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a triplet of triplets spectrum but the ring flip modulates 
these couplings and an alternating line-width effect 
occurs (Figure 6i). The positions of the outermost lines 
and, largely, the central one are unaffected while the 
more intense lines to low field interchange, as do their 
high-field counterparts, and exhibit line broadening. 
The individual lines can be observed at  low tempera- 
tures (Figure 6ii). Exchange also interchanges the two 
inner lines of the outer triplets, which are on opposite 
sides of the center. Figure 6i exhibits the CIDEP 
characteristic of a radical from a symmetric radical pair, 
formed from a triplet precursor, with pure STo RPM 
polarization. The low-field lines are in emission and the 
high-field ones in absorption, and this latter exchange 
connects lines of opposite phase. At exchange rates too 
slow to cause line broadening, population is transported 
between the two environments and a line is observed 
in each position whose intensity is the average of the 
original ones. For radicals with symmetric STo polar- 
ization this average is zero. 

As the temperature is lowered ST-l polarization, 
asymmetric in its hyperfine dependence, is added to the 
ST, effects and the low-field signals become more in- 
tense than those at high field. Now exchange produces 
a nonzero emissive average and the innermost members 
of the outer triplets in the spectrum both appear in 
emission. A novel CIDEP pattern is observed with a 
single emissive line among the absorptive high-field 
ones (Figure 6ii). The entire exchange behavior from 
very slow exchange affecting line intensities, to line 
broadening, and eventual line sharpening is predicted 
by a simple two-site exchange 

Concluding Remarks 
Flash photolysis ESR provides positive identification 

of transient free radicals shortly after their formation. 
CIDEP in turn provides a direct link between the 
photophysics of the system and its photochemistry. 
The multiplicity of the precursor involved in forming 
a precise radical is obtained. 

RPM polarization arises in both ESR and NMR 
(CIDNP) in spin-correlated pairs. These are essential 
reaction intermediates between the excited state of the 
molecule produced in the flash and the subsequent free 
radicals. The spin evolution that occurs within them 
controls the amount of geminate product formed and 
the future course of the reaction. These intermediates 
have not long been recognized but they can now be 
studied directly in new  experiment^.^^^^^ Thus micro- 
wave transitions can be induced in the radical pair held 
within a magnetic field to affect the S-T mixing within 
it and, consequently, the product or escaping radical 
yield. This is the radical yield detected magnetic res- 
onance (RYDMR) technique. Similar experiments can 
be performed by measuring the yield as a static mag- 
netic field only is applied, since S-To mixing occurs via 
the different magnetic fields at the electrons of the two 
radicals in the pair. This is why high magnetic fields 
affect radical reactions. 

Previous accounts of CIDEP have been concerned 
with basic polarization effects and their interpretation. 
Here we have discussed some of the further information 
available from the study of the time dependence and 
line shapes of polarized signals. It has been shown that 
spin-polarized radicals provide the opportunity for a 
wide range of exchange studies, opening up new pos- 
sibilities in the slow-exchange, and very-slow-exchange, 
situations. The analysis of the spectra, and their time 
dependence, is more involved than with conventional 
ones but is well understood. CIDEP is a common 
phenomenon and it yields complex information in a 
direct manner. The experiment is not difficult to 
perform and has a remarkably wide range of applica- 
tions. It should be one of the major weapons in the 
armory of the photochemist and, at a fundamental level, 
it provides a continuous challenge to the physical 
chemist and theoretician. 
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Our training as chemists conditions us to think in 
terms of orbitals and even to construct mechanistic 
arguments based on the presumed properties of orbitals. 
In keeping with this bias it would be natural to expect 
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that electronic selection rules and symmetry require- 
ments be clearly manifested in the observed variations 
of single-electron-transfer rates. Certainly there have 
been a variety of attempts to attribute specific elec- 
tron-transfer rate patterns to variations in electronic 
factors.'+ However, the work required to move nuclei 
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from their reactant to their product configurations 
(often characterized by a nuclear reorganizational pa- 
rameter, A) has been found to contribute so much to the 
activation barrier for electron-transfer reactions that 
little room has been left for unequivocal demonstrations 
of the effects of purely electronic factors.6-11 Never- 
theless, several developments during the past decade 
have brought the issues related to these electronic 
contributions into relatively sharp focus: (1) Miller's 
systematic study of solvated electron reactions in rigid 
glass matrices;12 (2) the evolution of protein ~ystemsl*'~ 
and/or synthetic donor-acceptor systems with peptide16 
or rigid organic17 spacers in which large donor-acceptor 
distances can be defined with some certainty; (3) the 
systematic study of classes of bimolecular reactions in 
which purely electronic factors, such as the energy gap 
to certain low-lying excited states, can promote what 
are otherwise electronically forbidden electron-transfer 
p r o c e s s e ~ . ~ ~ , ~ ~  

