
3324 Inorg. Chem. 1984, 23, 3324-3333 

data are a measure of electron density at an atom. 
A kinetic comparison between methylsulfonium ion re- 

activities and those of palladium(I1) methyl thioether com- 
plexes is possible. The second-order rate constant for methyl 
transfer from p-O2NC6H4SMe2+ to benzylamine in acetonitrile 
solvent at 25 O,c is 4.36 X M-' s-' . ' Comparative re- 
spective rate constants for [P~(O-P~~PC~H~SM~)~](BF~)~ and 
PdC12(o-Ph2PC6H4SMe) are 2.5 (7) X M-' s-l at 29.5 
OC, and 3.0 (6) X M-' s-l at 45 OC. It is apparent that 
the rate constants for the reaction of benzylamine with p -  
O2NC6H4SMe2+ and [Pd(o-PhzPC6H4SMe),l2+ are closely 
similar but that the reaction with PdC1,(Ph2PC6H,SMe) is 
much slower. 

The creation of a carbonium ion center at the methyl carbon 
is not discernible by comparison between methyl carbonsulfur 
distances as found by X-ray crystallography. From single- 
crystal structure data the measured carbon (methyl)-sulfur 
distances in the carbonium ion of [PhSMe2]+C104- and in the 
complex PdC12(o-Ph2PC6H4SMe) are 1.81 (2), 1.83 (2), and 
1.8 15 (1 1) A.28929 These carbonsulfur distances are identical 
with the accepted value (1.82 A) found in divalent dialkyl 
sulfides.30 Structural arguments have, nevertheless, been used 
to try to propose a direction of attack at an alkyl caron atom 
of an alkylsulfonium ion compound; nevertheless, the authors 
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conclude that there is no general tendency for nucleophilic 
centers to approach the a-carbon atoms in any particular 
d i r e~ t ion .~ '  The analogous chelate complexes of o-(di- 
pheny1phopshino)thioanisole with both nickel and platinum 
can be prepared. The complex Pt12(o-Ph2PC6H4SMe) has 
been prepared from treating K2PtC14 with excess iodide and 
1 mol of o-Ph2PC6H4SMe (eq 8). The 'H N M R  spectrum 

K2PtC14 + o-Ph2PC6H4SMe - 
Pt12(o-Ph2PC6H4SMe) + 4KCl (8) 

shows a downfield-shifted methyl resonance at 6 3.62 (3J(PtH) 
= 34 Hz) and the j'P NMR spectrum a resonance at 6 43.6 
('J(PtP) = 1660 Hz). No reactions with this compound have 
been attempted, but preliminary work on the compound 
NiC12(o-Ph2C6H4SMe) shows that it will transfer the methyl 
group to an amine. 
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Whereas Franck-Condon models such as the one proposed by Marcus have been successful in treating the electron-transfer 
reactions of several metal ions, there have been some persistent issues in the reactivity of Co(II1) complexes, which are 
not easi!y analyzed in terms of Franck-Condon-only models. Herein is presented the evidence for nonadiabatic effects 
that cause deviations from the Franck-Condon-only models in the reactions of C~(H,O)~~+-Fe(phen)~~+,  Co((bzo),- 
[ 121 he~aeneN,)~~+-Co(sep)~', and Co(phen),,+-Co( [9]aneN,)22+. The presence of an electronic constraint to reactions 
in the above systems is inferred on the basis that those bimolecular reactions may be perturbed by medium effects when 
the medium can participate in low-energy charge-transfer interactions. For example, several cross-reactions involving 
CO(H,O)~~+*~+  would suggest a self-exchange rate of M-' s d  for the couple, which differs from the experimentally 
measured value of 5 M-I s-l as well as that calculated from ground-state structural parameters, on the assumption of 
Franck-Condon-only models, viz. 7.5 X 10" M-' s-l. Such deviations are often the result of "electronic" or nonadiabatic 
effects. It has been found that those reactions in which an electronic barrier persists are sensitive to both the nature and 
the concentration of anions in the medium and the observed anion effects are over and above the electrostatic factors. A 
proposal is made that charge-transfer interactions between the anions and the collision complex may increase the radial 
parameters within the collision complex to permit better donor-acceptor overlaps, thereby decreasing the electronic constraints. 
In this work, an experimental means to assess nonadiabatic effects in electron-transfer reactions using three distinctly different 
sets of reaction partners is presented. 

Introduction 
Electron-transfer reactions not only are the simplest of 

oxidation-reduction processes but are also of central impor- 
tance in many chemical and biological reaction systems.*-13 
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At least in limiting cases, these reactions are simple enough 
that they have attracted a great deal of theoretical atten- 
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tion.2*4.9J0Je20 In a general way, the electron-transfer process 
is treated as a nonradiative electronic transition in a collision 
complex made up of the reactant molecules. The electronic 
and nuclear contributions to the transition probability are 
usually treated separately, by assuming the Born-oppenheimer 
approximation holds. A semiclassical formulation 

k = KOK,Iv,,,r exp(-AG*(FC)/RT) (1) 

for the electron-transfer rate constant is often conceptually 
u s e f ~ 1 , ~ J ~ ~ ~ ~  where the nuclear contributions give rise to an 
effective nuclear frequency term appropriate to the reaction 
coordinate (v,,,), a nuclear tunneling factor (I?), and a 
Franck-Condon factor, exp(-AG*(FC)/RT); any electronic 
contributions then appear in the electronic transmission 
coefficient, K , ~  (KO is the equilibrium constant describing as- 
sociation of the reactants). 

Franck-Condon factors dominate most of the observed 
outer-sphere electron-transfer reactivity  pattern^,^^^.^^^ and 
the role of contributions from electronic factors has remained 
equivocal. Several theoretical treatments have indicated that 
K~ could be small for some kinds of systems,4J0,1G20*24 but these 
theories have not provided a great deal of insight into the 
factors that are responsible for variations in the electronic 
contributions to electron-transfer reactions. Many experi- 
mental studies have indicated that there are deviations from 
the reactivity patterns predicted by simple Franck-Condon 
models, especially in some solvated electron  reaction^,^^ in 
electron transport between widely separated r e . a ~ t a n t s , ~ ~ ~ J ~ * J ~  
and in reactions accompanied by large changes in bond lengths 
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at the reactant centers (e.g., as in Co(III)<o(II) c o ~ p l e s ) . ~ ~ ~ ~ ~ ~ ~  
In principle, one might seek to evaluate transmission 

coefficients, K,~,  by comparing observed rate constants, k(obsd), 
to those calculated on the basis of ground-state structural and 
vibrational parameters and some theoretical expression for the 
Franck-Condon factor. For reactions involving large changes 
in first coordination sphere bond lengths, AX, AG*(FC) con- 
tains a very large first coordination sphere reorganizational 
contribution that varies as (w2. Unfortunately, the un- 
certainties in estimates of the bond lengths of the solvated 
reactants are sufficiently large (typically at least 1 pm where 
typical values of AX are 10-20 pm) that uncertainty in these 
calculated values of the rate constants tends to be as large as 
the expected magnitude of K ~ ~ . ~ , ~ ~ ~ , ~ ~  

Over the past few years we have been seeking alternative 
experimental approaches to the evaluation of factors con- 
tributing to K ~ ~ . ~ J ~ + ~ ~  We have been able to demonstrate that 
the introduction of charge-transfer perturbations can increase 
the rates of certain transition-metal energy-transfer and 
electron-transfer reactions without significantly altering the 
Franck-Condon factors. More specifically, we have reported 
on the systematic increase in rates of Co(sep)Z+ (where sep 
= (S) -  1,3,6,8,10,13,16,19-octaazabicyclo [6 .6 .6]eico~ane)~~ 
reductions of (C~(phen),~’,X-) ion pairs with decreases in the 
energy of the X- - Co(II1) ion-pair charge-transfer absorp- 
tion.28b,c A significant sensitivity of the reaction rate to the 
nature of the ion pair was found for the C o ( ~ e p ) ~ + , ~ +  couple 
but not for the R U ( N H , ) ~ ~ + . ~ +  couple, the latter being pre- 
sumed to be relatively adiabatic (Le., K,] - 1, probably owing 
to the small difference in bond lengths found for the ruthenium 
couple (U = 4 pm)30 and/or greater overlap expected for 4d 
compared to 3d orbitals). Naturally, we have been concerned 
about the generality of these effects, and the present report 
describes our studies of the ion-pair perturbations of the rates 
of several additional simple electron-transfer reaction systems. 

