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Figure 1. Schematic description of electron motion in electron- 
and enemtransfer quenching mechanisms (D = donor and A 
= acceptor). The solid circles (0) represent electrons. Electron 
transfer results in a radical ion pair. Energy transfer proceeds 
by an electron-exchange or dipoledipole (Coulombic) mechanism. 

photochemists. A classiication of quenching proceases 
into two general pathways-energy and electron 
transfer-has emerged and become well established 
(Scheme I) According to a simplified molecular orbital 
picture, energy and electron transfer can formally be 
described in terms of electronic motion between occu- 
pied and unoccupied orbitals of sensitizer and quencher 
(Figure 1). Quenching by electron transfer i s  a one- 
electron reaction in which an electron jumps from a n  
occupied orbital of one reactant to an unoccupied or- 
bital to the other. The  sensitizer's excited state can be 
an electron donor or acceptor. In either case, quenching 
by electron transfer between uncharged species leads 
t o  a radical i o n  pair or a charge-transfer complex. 

Quenching by energy transfer can take place by two  
fundamentally di f ferent mechanisms.'" In the elec- 
tron-exchange mechanism, two single independent 
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electron transfers-one in each direction-result in 
formation of the sensitizer’s ground state and quench- 
er’s excited state. Energy transfer by the dipole-dipole 
mechanism operates by Coulombic resonance interac- 
tions (the “transmitter-antenna mechanism”), in which 
the oscillating electrons of an excited-state sensitizer 
are coupled with those of the quencher by an induced 
dipole interaction. 

Electron transfer and energy transfer by electron 
exchange require a close approach for effective orbital 
over1ap.l As a result, the “range of effectiveness” of 
these mechanisms is usually limited to distances of less 
than 10 A. In contrast, Coulombic energy transfer does 
not involve orbital overlap and can be effective from 
collision distances of less than 10 8, and up to separation 
distances as large as 100 A.3 

Spin conservation is normally observed in both 
electron and energy transfer; i.e., the overall spin of the 
radical ion pair (electron transfer) or the spin of the 
acceptor’s excited state (energy transfer) match the spin 
of the sensitizer’s excited state. Triplet-triplet energy 
transfer is forbidden by the dipole-dipole mechanism 
and takes place by electron exchange.l This pathway 
can be used to generate reactive triplet states that 
normally cannot be formed by direct e~ci ta t ion.~ Sin- 
glet-singlet energy transfer, which proceeds by spin- 
allowed electron exchange and dipole-dipole interac- 
tions, has been used to probe the structure of biological 
 macromolecule^.^ 

For many years, photochemists restricted their in- 
vestigations to energy t r a r ~ s f e r . ~ ~ ~ ~ ’  In part, this was 
because of the relatively simple experimental designs 
required to observe and analyze the sensitized lu- 
minescence of an energy acceptor. Interest in electron 
transfer began in the early 1960s. For example, in 1963 
Leonhardt and Weller reported the emission of com- 
plexes between perylene and dimethylaniline.8 These 
stoichiometric complexes were postulated as forming 
by electron transfer between the excited singlet state 
of perylene and the ground state of the amine. The 
term “exciplex” was eventually coined to describe these 
complexe~.~ As used by photochemists today, an ex- 
ciplex is defined as a two-component system in which 
charge and electronic excitation are shared by the 
components? Many quenching reactions which proceed 
by electron transfer involve exciplexes. This is partic- 
ularly true of planar organic molecules. Exciplex for- 
mation involving these molecules correlates with their 
redox potentials, and dipole measurements confirm 
their charge-transfer nature. 