Such electronic factors can play a role only when the 
donor and acceptor are very weakly coupled. While the 
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effects of weak electronic couplings are often small 
relative to the effects'of nuclear reorganizational bar- 
riers, variations in electronic factors can alter observed 
rates by several orders of magnitude. More impor- 
tantly, studies of these effects can lead to insights into 
the properties of donor and acceptor wave functions in 
the critical region far from the nuclei of origin. Among 
the systems in which these issues are crucial to the 
understanding of electron-transfer reaction patterns are 
several biological electron-transfer systems in which 
donor and acceptor prosthetic groups are separated by 
several tens of angstroms. Notable among these are 
bacteriochlorophylls in which the donor-acceptor sep- 
aration has been established by X-ray crystallography.21 
There has been speculation that neighboring groups in 
these systems can alter the donor and/or acceptor wave 
functions in such a way that the electronic coupling is 
appreciably enhanced.22 

Kinetic Formalisms 
It is convenient to discuss electron-transfer rates in 

terms of a semiclassical formalism, such as that de- 
veloped by Newton, Sutin, and ~ o - w o r k e r s . ~ ~ ~ ~ ~  The 
electron-transfer rate constant can be written as 

~ E L T  = KOKelKnuVnu (1) 

where KO is an equilibrium constant for bringing the 
reactants to a critical distance of separation r ,  K , ~  is the 
electronic transmission coefficient (or retardation fac- 
tor), K,, is the nuclear transmission coefficient (or re- 
tardation factor), and v,, is the frequency of nuclear 
motions coupled to the electron-transfer process and 
where it is assumed that nuclear and electronic motions 
can be separated (Born-Oppenheimer approximation). 
In the semiclassical approach, the transmission coeffi- 
cients can be written as 

K,I = 2P/(1 + P)  

and 
K,, = r exp(-AG',I/RT) 

where P = 1 - exp(-ve1/2vnU), uel is the frequency of 
electronic motion in the transition state, r is a nuclear 
tunneling correction factor, and the work associated 
with the nuclear reorganization required for the tran- 
sition state is given by 

(2) 

In eq 2, X is the classical nuclear reorganizational pa- 
r a ~ e t e r , ~ ! ~  and AGO is the free energy change associated 
with the electron-transfer step. In this description, 
reactant and product potential energy (PE) surfaces are 
constructed and the PE of their crossing region deter- 
mines K ~ ~ .  The effects of purely electronic factors on 
electron-transfer reactivity patterns appear only 
through vel, where24b 

AGS,l = (X/4)(1 + AG0/X)' 
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in which HRp is the donor-acceptor interaction energy 
in the reactant-to-product surface crossing region and 

with Xo the solvent contribution and Xi, the first coor- 
dination sphere contribution to A, and vin the mean 
vibrational frequency of first coordination sphere vi- 
brational modes associated with the nuclear reaction 
coordinate. 

Overview of Studies of Electronic Factors in 
Electron-Transfer Reactions: The Distance 
Dependence 

The formalisms described above illustrate the im- 
portant feature that purely electronic factors can only 
be important when HRp is very small; i.e., for vel < 2vn,. 
Several a ~ t h o r s ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  have proposed that HRp varies 
exponentially with the distance (rDA) of separation of 
donor and acceptor: 

HRP JRP exp(-arDA) (4) 
An intuitively appealing rationalization of eq 4 can be 
based on Dexter's theory of exchange-induced energy 
transfer.% In this approach, JRp is an exchange coupling 
constant, based on the value of HRp evaluated at  rDA 
= 0, the exponential term is an approximate overlap 
integral, based on the asymptotic (or spherical wave) 
solutions of the wave equation for the donor and ac- 
ceptor, and (Y is a radial parameter characteristic of the 
donor-acceptor system (for example a-l would be the 
Bohr radius for donor and acceptor hydrogen atoms). 
Expressions of the same form as eq 4 can be obtained 
from electron tunneling modelsa5 The exchange and 
tunneling formalisms are at least partly interconverti- 
ble. 

One can define two limiting classes of reactions for 
which HRp might be small enough to influence reaction 
patterns: (1) reactions for which rDA > a-l and (2) 
reactions for which the electron-transfer process is 
forbidden so that JRp - 0. 

There has been a great deal of recent interest in 
unimolecular electron-transfer systems in which the 
donor and acceptor are held at fixed distances of sep- 
aration. Much of this research has involved modified 
protein and metalloenzyme substrates. The results of 
this work13-15 have so far seemed a bit confusing, partly 
because it is difficult to unequivocally evaluate the 
nuclear factors ( K ~ J  in such reactions and partly because 
the nature of the substrates makes the isolation and 
systematic variation of key parameters difficult.26 

The most elegant studies to date of the variations in 
electron-transfer rates with changes in rDA have involved 
the electron-transfer relaxation rates in homologous 
series of compounds in which the donor and acceptor 
are covalently linked by means of relatively rigid 
bridging groups of variable length and in which the 
electron donor is prepared by means of fast radical 
reactions using the pulse radiolysis technique.12dJ6cJ8 
Particularly simple results have been obtained for the 
series of (NH3)50s11-L-Con1(NH3)5 complexes in which 

(25) Dexter, D. L. J. Chem. Phys. 1953, 21, 836. 
(26) McLendon, G.; Miller, J. R.; Simolo, R.; Taylor, K.; Mauk, A. G.; 