It is useful to formulate the electronic transmission coef- 
ficient, based on an application of the Landau-Zener model,31 
as4,19,20 

For reasonably large values of AX one expects high-frequency 
nuclear modes (v,,, - 1012-1013 s-l) to be dominant over 
solvent modes (vnU - 10” s-l). This is expected to give rise 
to smaller values of K , ~  even for comparable values of the 
frequency of electronic motion at the surface crossing (vel) .  
This consideration has largely restricted our studies to Co(1- 
11)-Co(I1) couples, since these couples nearly always involve 
large values of AX. The electronic frequency may be ap- 
proximately represented4,99 1% 1 2 s  18,199249259283 as 

vel - A exp(-2arDA) (3) 

where A can be interpreted as a coupling constant containing 
all the reactant-product interaction terms and the exponential 
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may be interpreted as a donor-acceptor overlap integral 
(spherical wave approximation, with rDA being the distance 
of separation of orbital centers and a-l a parameter dependent 
on the orbitals involved). Thus, one expects vel to decrease 
as the reactants become progressively more bulky (for a ap- 
proximately constant). The ion-pair CT perturbations men- 
tioned above have been interpreted in terms of contributions 
to the electron-exchange integral (Le., by means of an an- 
ion-mediated superexchange interaction).2Eb*c Experimental 
study of a variety of systems is needed to evaluate the im- 
portance of electronic effects and the various factors that may 
contribute to them. 

Experimental Section 
Materials. The complexes F e ( ~ h e n ) , ( C l O ~ ) ~ , ~ ~  Co(sep)CI3. 

H20.22c*34,35 and C~(phen) , (C lO~) ,~~  were prepared according to 
standard procedures and characterized by means of elemental analysis, 
electronic spectra, and in the case of the latter two complexes by 
electrochemical measurements. The solutions of CO(H~O)~,+ in 3 
M HC104 and Co(sep)*+ in 0.1 M NaCF3S03 were obtained by means 
of electrochemical oxidation of Co2+ and Zn reduction of Co(sep)CI3, 
respectively. The samples of Co( [9]aneNJ2C1?' were kindly supplied 

Ramasami and Endicott 

n 

H 
191 aneN3 

(bz0)3 112 1 hexaeneN3 

to us by Prof. Karl Wieghardt and the solutions of Co( [9]a11eN,)*~+ 
in 0.1 M NaCF,S03 were obtained by Zn-dust reduction followed 
by air-free filtration. The concentrations of Co(I1) were analyzed 
by oxidizing with Fe(phen),,+ and monitoring Fe(I1) using spectro- 
photometric methods. Ascorbic acid was freshly recrystallized after 
decolorization by activated charcoal in the absence of oxygen and light, 
and the solutions were used within 3-4 h. Doubly distilled tri- 
fluoromethanesulfonic acid (HTFMS) and triply recrystallized samples 
of sodium salts prepared from distilled acid and Na2C03 were used. 
Other reagents used were reagent grade or better. 

Preparation and Further Characterization of Co( (bzo),[ 121hex- 
aeneN3)23+2+ C~mplexes.~' Samples of o-aminobenzaldehyde, the 
trimeric ligand (bzo),[ 12]hexaeneN,, and its Co(II1) complexes may 
be conveniently prepared by the slight adaptations of the procedures 
already described in the There are indeed two series 
of isomers of Co(II1) complexes denoted by Busch and co-workers 
as "A" and "B" that are assigned to meso and racemic configurations, 
re~pectively.~~ The fractional crystallization procedures described 
by Cummings and Busch,' for the separation of the nitrate salts of 
the A and B isomers using aqueous acidic propanol mixtures had 
limited success in our hands. Further purification using chromato- 
graphic procedures was essential for the quantitative studies made 
in the present work. 

Purification of isomers A and B was carried out on a Sephadex 
LH 20 column. A concentrated methanolic solution of Co((bzo),- 
[ 121 hexaeneN3),(N03), (obtained after crystallization from aqueous 
acidic propanol) was adsorbed on a Sephadex LH 20 (25 cm X 1.2 
cm) column to a height of - 1 .5 cm and was eluted with either neat 
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methanol or methanol-water (4: 1) mixture acidified slightly with 
HNO,. Two distinct bands, orange and yellow, were separated. 
Rotary evaporation of the methanolic fractions followed by the addition 
of ethyl ether gave shining orange crystals of the isomer A and yellow 
needles of isomer B, identified by means of their characteristic UV 
spectra. The B isomer has a well-resolved absorption maximum at 
285 nm (8.0 f 0.1) X lo4 M-' cm-I. The visible spectrum was, 
however, sensitive to the nature of the medium as described in a later 
section. Anal. Calcd for Co((bzo),[ 12]he~aeneN~)~(NO,),.H~O 
(isomer A): C, 57.21; H, 3.63; N, 14.30. Found: C, 57.20; H, 3.64; 
N, 14.09. Anal. Calcd for Co((bzo),[ 12]he~aeneN,)~(N0~),.3H~O 
(isomer B): C, 54.96; H, 3.92; N, 13.74. Found: C, 54.36; H, 3.95; 
N, 13.24. The electrochemical investigations of the Co((bzo),- 
[ 121 h e ~ a e n e N ~ ) ~ ~ + % ~ +  couples were made by using differential-pulse 
polarographic methods, which permitted the use of [Co(III)] - 
M, a limit imposed by the poor solubilities of the Co(I1) compounds. 
The direct procedures starting from Co2+ and the free ligand gave 
a mixture of Co(I1) products, which could not be purified well by 
means of crystallization procedures. Therefore, the Co(I1) salts were 
prepared by Zn (or Cr2+) reduction of the corresponding Co(II1) salts 
in deaerated aqueous methanol, and solid products were obtained either 
by the addition of deaerated water or by evaporation under air-free 
conditions. The reduction of the meso isomer of Co(II1) gave a green 
Co(I1) product while that of the racemic isomer gave a maroon Co(I1) 
derivative. Further purification was best done by using an air-free 
Sephadex LH 20 column (20 cm in length X 1.2 cm id.) and deaerated 
methanol as the solvent for elution. The evaporation of methanol under 
an argon atmosphere gave the desired products. These had broad 
absorption maxima in the visible region: at 540 nm ( 5  X lo3 M-' 
cm-I) for the maroon Co(I1) isomer; at 570 nm for the green Co(I1) 
product. These were further characterized by means of magnetic 
susceptibility and electron spin resonance measurements. 

Magnetic Susceptibility and ESR Measurements. The magnetic 
measurements for the Co((bzo),[ 12]he~aeneN,),~+ compounds were 
made on powder samples by using the Guoy method and a Cahn Rh 
electrobalance and a Varian electromagnet with the magnet current 
set at 4 A. Generally, quadriplicate measurements were made, and 
the system was calibrated with HgCo(NCS)4 as the standard at a 
temperature of 26 OC. The diamagnetic correction was made by using 
Pascal's constants.41 

The ESR measurements were carried out only on the maroon isomer 
either as a powder (at room or liquid-nitrogen temperature) or as a 
glass in 2,4,6-trimethylpyridine (or methanol) at liquid-nitrogen 
temperature on a Varian E-4 electron spin resonance spectrometer 
and microwave powers in the range of 5-200 mW and DPPH as the 
external standard. 

Charge-Transfer Spectral Measurements. The charge-transfer 
spectra for the couples {M(III),X-) !% *(M(II),X.), where X- = I-, 
NO2-, and NCS- and M(II1) = Co((bz0)~[12]hexaeneN~)~~', Ru- 
(NH3)63+, or C~(phen),~+, were recorded at 25 OC and 0.5 M (Na- 
CF3S0,) ionic strength. These were obtained from difference spectra 
in which the reference beam was passed through separate cuvettes 
containing the unmixed Co( 111) and X- species; the concentrations 
of these species were identical with those mixed in the sample cell 
of a Cary 14 spectrophotometer (ensuring that the solutions in the 
reference beam had absorbance <1.0). The spectra were generally 
recorded in the region of 6%-350 nm (except the NO2- systems for 
which the useful spectral range was only up to 390 nm). 

Outer-Sphere Equilibrium Constant Determinations. The outer- 
sphere association constants for the complexation 

Co((bzo),[ 12]he~aeneN,),~+ + X- & 
(Co((bzo),[ 12]hexaeneN3)2+,X-) 

were measured for X- = NCS-, NO2-, and I- by using spectropho- 
tometric methods. The ready reaction of ascorbate with Co- 
((bzo),[ 12]he~aeneN,)~~+ prevented any attempt to measure 
charge-transfer spectra. The equilibrium measurements were made 
at 400 nm with a Benesi-Hildebrand type42 treatment (eq 4), where 

(4) 
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e,,, e,, and cobad represent the molar absorptivities of unassociated, 
completely associated, and a mixture of the two forms of the Co- 
((bzo),[ 12]hexaeneN3)2+ complexes, respectively. Although with 
X = NO2 or NCS, 1:l complexation behavior is supported by the 
precise fit of the optional changes data to (4), for I- deviations from 
eq 4 at high concentrations (complications characteristic of some minor 
formation of 1:2 complexes) were also observed. Therefore, for X 
= I optical changes at lower concentrations of I- were weighted more. 
In any case, the value of K, obtained even for I- is accurate to f40%. 
Similar determinations of the K ,  values for the {C~(phen),~,X-) systems 
have already been reported in our previous studies.28b,c The values 
of K ,  appropriate to the kinetic conditions were also determined by 
the analysis of kinetic data as described in a later section. 