During the 1970s photochemists were beginning to 
employ a new generation of laser flash spectroscopic, 
conductometric, and magnetic techniques to identify 
and study other types of intermediates which might 
play a role in electron transfer. The application of 
time-resolved laser flash spectroscopy permitted the 
direct observation of radical ion intermediates in re- 
actions where theory predicted an electron-transfer 
pathway.’O Chemically induced dynamic nuclear po- 
larization (CIDNP) was found to be invaluable in 
probing the kinetics of electron transfer.” Photosen- 
sitized reactions proceeding by electron transfer were 
also investigated and quickly found to have important 
synthetic applications. In particular, organic chemists 
discovered that photosensitized electron transfer could 
generate radical cations of electron-rich olefins and 

SCHEME I1 

Prlmary Electron Transfer 

Singlet quenching 

Triplet quenching 

ID’  + A -1(2D? + ZA:) 

3D’ + A-3(2D? + ZAY) 

Secondary Electron Tranfer 

lntersystems crossing 

Radical separation and 

1(2D? + 2A:) -3(2D? + 2A:) 

1(2D? + ZA’) =2D? + 2AY 
homogeneous recomkination 

Return to ground state 

Triplet recombination 

Coupling 

Sensitization 

~ ( z D ?  + ZA-) SZD? + ZA: 

1(2D? + 2A:) - D + A 

3(2D? + 2A:) --C 3D’ + A or D + 3A’ 

1(2D? + 2A:) - Coupling products 

2D? + e- - Products 
2A- - A  + e- 

ZD? + D I -  D + ZDr? Cosensitization 
2D‘? + e- - Products 
2A: - A  + e- 

Chain transfer ZD ? - 2d? 
2D’? + D -D‘ + ZD ? 

2AY ---C A + e- 

strained cyclic molecules, which could undergo a wide 
variety of interesting transformations. 

Considerable progress was also made in the photo- 
chemistry of transition-metal complexes during the 
1970s. Much of this effort was concerned with the 
bimolecular quenching of the excited states of transi- 
tion-metal complexes by energy and electron transfer. 
These examples stimulated the development of theo- 
retical descriptions of electron-transfer quenching which 
were rooted in the ideas of Taube,12J3 Libby,14 
and Hush.16 These concepts were extended to the 
electron transfer quenching of photoexcited metal 
complexes by Sutin17 and Balzani,18 who demonstrated 
the enormous scope and applicability of these reactions 
to solar energy conversion and the photoinduced de- 
composition of water. 

More recently, research activity continues on wide 
variety of fronts, including the employment of new 
experimental schemes to test predictions of classical and 
nonclassical theories of electron transfer,17 the scope of 
photosensitized catalysis,lg the solution dynamics of 
exciplexes and radical ions,2@22 photoinduced electron 
transfer in biological the search for novel 
reactions of organic molecules photosensitized by 
electron t r a n ~ f e r , ~ ~ ~ ~ ~  and the role of electron transfer 
in solar energy conversion.2630 Photosensitized electron 
transfer remains a subject of intellectual challenge! 

B. Scope of the Review 

The subject of this review is electron transfer between 
excited-state and ground-state molecules. The discus- 
sion is limited to primary electron-transfer and sec- 
ondary electron-transfer processes (Scheme 11). By 
primary electron transfer, we mean the transfer of an 
electron between an excited-state and ground-state 
molecule to generate a charge-transfer species; second- 
ary electron transfer refers to the electron-transfer 
pathways which following formation of the charge- 
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transfer complex. These may include reversible electron 
transfer to give the ground-state reactants, ionic dis- 
sociation into “free” ions, triplet recombination to 
generate an excited state of one of the reactants, or the 
formation of other charge-transfer intermediates and/or 
stable products: 

transfer 
electron 

transfer 
electron 

primary secondary L3D* + A - 193(Df. + A-.) - reactants 
or 

D + ‘s3A* 
or 

products 

[In Section 11, we shall sometimes adopt the practice 
of designating the excited state of the electron donor 
(D*) as the sensitizer and the electron acceptor (A) as 
the quencher. This is arbitrary and done only for 
clarity.] 