English, A. M. In Excited States and Reactive Intermediates; Lever, A. 
B. P., Ed.; ACS Symposium Series 307; American Chemical Society: 
Washington, DC, 1986; p 150. 
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Figure 1. Plot of [In kaT + AH* RT] vs the number of L-proline 
units in the bridge of (NH,),O*.IlL-Co"(NH,),. Closed circles 
are for mean electronic relaxation rate and the open circles are 
for the slow component of a biphasic decay. Data from ref 16c. 

the bridging ligand L is a synthetic polypeptide con- 
structed from isonicotinic acid (imine function bonded 
to Os) and poly(L-proline) (carboxylate function bonded 
to Co). In these molecules the lifetime for electronic 
relaxation is shorter than the mean conformational 
lifetime, so the rates are relatively uncomplicated by 
conformational rearrangements, and the donor and 
acceptor centers are the same through the series of 
molecules. Thus, nuclear reorganizational energies vary 
little (as reflected in AH* = 42.7-53.1 kJ mol-l) while 
the electron relaxation rates, (NH3),0sn-L-Com(NH3), 

(NH,) ,OS~~L-CO'~(NH~)~,  vary by a factor of lo6 
(the Co"(NH,), product exchanges ligands with the 
solvent very rapidly and is not detected). The small 
variations observed in AH* can be readily attributed 
to variations in the solvent contribution to the nuclear 
reorganizational energy &. Thus, for X = A. + Xin, the 
contributions from the first coordination spheres (Ain) 
should be nearly constant, independent of the number 
of proline groups in the bridge. However, X, does vary 
with rDA.7'10i23i24 It is necessary to correct kELT for this 
contribution in order to assess the distance dependence 
of K , ~  To accomplish this it is necessary to evaluate 
AG*. For reactions in water a t  25 "C, 4TASSo/A 
-0.01510 for the solvent contributions and A S i n  is 
negligible.27-29 Consequently, AG* AH*. Since KO 
= 1 for unimolecular processes, KELT exp(AH*/RT) 
K,~V,,. Figure 1 shows that Iln kELT + AH*/RTI varies 
in proportion to the number of proline groups in the 
bridge, and since each proline contributes about 3.1 A 

5.7 X 10l2 s-l = kT/h, strongly suggesting that electron 
transfer in this complex is electronically allowed (a more 
accurate24 estimate would be v,, r 1.3 X 1013 6' and K , ~  = 0.5). 

While the above analysis may have to be modified as 
more systems are examined (e.g., see ref 12d), the work 
of Isied et al. has been an important conceptual ad- 
vance. This is largely because the skillful use of simple 
molecular systems has allowed these workers to  isolate 
the distance dependence from other factors affecting 
electron-transfer rates. 

to  rDA,16 1.4 f 0.2 A. Further, for n = 0 ,  KelVn, Z 

(27) If the O s ( I I I ) ~ s ( I I )  and Ru(II1)-Ru(I1) couples behave similarly, 
AS*os-c0 % 0 for the Os(I1)-Co(II1) couples in question since A S e x e h  - 
-20 eu for the various self-exchange electron-transfer reactions while 
ASo-,, = 24 ell and A S t ~ d o  = AS*exeh(l - 4a2) + ASoos~: , ( l  + 2a)/2,3l  
where a = AGol~JX % 0.21. See also: Brown, G. M.; Sutin, N. J. Am. 
Chem. SOC. 1979,101, 883. 

(28) Weaver, M. J.; Lee, E. L. Inorg. Chem. 1980, 19, 1936. 
(29) Marcus, R. A.; Sutin, N. Inorg. Chem. 1975, 14, 216. 
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More General Features of Donor-Acceptor 
Electronic Couplings 

The distance dependence of K , ~  is only one aspect of 
the general problems relating to the influence of elec- 
tronic factors on electron-transfer rates. Several other 
issues can be formulated with reference to eq 4: (1) 
How much does a vary with changes of donor and/or 
acceptor orbitals? (2) To what extent is HRp sensitive 
to the medium containing the donor and acceptor? (3) 
The exchange interpretation offered above suggests that 
there will be an angular component to eq 4 as rDA be- 
comes small and the donor and acceptor are fixed in 
their relative orientations (i.e., when asymptotic solu- 
tions of the wave equation are not valid). (4) Electronic 
and nuclear motions may be coupled near the transition 
state so the factorization in eq 1 is probably not rig- 
orously correct. (5) The coupling between the electronic 
relaxation time and solvent relaxation times may also 
complicate the evaluation of ~ ~ ~ . ~ ~ ~ s ~ ~ , ~ ~  

The general issues raised above are not unique to 
electron-transfer reactions.32 The general formalisms 
describe the nonradiative relaxation of an excited 
electronic configuration (e.g., (NH3)50sn-L-Com(NH3)5) 
to form products of a different electronic configuration 
(e.g., (NH3)50s"1-L-Co11(NH3)5). The most important 
constraint on the systems useful for study of the in- 
fluence of electronic factors is that HRP should be small. 
A practical constraint is that the nuclear reorganiza- 
tional contributions be readily evaluated with eq 1 and 
semiclassical formalisms. Thus some reaction classes 
are likely to be much more useful than are others in 
systematic investigations of K ~ ~ .  For example, the 
classical, halide-bridged, inner-sphere electron-transfer 
reactions33 and any reactions for which AGO > X (i.e., 
reactions in the "inverted region") are not likely to be 
useful for this purpose since donor-acceptor coupling 
(Hw) is usually large in the former3 while K,, is difficult 
to evaluate for the latter. Among the useful reactions 
will be those for which electronic relaxation is quantum 
mechanically forbidden. We have found certain d-or- 
bital-to-d-orbital energy-transfer reactions (Crm donors, 
Co"'  acceptor^)'^ and orbitally forbidden electron- 
transfer cross reactions (Co" acceptors, high-spin Co" 
donors)20 to be useful probes of contributions to K~~ In 
fact, the reaction patterns found in the energy-transfer 
reactions have been useful in designing electron-transfer 
systems in which K , ~  can be systematically investigated. 