Kinetic Studies. The kinetic investigations for the reactions (5)-(7) 
. .- 

Co(phen),,+ + Co( [9]aneN3),2+ 2 products 

X = I, NO2, ascorbate 

( 5 )  

X- 
CO(H,O),~+ + Fe(~hen) ,~+ - products ( 6 )  

X = CI, Br, NCS 

Co((bzo),[ 12]he~aeneN~)~,+ + M(I1) - products 

X = I, NO2, ascorbate; M(I1) = Co(sep)2+, Ru(NH&~+ 

were at different ionic strength conditions due to the experimental 
difficulties associated with each system. The ionic strength conditions 
for (5)-(7) were 0.1 M (NaCF,SOJ, 2.0 M (NaCIO, + NaCF,SO,), 
and 0.5 M (NaCF,SO3), respectively. The reactions were generally 
initiated by mixing the oxidant solution with a mixture of the re- 
ductants and anions in the stopped-flow mixing chamber. In the case 
of the reaction ( 6 ) ,  it was necessary to take into proper account the 
reaction 

(8) 

X- 
(7) 

Co(H20)2+ + X- - Co2+ + 1/2X2 

When [X-] and [Fe(phen)?+] were in large excess over [CO(H~O)~~+] ,  
the observed pseudo-first-order rate constants would be the sums of 
the first-order decay of Co(II1) by the reactions ( 6 )  and (8). In view 
of the stoichiometry or reaction 8 one might expect a higher order 
dependence on [X-] (e.g., through mediation of the reaction by 
(Co( H20)63+,X-) ion pairs). However, previous s t ~ d i e s ~ ~ , ~  have shown 
that for a pseudo-first-order excess of [X-] over [Co(III)], the observed 
rate constants exhibit a first-order dependence on [X-] for the anions 
investigated in this study. Similarly, anion-unassisted bimolecular 
rate constants for ( 6 )  have also been re prted previo~sly."~ However, 
the kinetics of the reactions ( 6 )  and (8) were reinvestigated under 
our experimental conditions for 1:l mixtures of HC10, and NaCF,SO, 
at 2.0 M ionic strength. The need to use large concentrations of X- 
in studies of reaction 6 (large [X-1 was required to increase the 
percentage of ion pairs for X = CI, Br, or NCS) limited the range 
of concentrations of Fe(phen)?+ that could be used to investigate ( 6 )  
on the stopped-flow time scale. Further, to obviate the problems arising 
from the formation of hydroxo species of Co(II1) and the decom- 
position of CO(H~O),~+, Co(II1) was preserved at high [H'] and the 
reactions were investigated at a [H'] of 1.0 M. Under our experi- 
mental conditions, pseudo-first-order plots were linear to 3 half-lives 
and the rates were reproducible to *lo%. 

The kinetics of reaction 7 were carried out in 20% aqueous methanol 
due to the poor solubility of C~**((bzo)~[ 12]hexaeneN3) salts. The 
[H+] for (7) was IO-' M and the wavelengths were chosen such that 
both the Co(I1) formation and the Co(II1) decay could be monitored. 
The redox stoichiometry was separately determined for the Co- 
((bzo),[ 12]he~aeneN,)'+*~+ couples, utilizing the Cr2+ reductions of 
the Co((bzo)3[ 121 hexaeneNJZ3+ complexes and the Co((bzo),[ 121- 
he~aeneN,)~*+ reductions of C~(phen),~+. In solutions at pH 5 ,  the 
stoichiometric ratios were l:(l.O & 0.1) and 1:(0.9 & O.l), respectively, 
for the two kinds of redox titration, thus confirming the one-electron 
stoichiometry. 

(42) Benesi, H. A.; Hildebrand, J. H. J .  Am. Chem. SOC. 1948, 70, 2832. 
(43) McAuley, A.; Malik, M. N.; Hill, J. J .  Chem. SOC. A 1970, 2461. 
(44) Davies, G.; Watkins, 0. Inorg. Chem. 1970, 9, 273. 
(45) Campion, R. J. ;  Purdie, N.; Sutin, N. Inorg. Chem. 1964, 3, 1091. 
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The procedures and precautions taken for monitoring ( 5 )  are the 
same as described for the corresponding reactions of Co(sep)2+ already 
described.28b*c All the reactions reported in this study were monitored 
on an Aminco stopped-flow spectrophotometer thermostated at  25 
OC. 

Results 
Preparation and Further Characterization of Co( (b~0)3- 

[12]he~aeneN~);+>~+ Complexes. Although the synthetic 
procedures described by earlier  worker^^^,^^ were successful, 
chromatographic separations using gel filtration procedures 
were found essential for the kinetic studies since the meso and 
racemic isomers had different reactivities. Similar purification 
procedures aided also the separation of the green and maroon 
isomers of Co((bzo), [ 1 2]hexaeneN3):+. The formal potentials 
(vs. NHE)  measured for the C ~ ( ( b z o ) ~ [  121 he~aeneN,),~+?*+ 
couples are 0.055 V (for the racemic isomer) and 0.035 V (for 
the meso isomer) in 0.1 M NaCF3S03 and with [H'] = 
10-4-10-6 M. Both isomers exhibited quasi-reversibility, and 
a t  0.5 M NaCF,SO3 in a water-methanol (4:l) mixture (Le., 
conditions under which kinetic experiments had to be carried 
out), the potentials of both isomers were shifted toward the 
postive side by 15 mV compared to those a t  0.1 M ionic 
strength in water. Reproducible electrochemical results were 
obtained regardless of whether the Co(I11) or Co(I1) forms 
were used. The stoichiometric titrations of C ~ ( ( b z o ) ~ [  121 - 
h e ~ a e n e N , ) ~ ~ +  with C ~ ( p h e n ) , ~ +  and of C ~ ( ( b z o ) ~ [  12lhex- 
aeneN,),,+ with Cr2+ gave 1:(0.9 f 0.1) and l:(l.O f O . l ) ,  
respectively, confirming metal-centered one-electron redox 
stoichiometry. 

The magnetic measurements on the powder samples revealed 
that both green and maroon isomers of Co(I1) were low spin, 
i.e. with doublet ground states. The magnetic moment ob- 
tained for the maroon isomer (from racemic Co((bzo),[ 121- 
h e ~ a e n e N ~ ) ~ , +  of 1.7 f 0.1 pB may be lower than that expected 
because of an underestimate of the diamagnetic correction for 
the free ((bzo),[ 12]hexaeneN3) ligands. Measurements on 
C ~ ( ( b z o ) ~ [  12]he~aeneN,),~+ salts using a residual para- 
magentism of 0.5 pB indicated that the diamagnetic correction 
for the Co(I1) products using Pascal's constants may under- 
estimate the susceptibility of Co(I1) by as much as 0.2 pB. 
Nevertheless, both the maroon and the green isomers of Co(I1) 
were found to be low spin, accounting for one unpaired elec- 
tron. It is of interest that species such as (hexanitrito)co- 
baltate(I1) have susceptibilities c ~ m p a r a b l e ~ ? ~ '  to that observed 
for the maroon isomer of Co((bzo),[ 12]hexaeneN3):+. The 
susceptibility observed for the green isomer (from meso-Co- 
((bzo),[12]hexaeneN3),3+) had a value of 2.1 f 0.1 pB, which 
is typical of many related low-spin Co(I1) c o m p l e ~ e s . ~ * - ~ ~  The 
temperature dependence of the magnetic moment was not 
analyzed. The low-spin configuration of Co((bzo),[ 121 hex- 
a e r ~ e N , ) ~ ~ +  is further corroborated by the ESR studies. At 
room temperature, the isotropic "g" value observed for powder 
samples, viz. 2.0 f 0.1, is in keeping with a low-spin hexa- 
coordinated structure having a doublet ground state; however, 
a rhombic pattern, with g, # gy # g,, is observed. The 
low-temperature, viz. -100 OC, or liquid-nitrogen temperature 
spectra in 2,4,6-trimethylpyridine lattices also gave a rhombic 
pattern with hyperfine structure (Figure 1). The complexity 
of the observed ESR behavior of Co((bzo),[ 121 h e ~ a e n e N ~ ) ~ ~ +  
suggests that the energy gap for the low-spin-high-spin con- 
version is not very large and the high-spin excited states mix 
with the doublet ground state, similar to the behavior of some 

