
iting quantum yield of Co2+ is given by kcs

Coket
Co/(kcs

Co + 
kcrCo) (fcetCo + ket

L). Assuming that A:CS
C°/(A:CS

C° + fccr
Co) for 

the nitrobenzoate complexes is equal to the observed value 
(0.45) for Co(NH3)5Bz2+, we obtain32 A:q

Co = 5.9 X 107 and 
1.5 X 108 M-1 s-1 for Co(NH3)5PNBz2+ and Co(N-
H3)sONBz2+, respectively, where kq

Co is the rate constant for 
quenching *Ru(bpy)3

2+ by the nitrobenzoate complex via the 
path that produces the cobalt-centered successor complex. The 
excellent agreement between the calculated values of /cq

Co for 
the nitrobenzoate complexes and the measured value of kq for 
Co(NH3)sBz2+ provides some support for suggesting that the 
precursor complexes containing Co(NH3)sPNBz2+ and 
Co(NH3)SONBz2+ react via parallel paths to yield ligand-
centered successor complexes which undergo cage recombi
nation and cobalt-centered successor complexes which un
dergo, in part, cage separation to produce Co2+. 

The magnitude of the quenching rate constants for 
Co(NH3)5py3+ and Co(NH3)sbpy4+ led us to suggest different 
mechanisms for the two systems, namely, electron transfer to 
cobalt and to the ligand, respectively. However, in contrast with 
the results for Co(NH3)5PNBz2+ and Co(NH3)5Bz2+, where 
values of kq and of $>i are different for the two mechanisms, 
both pyridine complexes were found to have values of $1 near 
unity. This result can still be accommodated within the dual 
mechanistic concept. For Co(NH3)spy3+, the high quantum 
yield for Co2+ production indicates that the cobalt-centered 
successor complex undergoes cage separation in preference to 
cage recombination. Since $1 = 0.80, kcs

c° = 4kcr
Co. From eq 

8 and 10 we estimate kcs
Co = 6.8 X 109 s_ l and, therefore, 

kcr
c° = 1.7 X 109 s_ l . It is noteworthy that the higher value 

of $1 for Co(NH3)5py3+ as compared to Co(NH3)5Bz2+ is 
associated with a higher rate of cage dissociation as well as a 
lower rate of intramolecular electron transfer of the successor 
complex. In the case of Co(NH3)5bpy4+, one possible inter
pretation of the high value of $1 is that kCT

L « kcs
L. If only a 

ligand-centered successor complex is formed, then $1 = 
&csL/(&csL + kQr

L). From the measured value of $1 (0.92, Table 
I) and the calculated value of A:CS

L (6.8 X 109 s~', Table II) we 
estimate kcr

L = 5.4 X 108 s_1. This value seems unreasonably 
small for a reaction with a 1.7-V driving force between two 
species having self-exchange rate constants of the order of 108 

M - 1 s-1.28'33 Moreover, this calculated value of kcr
L for 

Co(NH3)sbpy4+ is smaller than the value &CrCo for Co-
(NH3)spy3+. Therefore, we suggest that the high quantum 
yield of Co2+ for Co(NH3)sbpy4+ is associated with the op-
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eration of a new pathway (identified by the rate constant kf 
in Scheme I) for the disappearance of the ligand-centered 
successor complex, namely, intramolecular electron transfer 
from the ligand to the cobalt center. Assuming that every kf 
event leads to formation of cobalt(II), we obtain34 kf = 
12.5fccr

L - kcs
L. Since A:CS

L = 6.9 X 109 s"1 (Table II) and kcr
h 

~ 1010 s-1,35 we estimate kf ~ 10u s_1. In our previous work8 

we had estimated kf > 1011 s_1 or > 4 X 106 s - 1 depending 
on whether fast cage recombination or fast intramolecular 
electron transfer in Coin(NH3)5(bpy)3+ was responsible for 
our inability to detect the bound radical in flash photolysis 
studies. The present, more detailed analysis indicates that fast 
intramolecular electron transfer is the more likely explana
tion. 

Conclusions 
The present investigation provides evidence, as did our 

previous work,8 that it is possible to generate bound radicals 
in the coordination sphere of cobalt(III) complexes by oxida
tive quenching of *Ru(bpy)32+. Complexes of the type 
Co(NH3)5L

fl+, where L is a carboxylate or pyridine ligand, 
capable of forming a relatively stable free radical, are suitable 
quenchers in this respect because they accept an electron more 
readily than the generally slowly reacting cobalt(III) center. 
A problem in the possible detection of bound radicals and the 
measurement of intramolecular electron transfer from the 
radical to the oxidizing metal center to which it is bound lies 
in the strong oxidizing properties of the Ru(bpy)33+ generated 
simultaneously in the solvent cage. The efficient reoxidation 
of the bound radical by Ru(bpy)33+ before cage separation 
limits the use of *Ru(bpy)32+ as an electron donor. We have 
found that isopropyl radicals (generated by photolysis of ac-
etone-2-propanol mixtures35) are suitable electron donors. 
Using this system,30 we have been able to generate the species 
ConI(NH3)5(PNBz2-)+ and measure the rate constant (2.3 
X 103 s_1, in excellent agreement with the reported7 2.6 X 103 

s_1 value) for intramolecular electron transfer from bound 
nitrobenzoate radical to cobalt(III) center. 
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