Laporte-Forbidden Energy-Transfer Reactions 
at or near the Classical Surface Crossing Limit 

The principal advantage of using energy-transfer 
systems in studies of K , ~  is that K,, tends to make a 
relatively small contribution, since no net charge is 
transferred and Xo and Xi, tend to be smaller than in 
comparable electron-transfer reactions, To  be useful 
in the present context, the energy-transfer process must 

(30) Kakitani, T.; Mataga, N. J.  Phys. Chem. 1986, 90, 993. 
(31) Frauenfelder, H.; Wolynes, P. G. Science (Washington, D.C.) 

1985,229, 337. 
(32) (a) Balzani, V.; Bolletta, F.; Scandola, F. J. Am. Chem. SOC. 1980, 

102, 2152. (b) Balzani, V.; Indelli, M. T.; Maestri, M.; Sandrini, D.; 
Scandola, F. J.  Phys. Chem. 1980,84, 852. (c) Gandolfi, M. T.; Maestri, 
M.; Sandrini, D.; Balzani, V. Inorg. Chem. 1983, 22, 3435. 

(33) Taube, H.; Myers, H.; Rich, R. L. J .  Am. Chem. SOC. 1953, 75, 
4118. 

(34) Kumar, K.; Rotzinger, F. P.; Endicott, J. F. J .  Am. Chem. SOC. 
1983, 105, 7064. 

be dipole forbidden, and thus short range and colli- 
sionally activated.% Energy-transfer reactions involving 
the d-orbital excited states of transition-metal com- 
plexes can meet these conditions. For example, the 
quenching of the lowest energy 2E excited state of Cr- 
(111) complexes by Co(II1) complexes 

k, 
(2E)Cr(III) + ('AJCo(II1) - 

(*A2)Cr(III) + (3X)C0(III) 
involves Laporte (d-orbital-to-d-orbital) and spin-for- 
bidden transitions at each metal center, and the overall 
process is Laporte forbidden, but spin allowed. Under 
such circumstances, donor-acceptor coupling is medi- 
ated by a purely quantum mechanical interaction which 
results from the indistinguishability of electrons (the 
"exchange" i n t e r a ~ t i o n ) . ~ ~  Since the lowest energy 
triplet excited states of Co(II1) complexes have appre- 
ciably longer metal-ligand bonds than do the corre- 
sponding ground states,35 eq 1-4 are expected to be 
applicable. That the coupling is weak is indicated by 
the relative inefficiency of these processes; thus k, is 
about 0.1% of the diffusion limited rate 
(2E)Cr(phen)33+ + (1A1g)Co(NH3)63f - 

(4A2)Cr(phen)33+ + (3T1g)Co(NH3)63+ 

For this reaction, X z 37 kJ mol-l, AG z -36 kJ mol-', 
and AGtC1 = 0 kJ mol-'. This places the energy-transfer 
process in the surface-crossing regime with K,, r 1. 
Very similar conditions obtain for a series of Co(II1)- 
hexamine quenchers with (2E)Cr(phen),3f, (2E)Cr- 
(4,7-Me2phen),3+, and (2E)Cr(l,7-Ph2phen)33+ donors. 
If one assumes energy transfer occurs only at the van 
der Waals contact distance, this series can be employed 
to estimatelgc a-l = 1.82 f 0.17 A, based on eq 1 and 
4. Thus the value of a-', characteristic of these (2E)- 
Cr(III)-('A1)Co(III) energy-transfer reactions, appears 
to be about 25% larger than the value of cy-' obtained 
for the (NH3)50s"-L-Co1"(NH3), electron-transfer re- 
actions. At this stage it is not clear whether this dif- 
ference is significant, but it is qualitatively consistent 
with the expectation that excited-state orbitals should 
be a little more diffuse than ground-state orbitals. The 
similarity of the results from such different studies is 
very encouraging. 