(46) Nishida, Y.; Kida, S. Inorg. Nucl. Chem. Lett. 1971, 7 ,  325. 
(47) Gerlock, M.; Questeet, P. N.; Slade, R. C. J .  Chem. SOC. A 1971, 3741. 
(48) Endicott, J. F.; Lilie, J.; Kuszaj, J. M.; Ramaswamy, B. S.; Schmonsees, 

W. G.; Simic, M. G.; Rillema, D. P. J .  Am. Chem. SOC. 1977, 99, 429. 
(49) Boston, D. R.; Rose, N. J. J .  Am. Chem. SOC. 1973, 95, 4163. 
(50) Borchardt, D.; Pool, K.; Wherland, S. Inorg. Chem. 1982, 21, 93. 
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Table I. IIstiinates of Charge-Transfer Energies and 1:ormation Constants for Ion Pairs 

Ramasami and Endicott 

cation 
spectrophoto- *EcT(obSd), *I:'CT(CdCd),' 

anion kine t icn metric6 eV eV 

Ku(NH,) ,~+ c1- 4.23d 4.26e 
Br-  3.85d 3.70e 
N C S  3.32 3.30e 
1- 3.10d 3.04f 

Br-  2.87# 
NCS- 2.4 8g 

rac-Co((bzo), [ 12]hexaeneN,), 1- (0.5) 2.5 ?: 0.6 3.13 3.04h 
NO; 0.8 t 0.4 1.7 t 0.6 2.70 2.74h 
N C S  3.3 t 3 3.43' 3.30h 
ascorbate 1.7 + 0.3 2.43h 

Co(phen), '+ 1- 30 t 6 4 0 +  S 3.39 3.13 
NO,' 7 ? :  2 10 2.74 2.14 
c1- 4.26 

ascorbate 20 t 4 3 s + 5  2.43 

CO(H,  o),,+ c1- 3.35g 

N C S  (35)  31  t 3 3.43' 3.3s 

a Based on  eq 9 .  Based on  eq 4. Calculnted on the basis that *Ecz,!c+lcd) = *ECT {Ru(NH3),", X-} - AGO {Ru(NH,) 3+,X-) - 
2AGex*~Ru(NH,) ,3+~ZC) + AGo{M3+,X-} + 2AGe,*(M3',2'), where AG { ,X-.} is the standard free energy change for the M'' + X- + 
M" + X.)  reaction and AGex'(M3'.'') is the activation free energy for the M3+9*+ self-exchange electron-transfer reaction. See ref 2 and: 
Cndicott, J .  I... : Ferraudi, G.  J.; Barber, J. R. J. Phys. Chem. 1975, 79,630. 
514. e Based on *ECT(calcd) = AG"(Ru(NH,),,X-) + 2AC,xt(Ru(NH3),3+,'+). 
r! Assuming k,, = 8 X 
very weak transition at -2.4 eV was also observed. 

Waysbort, D.; Evenor, M.; Navon, G. Znorg. Chem. 1975,14, 
Referenced to the {Co(en),"J) ion-pair absorption. 

W' s-' for Co(H,0),3'32t. Assuming ACex*(Ru(NH,),3+~2t) = ACeXt(Co((bzo),[ 12]hexaeneN,),3+.2'). A 

t 
3145 0 
t 

5145 0 

H,Guass 

Figure 1. ESR spectra of meso-C~((bzo)~[ 12]hexaeneN3),2+: (a) 
powder at room temperature; (b) methanolic solution containing 
2,4,6-trimethylpyridine at room temperature; (c) methanolic glass 
with 2,4,6-trimethylpyridine at - 170 K; (d) same medium as (c) at 
-77 K. 

of the related Co(I1) complexes investigated by McGarvey and 
c o - ~ o r k e r s . ~ '  

Charge-Transfer Spectra and Outer-Sphere Association 
Constant Determinations. The association of anions with 
rac-Co((bzo),[ 12]he~aeneN,)~,+,  C ~ ( p h e n ) ~ , + ,  and Ru- 
(NH3),,+ was accompanied by the appearance of new ab- 
sorption bands in the region of 360-500 nm. A typical dif- 
ference spectrum for the association of I- with Co((bzo),- 
[ 121 hexaeneN,)P+, Co(phen)?+, and Ru(NH,),~+ is given in 
Figure 2. The new bands observed were broad, and the 
energies of the major (new) bands for other systems are in- 
cluded in Table I, along with the association constants esti- 
mated from spectrophotometric methods. The charge-transfer 
energies estimated also on the basis of other related systems 

I ,  1 

x ,nm 

Figure 2. Illustration of charge-transfer (difference) spectra for various 
ion pairs at 0.5 M ionic strength (NaCF,SO3): (Ru(NH,)~~+,I-}, A; 
(rac-Co((bzo)3[ 12]he~aeneN~)~~+,I-) ,  0; {C~(phen),~+,I-}, X and @ 
(inset). 

such as C ~ ( e n ) ~ , +  and Ru(NH~) ,~+  (from half-wave potentials 
and self-exchange parameters) are also included in Table I. 
Since the rac-Co( (bzo),[ 121 he~aeneN,) ,~+.~+ couple has a 
half-wave potential very similar to that of the Ru(NH3):+3,+ 
couple, the strong similarities in the charge-transfer spectra 
of (Ru(NH,):+,X-) and (rac-Co(bzo, [ 121 he~aeneN,),~+,X-) 
systems indicate that they have similar intrinsic electron-ex- 
change barriers. The observed spectra further support the 
contention28bsc that the ion-pair charge-transfer energy gaps 
for some (Co((bzo),[ 121 he~aeneN,),~+,X-), (Ru(NH,):+,X-), 
and (C~(phen),~',X-) species are sufficiently low that these 
charge-transfer states could influence to some extent the ob- 
served electron-transfer rates. 

Whereas the energies of the charge-transfer absorption are 
calculable by using some experimental  parameter^,^^ the in- 
tensities of such absorptions are not easily assessed for the 
systems reported in this study. Similarly, the outer-sphere 
association constants are also generally estimated from Col- 

(51)  (a) Reuveni, A.; Malatesta, V.;  McGarvey, B. R. Can. J .  Chem. 1977, 
55, 70. (b) McGarvey, B. R. Can. J .  Chem. 1975, 53, 2498. 

(52) Endicott, J. F. In 'Concepts in Inorganic Photochemistry"; Adamson, 
A. W., Fleischauer, P. D., Eds.; Wiley: New York, 1975; p 81. 



Outer-Sphere ET Reactions of Co(II1) Complexes 

Table 11. Anion Dependencies of Bimolecular Rate Constants for 
Co(II1) lilectron-Transfer Reactions (25 "C) 

~ 

A. CoiOH,),'+ + I:e(phen),2+ 
Cl :3  so; 1.1 t 0.1 Br- 0.15 9.8 t 0.6b 
c1- 0.10 2.5 t 0.2b 0.20 13.8 t l b  

0.15 3.8 t 0.3b 0.25 15.8 t l b  
0.20 4.9 t 0.4b 0.30 17.8 t l b  
0.25 6.2 t 0.5b N C S  0.0125 5 t 0.3b 
0.30 7.7 t 0.6b 0.025 12.5 t 0.8b 

Hr- 0.10 7.4 t 0.4b 0.050 23 t l b  

B. roc-Co((bzo),[ 1 2 ] h e ~ a e n e N , ) , ~ +  + Co(sep)'* 
cr:, so; 0.051 t 0.002 NO,- 0.25 1.1 t 0.1 
I' 0.13 0.10 t 0.01 ascorbate 0.05 0.62 f 0.07 

0.25 0.17 t 0.015 0.08 0.80 t 0.05 
0.40 0.28 t 0.02 0.10 1.1 f 0.1 

NO,- 0.05 0.26 t 0.02 0.15 1.4 t 0.1 
0.13 0.70 t 0.08 

C. ruc-Co((bzo),[ 1 2 ] h e ~ a e n e N , ) , ~ +  + Ru(NH,),*+ 
CI-,so,- 0.14 t 0.01 NO; 0.25 0.17 t 0.02 
1- 0.10 0.15 t 0.02 ascorbate 0.05 0.18 t 0.03 

0.25 0.16 f 0.01 0.10 0.22 f 0.03 
NO; 0.05 0.16 t 0.01 0.15 0.26 t 0.03 

D. Co(phen),'' + Co([9]aneN3)," 
cr:,so,- 5.2 ?r 2 1- 0.10 13  t 1 
I- 0.01 6.8 t 0.2 ascorbate 0.005 15 f 1 

0.05 11 t 1 0.010 2 7 t  1 
0.08 12 t 1 

In the absence of 17e(phen)32+, k ,  = 28 t 2, a See eq 9. 
30 t 2, and 250 t 10 M-' s - l ,  respectively, for X = C1, Br,  and NCS 
NCS. 