No attempt will be made to include systems in which 
ground-state interactions or complexation are prevalent. 
We will restrict the discussion to electron-transfer 
quenching processes in solution. Our objective will be 
to bring together the ideas developed by photochemists 
who have been involved in the study of photosensitized 
electron transfer over the last 15 years. We will attempt 
to formulate a unified and conceptual model of the 
energetic and structural factors that govern quenching 
by electron transfer. Another objective will be to 
present a “status report” on current experimental 
techniques and how these techniques can be effectively 
utilized to identify and study the electron-transfer 
mechanism. Finally, we will survey selected examples 
that serve as heuristic models of the principles pres- 
ented in this review. Throughout this paper, an at- 
tempt is made to show how electron transfer differs 
from energy transfer by electron exchange in theory and 
practice and how these mechanisms can be distin- 
guished experimentally. 

I I .  Theoretical Concepts 

A. An Overview of Quenching Pathways 

An understanding of the dynamics of quenching by 
energy or electron transfer must take into account the 
positions and motions of the reactants in a given mo- 
lecular environment. Since we are primarily concerned 
about processes in solution, we shall classify reaction 
pathways into those where (1) the reactants are mobile 
and free to approach to close distances within the 
lifetime of the excited partner and where (2) structural 
factors keep the reactants separated at a fixed distance 
during the lifetime of the excited partner. We shall 
describe encounter complexes, collision complexes, ex- 
ciplexes, contact ion pairs, solvent-separated ion pairs, 
and free ions (Figure 2 ) .  

1. Quenching via Encounter Complexes 

In a fluid medium, reactant molecules which are 
mobile and unrestrained by structure or environment 
may form an encounter complex prior to quenching 
(Figure 2). An encounter complex can be visualized as 
an intermolecular ensemble of an excited-state and 
ground-state molecule usually separated by a small 
distance ( - 7 A) and surrounded by several shells of 

FREE MOLECULES 

FREE IONS 

COLLISION 
COMPLEX 

ENCOUNTER 
COMPLEX 

CIP 

EXCIPLEX 

7- 

SEPARATION DISTANCE 

Figure 2. Schematic representation of donor and acceptor 
partners in solution a t  various separation distances preceeding 
and following electron transfer. Surrounding solvent molecules 
(smaller circles) comprise the solvent cage. Both partners in the 
encounter complex shown in the figure are in the same cage. 
Collision within the cage results in a collision complex. The radical 
ion pairs (CIP = contact ion pair, SSIP = solvent-separated ion 
pair, exciplex, and free ions) are stabilized by interaction with 
solvent dipoles. The  charge-transfer intermediates may range 
from contact (“tightly held”) ion pairs within the same solvent 
cage to free ions in separate, not adjacent, solvent cages. 

solvent molecules; the innermost shell is the solvent 
~age.’Bl-~~ The structure of the encounter complex is 
affected by the size, shape, and charges of the reactants 
and by their interactions with the solvent cage. Exci- 
tation of the sensitizer usually takes place before for- 
mation of the encounter complex. The events preceding 
formation of the encounter complex can be described 
by the “random walk” hypothesis. According to this 
notion, molecules diffuse in solution by a series of 
one-dimensional random steps.l If we apply this con- 
cept to the formation of encounter complexes, we can 
envision reactant partners approaching one another in 
a series of randomized zig-zag steps.’ Eventually, the 
molecules collide, separate, and undergo further colli- 
sions. A ”typical” collision for an uncharged small or- 
ganic molecule has a duration of about 7 = 10-9-10-10 
s. Quenching pathways may take place within the en- 
counter complex, depending upon the driving force of 
these reactions. During the lifetime of an encounter 
complex, the reactants undergo structural (nuclear) and 
electronic (orbital) changes. The vibrational fluctua- 
tions, which determine the nuclear barrier of the 
pathway, have frequencies of s-l. Thus, the 
lifetime of a typical encounter complex is usually of 
sufficient duration for rate-determining nuclear changes 
to take place. As shall be shown in sections 1I.B and 
II.C, nuclear reorganization is a critical aspect of elec- 
tron transfer and must be considered when evaluating 
the rate-limiting barriers of this quenching pathway. 