When a coordinated amine (or ammine) of the Co(II1) 
quencher is replaced by a relatively easily ionized ligand 
(Cl-, Br-, NCS-, etc.), the complex becomes a much 
more efficient quencher. For many of these quenchers, 
the energy of the lowest energy triplet state is lower 
than that of C O ( N H ~ ) ~ ~ + ,  a situation which could result 
in -AGO > X and some important contributions from 
K,,. However, the reaction order does not parallel 
variations in AGO; furthermore, AH* - 0 and identical 
reactivities are found for perprotio and perdeuterio 
complexes.1gc Consequently, variations in quenching 
efficiency must be attributed to variations in K , ~ .  The 
enhancement of quenching rates, relative to those of 
related hexamine complexes, tends to parallel the ease 
of oxidizing the non-amine ligands; i.e., the smaller the 
formal potential for the couple X + e- = X-, the better 
the Co(Am),X2+ complex quenches (?-E) Cr( phen) 33+, 
This s~ggests'~ that enhanced donor-acceptor electronic 
coupling in these systems is mediated by intermolecu- 

(35) Wilson, R. B.; Solomon, E. I. J. Am. Chem. SOC. 1980, 102,4085. 
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m 
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Figure 2. Schematic illustration of CT-induced dipoles in 
(zE)Cr(III)-(lAl)Co(III) systems. In principle, the interactions 
should be summed over Oo I @ 5 180° (j3 is the ADX angle) and 
a range of r D A  values. The optimum combinations of j3 and r D A  
undoubtedly vary from system to system. The shaded area 
represents the region of maximum overlap. 

lar, X- - Cr(III), charge-transfer (CT) excited states. 
The possibility of CT perturbations influencing HRp 

is important because it demonstrates a simple mecha- 
nism by means of which "innocent" species in the en- 
vironment of the donor and acceptor can alter the 
probability of energy transfer or electron transfer. 
Perhaps more importantly, these observations suggest 
that certain simple electronic properties of the reacting 
systems can be systematically altered in probing K , ~ .  

Energy Transfer: Theoretical Models for the 
CT Perturbations 

The effects of CT perturbations on electron- and 
energy-transfer rates can be visualized in terms of the 
polarization of the electron density in the overlap re- 
gion, between the donor and acceptor, through the in- 
teractions with the CT-induced dipole moments, pi (see 
Figure 2). These CT perturbations of K , ~  can be de- 
scribed, with reference to eq 4, by an effect on the nu- 
merical value of either a19b~20a or JRp.19cp20d*e The former 
approach is intuitively useful and provides a qualitative 
guide for experimental studies, while CT perturbations 
on J R p  have the advantage of logical rigor. For weak 
perturbations, the two approaches are interconvertible 
through a first-order Taylor series expansion of the 
exponential. Only the second argument is outlined 
here. 

The general form of the perturbations of J R p  can be 
constructed from the exchange integrals 

J \kPcr\k~o(He,ch)\kEr\k~co dT (5)  

in which the unperturbed wave functions, O\kT (x = R 
or P for reactants or ptoducts; i = *Cr, Co, Cr, or *Co; 
the asterisk denotes an electronically excited species), 
are corrected to first order for mixing with the per- 
turbing excited state, whose energy is ECT greater than 
that of the state X 

6 = Cr or Co; yj = a coupling parameter). In the ex- 
change formalism, the contributions of product as well 
as reactant species must be considered. In principle, 
one should also consider the donor and acceptor metal 
ionization processes ("charge transfer to solvent"). The 
ionization processes are neglected here since the ener- 
gies involved are relatively large (and difficult to de- 
termine). The effect of the CT perturbations on J R p  
can be concisely written 

HRCT(*Cr)Y*Cr HPCT(*Co)Y*Co 

ECT(*Cr) ECT(*Co) 
J R p  E HORp + + + 

HXCT(i)Yi 

ECT(i) 
... E H O R p  + 

where the sum extends over all CT interactions. The 
integrals HXCT(i) cannot be readily evaluated. Their 
values may be either positive or negative, and the 
heuristic argument represented in Figure 2 suggests 
opposite signs for the coefficients of the terms in EcT(*&) 
and ECT(Co). The ECT(*Cr) term tends to dominate the 
sum in (%)Cr(PP)~+-Co(III) systems,19c so a reasonable 
approximation is I = [HXCT(i)Yi]av, and 

(where the positive sign has been suggested for the X- - Cr"' CT states and the negative sign for the X- - 
Co"' CT statedgc). It is usually possible to find some 
quenchers of each type studied for which X- - Mm CT 
perturbations are not important, e.g., as in hexa- 
amine-cobalt(II1) complexes. The quenching rates for 
such complexes can be used as the reference rates rel- 
ative to which the effects of CT perturbations can be 
evaluated. For a well-chosen reference system, HoRP 
= HRp(ref), and 

For a few series of (2E)Cr(III)/Co(III) energy-transfer 
reactions, eq 7 is the basis for a reasonable correlation.l* 
A closely related treatment uses an estimate of the 
classical surface crossing rate (kcl; see Figure 3 and the 
discussion below) instead of a reference reaction rate. 
CT Perturbations of Electron-Transfer 
Reactions 

Several conditions must be met in order that the 
effects of CT perturbations can be systematically 
studied in electron-transfer systems: (1) the systems 
to be studied must have small values of K,~; (2) reaction 
rates must be conveniently measurable; and (3) it must 
be possible to systematically vary the CT perturbations. 