oumbic  model^,^^^^^ and for the 3+,1- couples investigated, 
one would expect similar values of K ,  after allowing for the 
differences in the sizes of the Co(II1) reagents. However, the 
values estimated in this study for (Co(phen),3+,X-) (37 (NCS), 
40 (I), 35 (ascorbate), and 10 (NO,) M-' in 0.1 M 
NaCF3S03) are 1 order of magnitude larger than those ob- 
served for (Co((bzo),[ 12]hexaeneN3):+,X-) (3.3 f 0.3 (NCS), 
2.5 f 0.6 (I), and 1.7 f 0.6 (NO,) M-' at 0.5 M NaCF3S03 
in 20% methanol). The larger cation size and more concen- 
trated ionic strength conditions for the Co((bzo),[ 12lhexae- 
neN3)23+ systems would favor smaller magnitudes of K, 
compared to those for {Co(phen)?+,X-) while the smaller mean 
dielectric constant arising from the methanolic composition 
of the solvent medium would be expected to increase the 
magnitude of K,  for the C ~ ( ( b z o ) ~ [  121 hexaeneN3),3+ systems, 
on the basis of Coloumbic  model^.^^*^^ However, certain 
specific interactions resulting from forces such as hydrogen 
and/or hydrophobic bonding, extents of solvation of coun- 
terions, etc., often cause deviations from Coloumbic models.s5 
Therefore, in the present study, the association constants, K,, 
estimated were used only to obtain the relative rate constants, 
referred to {Co"',CF3SO3-) ion pairs. The estimated values 
of K ,  for both {C~(phen) ,~+,X-J  and {Co((bzo),[ 12lhexae- 
I I ~ N ~ ) * ~ + , X - )  systems indicate that ion-pair saturation is ef- 
fective in both systems to 30-90% for the concentrations of 
X- used. On the other hand, the experimental difficulties 
arising from relatively rapid reactions of {CO(H~O)~~+ ,X- )  (X 
= NCS, Br, C1) precluded direct measurements of the ion-pair 
association constants using spectrophotometric methods. The 
values of KO, relevant to the kinetic conditions may also be 
estimated by analyzing the variations of bimolecular rate 
constants, k,,, given in Table I1 for (5)-(7) according to 

(53) Fuoss, R. M. J .  Am. Chem. SOC. 1958, 80, 5059. 
(54) Margerum, D. W.; Cayley, G. R.; Weaterburn, D. C.; Pasenkopf, G. 

K. ACS Monogr. 1978, No. 174, 1. 
( 5 5 )  Rorabacher, D. B. ACS Symp. Ser. 1982, No. 175, 34. 
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( 9 )  

where k l  and k2 are obtained from 
kl 

(Co"',X-] + R - Co(1I) + X- + P 

Co(II1) + R -k Co(I1) + P 

and where 

KO, = [[Co1",X-]]/[Co(II1)] [X-] 

The rate coefficients labeled as kII in Table 111 have been 
obtained by dividing the observed pseudo-first-order rate 
constants by [reductant]. The values obtained for K, by using 
kinetic and spectrophotometric methods agreed to within 50% 
for (C~(phen),~+,X-) systems and within a factor of 5.0 for the 
{ C ~ ( ( b z o ) ~ [  12]he~aeneN~)~,~+,X-]  systems. The proportion of 
the kinetically relevant species may well be different from that 
detected by spectrophotometric methods, so the agreement 
between the methods is r ea~onab le .~~  For the (Co(H20)2+,X-) 
couples, however, no reliable estimate of the outer-sphere 
association constant may be obtained by either optical or 
kinetic methods since (1 + Ko,[X-]) - 1 for those systems. 
Only an upper limit of 0.5-0.7 M-' may be estimated under 
the experimental conditions employed in the present study 
judging from the lack of curvature in the plots of rate constant 
data described in the later section. 

Kinetic Studies. (a) C ~ ( H ~ O ) ~ ~ + - F e ( p h e n ) ~ ~ +  Systems. 
Bimolecular rate laws have already been established for the 
reaction of C O ( H ~ O ) ~ ~ +  with F e ( ~ h e n ) ~ ~ +  in perchlorate me- 
dia.45 Similarly, the reactions of C O ( H ~ O ) ~ ~ +  with the anions 
C1-, Br-, and NCS- have also been investigated and bimole- 
cular rate constants r e p ~ r t e d . ~ ~ ~ ~  Our results, obtained in 2.0 
M (HC104 + NaCF3S03) media (Table 11; Table S-157), viz. 
(1.1 f 0.1) X lo4, 28 f 2, 30 f 2 ,  and 250 f 10 M-I s-l, 
respectively, for the C O ( H ~ O ) ~ ~ +  oxidations of Fe(phen),*+, 
C1-, Br-, and NCS-, are in satisfactory agreement with rate 
laws and bimolecular rate constants previously r e p ~ r t e d . ~ ~ - ~ ~  
Since the C O ( H ~ ~ ) ~ ~ + - X -  reactions are known to occur by a 
mechanism in which X- initially forms an inner-sphere complex 
with Co(III), our investigations of the outer-sphere effects of 
X- on the C ~ ( H ~ O ) ~ ~ + - F e ( p h e n ) ~ ~ +  reaction required the 
lifetime for the Co(II1)-Fe(I1) reaction to be much smaller 
than that for the inner-sphere complexation of X- with Co(II1). 
Therefore, the range of the concentrations of X- and Fe- 
 hen)^^+ over which the anion effects could be investigated 
was necessarily limited (see Table S-157). It was, however, 
evident that the experimental data gave a satisfactory fit to 
the rate law 

kom = k3fX-I + (k4 + ks[X-I)[Fe(Phen)32'l 

Values of k3 and k4 were determined for [ F e ( ~ h e n ) , ~ + ]  = 0 
and [X-] = 0, respectively. Typical plots of (kobsd - k3- 
[X-] ) [Fe(~hen)~~+]- l  against [X-] are shown in Figure 3, for 
X = NCS, C1, or Br. It is evident from Figure 3 that (a) the 
bimolecular rate constants for this reaction are sensitive to the 

(56)  Even for spherical ions the necessary compromise between maximum 
direct donor-acceptor overlap (a" in eq 10) and the maximum CT 
perturbation (the second-order term in eq 10) will tend to favor some 
ion-pair geometries over others. A wide distribution of geometries 
(including variations in ion-ion distances) will contribute to the CT 
spectrum, and from these considerations alone one expects somewhat 
different values of K, from the two kinds of determinations. However, 
Co((bzo),[ 12]he~aeneN&~+ is more nearly cylindrical than spherical, 
and one expects distinctly different Ycontact sites", axial and equatorial. 
for ion association. It seems very likely that one of these ( e g ,  equatorial 
association) has a much larger kinetic effcct than the other, while  t '  ' 

spectroscopic discrimination is likely to i3e m , n  11. 
(57) Supplementary material. 
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Table 111. Rate Parameters and Charge-Transfer Energy Gaps for Anion-Assisted Reductions of Cobalt(II1) Complexes 

Ramasami and Endicott 

-In 
ionic 10-4k,,,,a 10-~k, , ,  I / A E , ~ * , ~  (kII/kad- 

h 4 - I  s-' eV- (calcd)) X strength, M M-2 s-l reaction system 

{CO(OH,),~+,X-} + 17e(phen),2+ c1 2.0 22 r 6  73' 0.65d 2.62 
Br 2.0 59  r 12 197' l . O l d  1.62 
NCS 2.0 430 r 80 430' 1.61d 0.84 

{ C ~ ( p h e n ) , ~ ~  ,X-} + Co([ 9 IaneN, I 0.10 300 r 20 10 i l e  0.64d 4.4 
ascorbate 0.10 2250 r 200 113 r loe 1.13d 2.02 

{Co((bzo), [ 12]hexaeneN,),"+,X-} + I 0.50 0.50 t 0.05 0.25f 0.66g 3.44 
Co(sep)l+ NO2 0.50 4.1 i 0.5 2.35{ 0.8gg 1.20 

0.50 10  r 1 5 .oe 1.22d 0.43 ascorbate 

a k - k , K o ,  in eq 9 ;  all measurementsat 25 "C. Based on eq 12. ' With K O , =  0.3 M-' for the C1- and Br- ion pairs and K O , =  1.0 M-' 
for d&'; based on Cr(OH2)63+ and Cr(NH,),OHZJt ion-pair constants. 
e Based on the kinetically determined value of K O ,  from Table I. f From K O ,  = 2 M-' based on the spectrophotometric determination (Table 
I ) .  g Calculated with the observed values of *ECT from Table 1. 