One would expect electron-transfer processes to be 
"electronically inhibited" if the electron-transfer process 
(1) is accompanied by large changes in spin multiplicity, 
(2) is formally a multielectron process, or (3) involves 
poor overlap of the electron-transfer donor and acceptor 
orbitals (as when rDA is large or when the donor and 
acceptor orbitals are orthogonal in a sterically con, 
strained transition state). There is evidence that the 
spin constraint is not very rigorous in these reactions. 
Thus the reaction 
(NH~)~OS"-L-CO"'(NH~)~ - 

(NH~)~OS"'-L-CO"(NHJ, 
appears to be nearly adiabatic ( K ~ ~  - 0.5) when rDA I 
8 8, even though the equilibrium cobalt@) product has 
quartet spin multiplicity and the overall process is a 
singlet-triplet electronic transition. There is a possi- 
bility that such electron transfers are mediated by a 
low-spin Co(I1) excited state.36 In any event, spin re- 
laxation processes are generally rapid e n ~ u g h ~ ' - ~ ~  in 

(36) Larsson, S.; Stahl, K.; Zerner, M. C. Inorg. Chem. 1986,25,3033. 



64 

0 2 -  

Endicott Accounts of Chemical Research 

8 ', 
H H 

(37) (a) Sexton, D. A.; Ford, P. C.; Magde, D. J. Phys. Chem. 1983,87, 
197. (b) Ronas, G. E.; Dupay, C.; Sexton, D. A.; Magde, D. Ibid. 1986, 
90, 07. 

(38) Dose, E. V.; Hoselton, M. A.; Sutin, N.; Tweedle, M. F.; Wilson, 
L. J. J. Am. Chem. SOC. 1978,100, 1141. 

Ryu, C. K.; Brubaker, G. R. Coord. Chem. Reu. 1986, 77, 1. 
(39) Endicott, J. F.; Ramasami, T.; Tamilarasan, R.; Lessard, R. B.; 

Table  I 
Est imated  Supe rexchange  Coupling P a r a m e t e r s  for  Severa l  

Sys tems Exhib i t ing  CT I n t e r a c t i o n s  
estimated 
HXCT,II eV estimated 

svstem M-1 s-l 

(2E)Cr(PP)~+-C~111L5Xc 
I C ~ ( p h e n ) ~ ~ + ,  X'J-Co(sep)2+ e 

{Co(phen):+, X-)-Co( [9]aneN3)22+ ! 
{Co(OH2):+, X-]-Fe(bpy)32+ f 
{ C ~ ( ( b z o ) ~ [  12]hexaeneN3)?+, X-)- 

1.1 
0.72 
0.72 
0.43 
1.8 

-2.5 

k C l ( K O K , " v " U ) b  

3 x 105 

1 x 107 

(1 to 1 0 5 ~  

d 

8 X lo6 

8 X lo4 

" T h e  slopes obtained in plots of ( k , b s d / k c 1 ) 1 / 2  vs E((ECT)-l. 
Based on data in the references cited. bBased on self-exchange 
parameters, equilibrium constant and Marcus square root relation, 
and/or the rates of relatively adiabatic reference reactions. HXCT 
is an averaged coupling parameter for each series of reactions. 
Reference 19b,c. d T h e  "classical limit" for exchange-mediated 

energy-transfer reactions has been taken to  be the nonradiative 
relaxation rate in a single molecule; Le., we have used kcl KOvnu 
exp(-2arDA) with a = 5.5 nm-'. 'References 19b and 20a. 
!Reference 20b. #Reference 20e. hRange of values inferred from 
relatively adiabatic cross reactions used in ref 20e. 

redox couples.1° These are weak (K, = 5-50 M-l), 
second coordination sphere complexes, so that varia- 
tions of X- cannot greatly alter the nuclear reorgani- 
zational energies characteristic of the ( C ~ ( p h e n ) ~ ~ + ,  
X-]/(Co(phen),2+, X-1 couples, and K~~ is expected to be 
approximately constant for such a series. That this is 
the case is demonstrated by the insensitivity of the 
electron-transfer rates to changes of X- for Ru(NH3):+ 
reductions of ( C ~ ( p h e n ) ~ ~ + ,  X-1 ion pairs (the only sig- 
nificant change from the rate observed for X- = CF3S- 
03- was a 2-fold increase for the relatively reducing 
ascorbate ion, in contrast to a 60-fold range found in 
the Co(sep)2+ reductions of (C~(phen),~+, X-j.lgb These 
contrasting patterns of reactivity for R u ( N H ~ ) ~ ~ +  and 
high-spin Co(I1) (Co(sep)z+ or Co([9]aneN3),2+) toward 
the ( C ~ ( p h e n ) ~ ~ + ,  X-) ion pairs are qualitatively con- 
sistent with several points made above: (1) the Co(I1- 
I)-Ru(I1) reactions tend to be nearly adiabatic ( K ~ ~  > 
0.1); (2) the Co(II1)-high-spin Co(I1) reactions tend to 
be electronically inhibited ( K ~ ,  < 0.1); (3) the inhibited 
electron-transfer rates can be promoted through con- 
tributions from relatively low-energy CT excited states. 

More quantitative discussions of the effects of CT 
interactions can be formulated in terms of the pertur- 
bational variations as discussed above. It is useful to 
define kCl = KO~,,,~,, so that K , ~  = It(obsd)/kcl. Values 
of kcl can be based on the (Co(phen),3+, X-J-Ru(NH3):+ 
reactions, for which K , ~  appears to be 0.5-1.:9b*20a-c In 
applying eq 6 to such reactions, it is necessary to use 
EcT(~) values which are appropriate near the transition 
State,19b,23b,40 i.e., * as 

ECT(i) = E*CT(i) - E*RP + 61 

where E*CT(i) is the activation energy obtained for the 
crossing point of the reactant and product nuclear PE 
surfaces and 6i corrects for the energy differences (5 - 
25%) of the CT excited states with ground-state and 
transition-state nuclear coordinates. Detailed expres- 
sions can be found elsewhere.19b~20e~23b~40 These per- 
turbations in E,,(, have the effect of mixing nuclear 
and electronic terms. 

(40) Mok, C.-Y.; Zanella, A. W.; Creutz, C.; Sutin, N. Inorg. Chem. 
1984,23, 2891. 
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Figure 4. Qualitative energy level diagram illustrating upcon- 
version in binuclear complexes. Coupling between excited states 
has been assumed to be stronger than coupling between ground 
states. 

Table I summarizes the correlations which have been 
generated for the CT-enhanced relative electron- 
transfer rates (k(obsd)/kcl) in several electron-transfer 
and energy-transfer systems. It is remarkable that very 
similar electronic effects have been inferred for reac- 
tions as different as energy transfer and electron 
transfer. 

A “Resonance” Effect in Electron-Transfer 
Reactions 

The exchange interaction formalism suggests that the 
value of HRp should increase as the reactants and 
products approach electronic d e g e n e r a ~ y . l ~ * ~ ~ ~ * ~  In 
experimental terms, this suggests that self-exchange 
electron-transfer reactions, which are necessarily elec- 
tronically degenerate, should approach the K , ~  = 1 limit 
more closely than do cross reactions. A few different 
kinds of experimental studies have recently emerged in 
support of this h y p o t h e ~ i s . ~ ~ ~ * ~ * ~ ~  

A Spectroscopic Analogue and the Possibility 
of “Photochemical Upconversion” in Simple 
Molecular Systems 

The simultaneous electronic excitation of two weakly 
coupled metal centers by absorption of a single photon 
has been widely observed and d i s c ~ s s e d . ~ ~ - ~ l  Some 
aspects of this work are as follows: (i) Simultaneous 
pair absorptions have been observed which are signif- 
icantly more intense than the “parent”, single-center 

(41) (a) Brunschwig, B. S.; Creutz, C.; Macartney, D. H.; Shen, T.-K.; 
Sutin, N. J .  Chem. SOC., Faraday Discuss. 1982, 74,113. (b) Macartney, 
D. H.; Sutin, N. Inorg. Chem. 1983,22, 3530. 

(42) Giidel, H. U. Comments Inorg. Chem. 1984,3, 189. 
(43) Gondaira, K.-I.; Tanabe, Y. J .  Phys. SOC. Jpn. 1966, 21, 1527. 
(44) Naito, M. J .  Phys. SOC. Jpn. 1973, 34, 1491. 
(45) Vasanyi, F.; Dieke, G. H. Phys. Reu. Lett. 1961, 7, 42. 
(46) Fermson, J.; Gupaenheim, H. J.; Tanabe, Y. J .  Phys. SOC. Jpn. _ _  

1966, 21, 632. 
(47) Dubicki, L. Aust. J .  Chem. 1972,25, 1141. 
(48) Ferguson, L.; Gudel, H. U.; Krausz, E. G. Mol. Phys. 1975, 30, . . nn 

115Y. 
(49) Schugar, H. J.; Rossman, G. R.; Barraclough, C. G.; Gray, H. B. 

(50) Schugar, H. J.; Solomon, E. I.; Cleveland, W. L.; Goodman, L. J .  

(51) Dexter, D. L. Phys. Reu. 1962, 126, 1962. 

J .  Am. Chem. SOC. 1972, 94, 2683. 

Am. Chem. SOC. 1975, 97, 6442. 

 absorption^.^^^^^^^^ (ii) Dexter51 used his theory of ex- 
change-mediated energy transfer25 as the basis of one 
of the first theoretical treatments of simultaneous pair 
absorptions. (iii) One of the most widely cited mech- 
anisms for the intensity enhancement of simultaneous 
pair absorptions involves superexchange coupling to 
low-energy charge-transfer excited states.43 Since 
identical selection rules apply to absorption and emis- 
sion, there must exist multinuclear complexes for which 
the sequential absorption of two low-energy photons hv, 
and hvb is followed by relatively prompt radiative re- 
laxation to the ground state with the emission of a 
higher energy photon (hv,) as illustrated in Figure 4. It 
seems likely that the appropriate systems will have 
weakly coupled ground states and reasonably long-lived, 
singly excited states. Binuclear Cr(II1) complexes have 
many of the appropriate features, and simultaneous pair 
absorptions, mediated by bridging ligands, are well 
documented in Cr(II1) dimers.42 It seems likely that the 
right combination of weakly coupled complexes and CT 
perturbations will eventually be found which will pro- 
mote efficient upconversion in Cr(II1) complexes. 

Summary 
It is difficult, but not impossible, to isolate the purely 

electronic contributions to electron-transfer reactions. 
Owing to the complexity of the problems, the most 
instructive studies to date have employed small mole- 
cules rather than proteins. Several important features 
have emerged from these studies. 