Calculated from estimated values of *ECT from Table I. 

J 

0 0.1 0 . 2  0 . 3  

[X'] M 
Figure 3. Plot of bimolecular rate constants for the reaction of 
CO(H~O) ,~+  with Fe(phen)?+ in the presence of C1- (O) ,  Br- (A), 
and NCS- (0) as functions of [X-] (2.0 M ionic strength (HC104 
+ NaCF3S03); [H+1 = 1.0 M). 

nature of the medium, (b) ion-pair saturation is not achieved 
for {CO(H~O)~~+,X-)  under experimentally accessible [X-1, and 
(c) the value of the ion-pair association constants appropriate 
to (Co(H20)~+,X-)  systems is < 1 .O M-' (as seen from the lack 
of curvature in Figure 3). Therefore, the third-order rate 
coefficients kS, observed for the C ~ ( H ~ O ) ~ ~ + - F e ( p h e n ) ~ ~ +  
reaction in NCS-, C1-, and Br- media, are listed in Table 111, 
along with similar parameters denoted as kIII, for the other 
systems investigated in this study. The dependence of the 
bimolecular rate constants, (koM - k3[X-]) [Fe(phen)32+]-', 
for the C O ( H ~ O ) ~ ~ + - F ~ ( I I )  reaction on the nature and the 
concentration of anions in the medium demonstrates quali- 
tatively similar effects to those we already reported for Co- 
(phen),,' + Co(sep)2+ 

(b) C0(phen)~~+-Co([9]aneN~)~~+ Systems. Precise pseu- 
do-first-order behavior was observed for the reaction of Co- 
 hen),^' with C0([9]aneN,),~+ in the various media. The 
pseudo-first-order rate constants observed, kobsd, are listed in 
Table S-ILS7 The bimolecular rate constants, kobsd[Co( [9]- 

aneN3)?+]-I in Table I1 show a dependence on the nature and 
the concentrations of the anions in the medium. The values 
of ks'Kos, K,, and kql were obtained from the dependence of 
kobsd[Co(II)]-l on [X-1, from 

kq) + kc,'Ko,[X-] 
ko~d[CO(II)]-l = 

1 + KoJX-1 

where the rate and equilibrium parameters have been defined 
above. The value of kql may be obtained from independent 
measurements with [X-] = 0. From the values of K, listed 
in Table I, kg/ may be evaluated, which are 5.2 X lo4 (TFMS), 
10 X lo4 (I-), and 113 X lo4 M-I s-l ( a scorbate). Under 
identical conditions, the R u ( N H ~ ) ~ ~ +  reactions with Co- 
(phen),,+ were relatively insensitive to the nature and con- 
centration of anions X- in the medium.28b,c This indicates that 
the C ~ ( p h e n ) ~ ~ + - C o (  [9]aneN3)22+ reaction is relatively no- 
nadiabatic and that charge-transfer interactions with envi- 
ronmental species can increase the reaction rate. 
(c) ra~-Co((bzo)~[12]hexaeneN~)~~+-Co(sep)~+ and -Ru- 

(NH3)>+ Reactions. The pseudo-first-order rate constants for 
the reductions of Co((bzo),[ 12]hexaeneN3),3+ (both meso and 
racemic isomers) are listed in Table S-IIIS7 as functions of both 
[reductant] and [X-1, when X = I, NO,, and ascorbate and 
reductant = Co(sep)2+ or R u ( N H ~ ) ~ ~ + .  Due to the limited 
solubility of the reduction products from the meso-Co- 
((bzo),[ 121 he~aneN,) ,~+ isomer, only a limited amount of 
work was carried out on that system. The bimolecular rate 
constants, k,, obtained from k&[reductant]-' for the racemic 
isomer showed a much stronger dependence on the nature and 
the concentration of X- for the reaction with Co(sep)2+ than 
with Ru(NH3)>' (see Table 11). Consistent with the small 
values of the ion-pair association constant, KO,, reported in 
Table I and obtained by spectrophotometric means, the kinetic 
data also failed to reveal appreciable ion-pair saturation for 
the concentrations of X- investigated. Therefore, only the 
third-order rate coefficients for the reaction of rac-Co- 
((bz0),[12]hexaeneN~)~~+ are listed in Table 111. In the ab- 
sence of reliable estimates of K,, quantitative interpretation 
is difficult. Qualitatively, the ratios of third-order rate 
coefficients listed in Table 111, viz. k,[X]/k,[I-] of 9.4 and 
20.0 when X = NO, and ascorbate, respectively, for the Co- 
((bzo),[ 1 2 ] h e ~ a e n e N , ) ~ ~ +  system are comparable to the rate 
ratios observed for the better characterized C~(phen) ,~+-  
Co(sep)2+ reaction; viz. 1.2 and 14 for NO2- and ascorbate, 
respectively. 
Discussion 

In earlier work28b,c it was reported that the Co(po1y- 
pyridyl)33+-Co(sep)2+ reactions were exceptionally sensitive 
to the anionic composition of the reaction medium, and this 
sensitivity was attributed to the ion-pair charge-transfer 
perturbations of donor-acceptor mixing in reactions that are 
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relatively nonadiabatic ( K , ~  << 1). In the present study 
qualitatively comparable effects of ion-pair perturbations have 
been found for three additional reactant combinations: (a) 
Co( ~ h e n ) ~ ~ + - C o (  [ 91 a r ~ e N , ) ~ ~ + ;  (b) Co( H20)2+-Fe( phen),2+; 
(c) Co((bzo),[ 12]he~aeneN,),~+-Co(sep)~+. For the Co- 
(phen),,' and C ~ ( ( b z o ) ~ [  1 2 ] h e ~ a e n e N , ) ~ ~ +  oxidants it has 
been demonstrated that the anion effects are a characteristic 
of the use of a cobalt(I1) reductant and that no comparable 
variation in the rate constant with the nature of X- is observed 
when the Ru(NH,);+ reductant is used. The electrochemical 
studies on Co( (bzo), [ 121 he~aeneN, )*~+ ,~+  systems revealed 
that the Co(II1)-Co(I1) couple is isoenergetic with the Ru- 
(NH3)62+,3+ couple. Therefore, assuming Marcus behavior14 
for the Co((bzo),[ 121 h e ~ a e n e N ~ ) ? + - R u ( N H ~ ) ~ ~ +  reaction, 
we obtain a self-exchange rate constant of * O3 M-' s-l 
for the Co((bzo),[ 12]he~aeneN,),~+*~+ couple. It is of interest 
that a self-exchange rate constant of - lo2 M-' s-l has been 
estimated for Co( [9]aneN,)23+-2+ couple by Wieghardt and 
c o - w o r k e r ~ , ~ ~  although Co(I1) is high spin. The relatively 
similar magnitudes of self-exchanges for Co( (bzo), [ 121 hex- 
aeneN3);+2+ and Co( [9]aneN3)l+2+ systems suggest that spin 
multiplicity changes do not make the major contributions to 
the self-exchange processes in these systems. However, there 
does seem to be an electronic constraint for the cross-reactions 
involving C ~ ( ( b z o ) ~ [  1 2 1 h e ~ a e n e N ~ ) ~ ~ '  and Co(sep)2+ as in- 
ferred from the sensitivity of bimolecular rates to the nature 
and concentrations of anions in the medium. The new results 
add support to our hypothesesZ8b.c that (a) simple electron- 
transfer cross-reactions with large AX and Y,, are frequently 
nonadiabatic and (b) the rates of nonadiabatic electron-transfer 
reactions should be very sensitive to perturbation by polarizable 
constituents of the reaction medium. 

It must be observed that we have used deviations from 
classical Marcus behavior as an operational criterion for no- 
nadiabaticity. Since the classical Marcus-Hush equations can 
be interpreted as a direct consequence of the intersection of 
zero order, nuclear potential energy surfaces, deviations from 
such expectation could be the result of coupled nuclear and 
electronic motion in the intersection region. This view will 
be explored elsewhere.59 

The present level of theoretical treatment and experimental 
resolution of these phenomena does not permit quantitative 
comparisons between the systems studied. However, the 
qualitative differences from system to system are remarkably 
consistent with expectation based on eq 2 and 3. Since these 
systems are providing new clues about the nature of the do- 
noracceptor electronic coupling (e.g., as in ud or K ~ ~ ) ,  the issues 
are developed with some care below. 