The distance dependence inferred in some simple 
electron-transfer and energy-transfer reactions of 
transition-metal compounds is described by eq 4 with 
a-l gl.4-1.8 A. This is within the range of values that 
have been inferred in more complex systems,7d’12-18 but 
few of these studies have been able to adequately cor- 
rect for K,, in the evaluation of ~ , l .  There is likely to 
be some dependence on the detailed properties of the 
donor and/or acceptor, as yet the information available 
does not permit evaluation of such factors. 

It has also been possible to generate systematic 
electronic perturbations of reaction rates in certain 
small-molecule systems. The most readily investigated 
and perhaps the most common such perturbations in- 
creasing HRp are introduced by low-energy charge- 
transfer excited states. These are most consistently 
described as perturbations on J R p  in eq 4, and a very 
simple treatment, eq 7, leads to similar magnitudes of 
the coupling coefficients, HXCT - 1 eV (Table I), for 
the CT perturbations of energy-transfer and electron- 
transfer reaction rates. These effects are similar in 
magnitude to the analogous couplings found in 
charge-transfer complexes.52 

This report has described the enhancement of do- 
nor-acceptor electronic coupling in reaction systems in 
terms of perturbational corrections to the donor and 
acceptor wave functions. The perturbations considered 
originate from the electronic interaction of the donor 
and acceptor with environmental species which are not 
necessarily linked to the donor and acceptor through 
covalent bonds. Much current discussion of donor- 
acceptor interactions in proteins has focused on 
“through-bond” i n t e r a c t i o n ~ . ~ J ~ J ~ J ~  The formal treat- 

(52) Mulliken, R. s.; Person, W. B. Molecular Complexes; Wiley-In- 
terscience: New York, 1969. 
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cussed above have been explored. This article has de- 
veloped some of these issues. Further intensive studies 
are likely to lead to a detailed understanding of electron 
transport in biologically important protein systems. 
Other novel implications seem likely, such as the ma- 
nipulation of the probability of photochemical upcon- 
version (i.e., the annihilation of two excited states to 
produce a high-energy photon). The area of research 
should continue to provide challenges for significant 
experimental and theoretical study. Maybe we will even 
get the orbitals back into electron-transfer chemistry. 

The  contributions of many co-workers and colleagues have 
been noted i n  the references. Much of the work and many of 
the ideas presented in this article were generated or stimulated 
during a collaboration with Dr. T. Ramasami a few years ago. 
Dr. Carolyn L. Schwarz provided a great deal of help with the 
evolution and critiquing of the manuscript. Much of the research 
from m y  laboratory was partially supported by the National 
Insti tutes of Health and the National Science Foundation. 
Wayne State University provided appreciable support for this 
work throughout i ts  course. 

ments of these interactions often have much in common 
with the treatment of CT perturbations outlined above. 
While there may be some intuitive value in distin- 
guishing “through-bond” and “through-space” interac- 
tions, it may be useful to replace them with the idea 
that induced dipole moments modify the “shape” of the 
electronic wave functions in spatial regions of maximum 
donor-acceptor orbital overlap. Induced dipole mo- 
ments are directional, and this feature suggests the 
possibility of some tendency of the perturbations to 
favor charge or energy transfer along one spatial di- 
rection over any others. Although the basis of this 
inference is a simple heuristic model, the idea is in- 
teresting enough to warrant some experimental study. 
It could be important in understanding electron 
transport in complex systems. 

Progress in the study of electronic effects in elec- 
tron-transfer and energy-transfer reactions has been 
dramatic in the past decade, but many of the important 
fundamental issues are only beginning to be articulated 
and few implications of the patterns of behavior dis- 
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Two central dogmas underlie modern research in 
chemical carcinogenesis. The first is Miller’s hypoth- 
esis’ that the active forms of most carcinogens are 
electrophilic intermediates formed metabolically. The 
second is the assumption that the initiating step in the 
induction of tumors is the covalent binding of the active 
carcinogen species to a cellular macromolecule, generally 
presumed to be DNA. While there exists abundant 
evidence that formation of carcinogen-DNA adducts 
can result in mutations that lead ultimately to the in- 
duction of cancer, the details of the process a t  the 
molecular-genetic level remain obscure. 
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This Account reports recent advances in under- 
standing the mechanism of interaction with nucleic 
acids of the active metabolites of one class of carcino- 
gens, the polycyclic aromatic hydrocarbons (PAHs). 
That PAHs potentially play an important role in hu- 
man cancer is suggested by their widespread environ- 
mental p r e ~ a l e n c e , ~ ~ ~  their relatively high tumorigenic 
potency, and their broad spectrum of activity in animal 
 tissue^.^ Significant levels of benzo[a]pyrene and other 
carcinogenic PAHs are present in urban air, in auto 
exhaust, and in many common foods.21~ As a class, the 
PAHs rank second only to mycotoxin mold rqetabolites, 
e.g., aflatoxin, in relative carcinogenic potency. More- 
over, PAHs are uniquely capable of selectively inducing 
diverse tumors in animal tissues, including mammary 
carcinoma, leukemia, sarcoma, etc., dependent upon the 
experimental conditions e m p l ~ y e d . ~  PAHs also offer 
significant advantages as model compounds for re- 
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