An analysis of the rate constant in terms of eq 1, or its 
equivalent, is based on the separation of electronic and nuclear 
coordinates (Born-Oppenheimer approximation) and evalua- 
tion of the Franck-Condon and tunneling factors on the basis 
of the zero-order potential energy surfaces. Coupling of these 
zero-order surfaces in the neighborhood of their nominal 
crossing point can be formulated in terms of an electron-ex- 
change p e r t u r b a t i ~ n . ~ * - ~ ~ , ~ ~  The electronic matrix element 
describing the coupling of zero-order surfaces is most simply 
written in the form CSij32*6164 In the asymptotic, or spherical, 
wave limit the overlap integral, S,, takes the form of the 
exponential term in eq 3. It is conceptually attractive to 

(58) Weighardt, K., personal communication. 
(59) Ramasami, T.; Endicott, J. F., work in progress. 
(60) Kuznetsov, A. M.; Ulstrup, J.  J .  Chem. Phys. 1981, 75, 20. 
(61) For our purposes, C can be treated as a constant characteristic of the 

system; i t . ,  C N kWH(ER* + &*)/a, where ER* and Ep* are the 
energies of the reactants and products evaluated at the crossin of 
zero-order surfaces and kWH is the Wolfsbexg-Helmholtz constant?zd4 

(62) Mulliken, R. S. J .  Phys. Chem. 1952, 56, 295. 
(63) Wolfsberg, M.; Helmholtz, L. J .  Chem. Phys. 1952, 20, 837. 
(64) Larsson, S. J.  Chem. SOC., Faraday Trans. 2 1983, 79, 1375. 
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Figure 4. Effect of ion-pair charge-transfer perturbations on bimo- 
lecular rate constants. Rate constants, kII, and l/AEcT* are from 
Table 111; "adiabatic rate constants", kad, are calculated from the 
Marcus square root relation and self-exchange parameters. Reactions: 
C O ( H ~ O ) ~ ~ +  + Fe(phen)32+, 0; r~c-Co((bzo)~[ 12]hexaeneN3)2+ + 
Co(sep)'+, 0; C~(phen),~+ + Co( [9]aneN3)2+, A. A representation 
of the similar correlation for Co(polypyridyl),'+ + Co(sep)2+ reactions 
(from ref 28c) is included for comparison. 

represent the electronic frequency as a product of separate 
orbital overlap and Hamiltonian coupling terms, as in eq 3. 
However, such a separation of contributions to the electronic 
matrix element is a limiting, simple form since the overlap and 
coupling terms are not entirely separable in the integrations 
over configuration coordinates. Nevertheless, eq 3 is a useful 
starting place in a perturbation approach to treating contri- 
butions to the electronic matrix element, but it is not always 
convenient to treat the coupling and overlap terms separately 
when simple perturbations are introduced. Thus, we have 
found it convenient to treat the ion-pair, charge-transfer en- 
hancements of outer-sphere electron-transfer rates in terms 
of a Mulliken-type induced dipole moment that increases the 
effective donor-acceptor orbital radii. This treatment of the 
effect of environmental species is roughly analogous to New- 
ton's inference that the electrons of the coordinated ligands 
influence values of a for different approaches of donor and 
acceptor.65 In a more general way, our approach is analogous 
to the second-order perturbations of the zero-order potential 
energy surfaces by high-energy intermediate states, as treated 
by Kuznetsov and Ulstrup.60 However, for reasons of con- 
venience in discussing the observations, we have in effect 
treated all deviations from behavior predicted by the zero-order 
functions, as manifested in the classical Marcus equations, as 
contributions to K,]. 

The effect of ionizable anions can be treated as a first-order 
perturbation of cyb1 in eq 3, such that 

C,Fi(ao) 
i UCT(~)  

a = a0 - (a0)2C- + ... 
where (a0)-' is the unperturbed radial parameter, UcT is the 
charge-transfer excited state-ground state energy gap, F(ao) 
is the zero-order redox field intensity, C is a constant of 
proportionality, and the summation is over all the charge- 
transfer interactions. (Note that for electronic charge e,  an 
induced dipole moment, eCiFi(a0)/A&--(i) can be associated 
with each CT(i) interaction). For electron-transfer reactions 
one must consider the effect of the CT perturbation on the 

(65) Newton, M. D. Faraday Discuss. Chem. SOC. 1982, 74, 110 
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reactants with nuclear coordinates appropriate to the crossing 
point of the simple Born-Oppenheimer surfaces. The vertical 
energy gap, AECT*, between the Franck-Condon transition 
state and the charge-transfer excited state may be expressed2& 
as 

Ramasami and Endicott 

energy metal to ligand charge-transfer states of Fe (~hen) ,~+  
would, in our analysis, contribute to a relatively large value 
of awl. The combination of these factors should make the 
C0(OH~)6~+-Fe(phen),~+ reaction relatively more adiabatic 
than the other reactions considered here. The sensitivity of 
the variations in In kl to ECT-l should, in principle, be func- 
tionally dependent on the transition moment of the X- - 
Co(II1) CT transition (Le., through Ci in eq 11). For a re- 
ducing agent R, our very simple model treats the perturbation 
in terms of increases in electron density along the Co(II1)-R 
internuclear axis. The strong distance dependence of eq 3 will 
tend to force rather intimate contact of oxidant and reductant 
(as at  van der Waals radii). For the three-center, Co(II1)- 
R-X-, interactions, eq 3, 11, and 12 should be averaged over 
all arrangements of the reaction partners. For weak CT 
perturbations, the first term will dominate eq 11, dictating close 
Co(II1)-R contact; thus, it is likely that the effective induced 
X- - Co(II1) dipole moment vectors will subtend acute angles 
with respect to the Co(II1)-R axis. The slopes of the corre- 
lations of In kl  with ECT-I can then be expected to depend on 
the magnitude of the projection of the induced dipole moment 
along the Co(II1)-R axis. If everything else were held constant 
(e.g., Ci, Fi(ao), aO) and in the simplest of models, the larger 
the Co(II1) oxidant the larger should be the projection of the 
induced dipole along the Co(1II)-R axis and the greater 
sensitivity to CT perturbations one would expect, more or less 
as observed in Figure 4. The similar changes in klI/kad(calcd) 
found for similar values of AECT* in the C~(phen) ,~+-Co- 
(sep)2+ and C~(phen),~+-Co( [9]aneN3)22+ reactions are sup- 
portive of our argument that the principle perturbation in- 
troduced in these systems is the variation in energy of the 
(C~(phen),~+,X-) - (C~(phen),~+,X.] charge-transfer transi- 
tion. The weaker dependence on CT perturbations found for 
the (Co(OH2):+ + Fe(phen),*+) reaction and the very dra- 
matic dependence found for the (Co((bzo),[ 12]he~aeneN,),~+ 
+ Co(sep)2+) reaction are consistent with smaller and larger 
ground-state charge separations respectively, in the Co( 111) 
ion pairs (compared to (C~(phen),~+,X-)).  

Conclusions 
In this study we have reported on the factors affecting the 

electronic matrix element in three apparently nonadiabatic 
electron-transfer reactions. On the basis of our studies to date 
of such classes of reactions, the following points are emerging 
as general features: 

1. Two criteria seem to be important for the observation 
of nonadiabaticity in simple electron-transfer reactions: (a) 
The effective frequencies of nuclear motion along the critical 
configuration coordinate must be reasonably large (vnu > 10I2 
s-I), and this nearly always requires large differences in 
reactant and product bond lengths. (b) Donor-acceptor 
overlap must be poor (rDA > 2a). 

2. Even when these criteria are met, the reaction rates may 
be more adiabatic than expected owing to enhancements of 
donor-acceptor overlap promoted by the mixing of low-energy 
charge-transfer states with the zero-order ground state wave 
functions. 

3. The charge-transfer perturbations of nonadiabatic re- 
action rates are conveniently discussed in terms of a "super- 
exchange" like contribution to the electron-exchange integral. 
The quantum-mechanical exchange interaction may dominate 
the mixing of donor and acceptor wave functions in the 
electron-transfer transition state. Since the effects have been 
formulated in terms of deviations from classical Marcus be- 
havior, the observed nonadiabaticities may actually originate 
from the coupling of nuclear and electronic motion in the 
region of crossing from the reactant to the product potential 
energy surfaces. However, the perturbations investigated are 
electronic and do significantly alter reaction patterns. At this 

AECT* = EcT* - AG*(FC) + 

[ - 2( A G * r c ) ) 1 ' 2 ]  [EcT* - AGo(Co,X)] [ - 2( A G * r c ) ) 1 ' 2 ]  [ECT* - AGo(Co,X)] 
~ 

(1 1) 

on the assumption of parabolic surfaces and similar ground- 
state and excited-state force constants (and other assumptions 
noted previously),28c where AG*(FC) is the free energy dif- 
ference between the ground state and the crossing p i n t ,  Em* 
is the vertical energy gap between the C T  excited state and 
the ground state, X is the usual Marcusi4 reorganizational 
parameter, and AGo(Co,X] is the standard free energy dif- 
ference of the Co(II1)-Co(I1) and X-v0 couples. For a single, 
low-energy C T  perturbation, a varies inversely with AECT*. 

To facilitate the representation of our results in Figure 4, 
we have used the rate constant ratios, ki/kad, where kad is our 
estimate of adiabatic cross reaction rate constant (Le., k/K,, 
from eq 1). These values of kad are based on the Marcus 
cross-relation, thermodynamic parameters, and rate constants 
either known ( 5  and 20 M-' s-l, respectively, for C0(sep )~+9~+~~  
and C ~ ( p h e n ) , ~ + , ~ + ~ ~ ) ,  estimated (75 f 25 M-I s-l for Co- 
( [9]aneN3);+,2+ from cross-reactions determined by us or by 
Wieghardt and co-workers5*), or calculated from ground-state 
structural parameters (8 X IO4 M-I s-i22b for CO(H~O) ,~+~~ ' ) .  
Values of Ki have been corrected to unit activity of the ap- 
propriate ion pair either by using the spectroscopically de- 
termined KO,, by fit of the kinetic data for Co(phen),,+ and 
Co((bzo), [ 121 he~aeneN,) ,~+ reactions, or by applying values 
of the ion-pair association constants determined for Cr- 
( H 2 0 ) 2 +  or Cr(NH3)50H23+67,68 to the (Co(H20)2+,X-J ion 
pairs. 

Given the uncertainties in parameters for the present sys- 
tems, it is gratifying that the effect of charge-transfer per- 
turbations on the C ~ ( O H ~ ) ~ ~ + - F e ( p h e n ) ~ ~ + ,  C~(phen)~ ,+-  
Co([9]aneN3)d+, and C ~ ( ( b z o ) ~ [  12]he~aeneN,),3+-Co(sep)~+ 
reactions are similar in kind to those found earlier28c for the 
C~(polypyridyl),~+-Co(sep)~+ reactions. The differences be- 
tween the systems as indicated in Figure 4, are conveniently 
discussed in terms of the "sensitivity" to C T  perturbation (or 
the approximate slopes) and the apparent intercepts (for 1/ 
AECT* - 0). In this approach, the intercept varies as the 
magnitude of the transmission coefficient in the absence of 
any charge-transfer perturbation in a. The limited data 
suggest that the approximate intercepts decrease in the order 
(C0(OH2)63+ + Fe(~hen) ,~+)  > (Co(phen),,+ + Co(sep)2+) 
> (C~(phen) ,~+  + C0([9]aneN,),~+) 2 (Co((bzo),[ 12lhex- 
aeneN3),3+ + Co(sep)2+). The ligands [9]aneN3 and 
(bzo),[ 12]hexaeneN3 are relatively bulky, and the cobalt 
complexes we have used increase in mean (van der Waals 
contact) diameter in the order CO(OH~)~,+ < C o ( ~ e p ) ~ + * ~ +  < 
C0( [9 ]aneN, )~~+*~+  I C ~ ( p h e n ) ~ ~ + s ~ +  < Co((bzo),[ 12lhex- 
aeneN3)d+,2+. The ordering of apparent intercepts, In (k,,(obsd 
(X-))/kad(calcd)), for l/AECT* - 0, in Figure 4 follows the 
order expected variations in rDA (see eq 2 and 3), but some 
additional factors may contribute to the C O ( O H ~ ) ~ ~ + - F ~ -  
 hen),^' reaction. There is very little difference in bond 
length between F e ( ~ h e n ) , ~ +  and Fe(phen),,+, resulting a 
relatively small effective value of vnu. Furthermore, the low- 

(66) Farina, R.; Wilkins, R. G. Inorg. Chem. 1968, 7, 514. 
(67) Postmus, C.; King, E. L. J .  Phys. Chem. 1955, 59, 1208; 1216. 
(68) Duffy, N.  V.; Earley, J. J .  Am. Chem. SOC. 1967, 89, 272. 
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neN3)2+X- (X- = ascorbate), 91839-96-2; CO(phen)s3+, 18581-79-8; 
C~(phen),~+I-, 3 141 5-56-2; C ~ ( p h e n ) ~ ~ + N O ~ - ,  86176-93-4; Co- 
(~hen),~+Cl-, 86163-76-0; C O ( ~ ~ ~ ~ ) , ~ + N C S - ,  68369-95-9; Co- 

stage of study of such systems, the exchange formulation of 
the perturbations has been very useful. 

Registry No. RU(NH3)63+C1-9 53293-35-9; RU(NH3)63+Br-, 
53293-36-0; Ru(NH3)63+NCS-, 91760-60-0; RU(NH3)63+1-9 53293- (phen)33+NCS-, 68369-95-9; Co(phen)?+X- (x- = ascorbate), 

86163-74-8; Fe(phen);+, 14708-99-7; 6321 8-22-4; Co- 
37-1; Co(HzO)J+, 15275-05-5; CO(H20)63+C1-, 91760-61-1; Co- 
(Hz0)63+Br-, 91760-62-2; C O ( H ~ ~ ) ~ ~ + N C S - ,  91760-63-3; Co- 
((b~0)~[12]hexaeneN~)?+, 47872-01-5; Co((bz0)~[12]hexaeneNJ2+1-, 
91839-93-9; C~( (bzo)~[  12]hexaeneN3)2+NOz-, 91839-94-0; Co- 
( ( ~ Z O ) ~ [  121 he~aeneN,),~+NCS-, 91839-95- 1; C~((bzo)~[  121 hexae- 

([9]a11eN~)~~+, 91760-59-7. 
Supplementary Material Available: Tables of pseudo-first-order 

rate constants (7 pages). Ordering information is given on any current 
masthead page. 
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A single-crystal ENDOR study of tetra-n-butylammonium bis(cis-l,2-dicyanoethenedithiolato)cuprate(II), (~-BU,N)~- 
[C~(mnt)~], is reported. The hyperfine tensors of all I3C nuclei of the complex anion were evaluated. With TRIPLE resonance 
experiments the signs of the hyperfine couplings could be determined. The coupling constants could be understood with 
the aid of spin densities, which were obtained from extended Hlickel molecular orbital calculations. Especially the inclusion 
of two- and three-center contributions to these ligand hyperfine couplings but also the TRIPLE experiments are shown 
to be essential in order to be able to draw conclusions about the electronic structure and the symmetry of the "highly covalent" 
[C~(mnt),]~- anion. 

Introduction 
Transition-metal dithiolene complexes have attracted the 

interest of EPR spectroscopists already for many years because 
of (i) the high covalency of the metal-sulfur bonds, which is 
the cause of a large delocalization of the unpaired spin density, 
(ii) the different metal oxidation states that are stabilized by 
these ligands and result in various electronic configurations, 
(iii) the interesting behavior with respect to ligand-exchange 
reactions, and (iv) the ability to form one-dimensional systems 
and ?r-donor-acceptor complexes. Apart from the numerous 
EPR studies of dithiolene complexes in liquid or frozen solu- 
tions, to our knowledge more than 20 single-crystal EPR 
studies were reported, most of them1-15 on homoligand com- 
plexes, some on donor-acceptor complexes,1618 and some on 
mixed-ligand systems with one dithiolene ligand.1e23 

In order to characterize the bonding in detail, ligand hy- 
perfine data are needed because they provide direct infor- 
mation about the nature of the electronic ground state and 
about the extent of electron-spin delocalization over the ligand 
orbitals. For dithiolene complexes it is very difficult to measure 
ligand hyperfine interactions with EPR because the only sulfur 
isotope with nonzero nuclear spin, 33S, has a natural abundance 
of only 0.74%. Only in a few dithiolene complexes could 33S 
hyperfine couplings (hfc's) be observed and a n a l y ~ e d . ~ . ~ J  l-I3v2l 

The magnetic interactions of the other ligand n~c le i - ' ~C ,  
I4N-are too weak to be resolved in the EPR spectra even if 
13C-enriched ligands are used. 
In this paper we report a single-crystal 13C ENDOR study 

on tetra-n-butylammonium bis(cis- 1,2-dicyanoethenedi- 
thiolato)cuprate(II) (cis- 1,2-dicyanoethenedithiolato is often 
called maleonitriledithiolato, mnt2-), (n-B~,N),[~~Cu(mnt),] 
(I), diamagnetically diluted by the corresponding nickel(I1) 
complex, (n-Bu,N),[Ni(mnt),]. The investigation of the I3C 

'Department of Chemistry, Karl Marx University. 
8 Department of Physics, Karl Marx University. 
University of Nijmegen. 
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hfc's was stimulated by the successful 13C experiments that 
were recently carried out by us on the complex bis(diethy1- 
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