In quenching by electron transfer (Scheme 111), if the 
transfer of an electron occurs during the lifetime of the 
“collision complex” (i.e., when the reactant partners are 
in contact), the charge-transfer species immediately 
formed is a “contact ion pair” (CIP, Figure 2 ) .  The 
collision complex can also separate slightly, undergo 
electron transfer, and generate a “solvent-separated” ion 
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SCHEME 111 
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pair (SSIP, Figure 2). Following electron transfer, 
solvent molecules rapidly stabilize contact ion pairs and 
solvent-separated ion pairs. Thus, a contact ion pair 
may be “pried apart” by a solvent molecule and be 
converted into a solvent-separated ion pair or vice versa. 
Contact ion pairs and solvent-separated ion pairs are 
sometimes described as “geminate“ ion pairs, provided 
that each ionic partner is a descendant of the same 
parental pair. If solvent-separated ions dissociate into 
the bulk of the fluid medium where they become sep- 
arated by a large distance, they are classified as free and 
solvated ions. These ionic species are completely in- 
dependent of one another, analogous to stable free 
radicals, and can exist as distinct, randomized, solvated, 
and long-lived species. 

2. Quenching via Exciplexes 

Quenching via exciplexes is a particularly important 
pathway when the reactants are planar organic mole- 
cules capable of forming “sandwiched” complexes. If 
the interaction between the reactants, one of which is 
electronically excited, is strong, an encounter complex 
can rapidly form an intermediate which may have a 
sufficiently long lifetime to undergo light emission 
(Scheme 111). Such intermediates are termed exciplexes 

and are characterized by strong binding energies (- 
5-20 kcal/mol), partial charge character on each reac- 
tant molecule, and large dipole moments, which reflect 
the degree of charge transfer.%B5 Typically, an exciplex 
is a long-lived, relatively stable, and structured elec- 
tronically excited species. Experimental support for 
exciplexes is provided by the appearance of broad, 
structureless, and long-lived emission, although ab- 
sorption and chemical reactions may also be used for 
characterization. 

A molecular orbital wave function representation is 
used to express the electronic interaction in an exciplex 
as a summation of possible states (wave  function^);^^ 
\k = c,$(D*A) + c~$(DA*) + c~$(D+.A-.) + 

c,$(D-*A+.) + c,$(DA) (2) 

where the coefficients pertain to the relative contribu- 
tion of each state. If A is exclusively an electron ac- 
ceptor and if ground-state interactions are neglected, 
eq 2 simplifies to 

\k cl$(D*A) + cZ$(DA*) + c,$(D+*A-.) (3) 

If c3 >> c2, the exciplex has pronounced charge-transfer 
character and will have a tendency to dissociate into 
radical ion pairs, especially in polar solvents. In the 
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I I SCHEME V 
Electron hopping 

D*-A,--A~--A~ - D?-A;-A~-A~ 

extreme case, an exciplex is more accurately described 
as a contact ion pair. Emission from exciplexes pro- 
ceeds by a vertical, Franck-Condon allowed transition 
from a minimum on an excited-state surface to a low- 
lying repulsive ground-state surface. If the transition 
to the low-lying ground-state surface involves a signif- 
icant nuclear change, then emission may not be ob- 
served. Other decay processes, such as ionic dissociation 
into solvent-separated radical ions or chemical reactions 
may prevail. Such a nonemitting charge-transfer 
species is described as a “nonemitting” exciplex and has 
properties similar to those of a contact ion pair. For 
c3 << c2, exciplex formation leads to energy transfer. In 
such a case, exciplexes tend to emit light or undergo 
separation to form the excited state of the acceptor and 
ground state of the donor. 

3. Quenching in Rigid Intramolecular Systems 

Electron and energy transfer between reactants un- 
able to form encounter complexes can still be important 
at distances even greater than those normally predicted 
by the “encounter-collision” concept (Scheme 1V).lJo 
This is especially true of rigid intramolecular systems 
in which a spacer molecule prevents the formation of 
an encounter complex. As shall be shown in section 
II.C, electron transfer is permitted in these systems 
because of favorable nuclear factors. With flexible 
spacer molecules as the connecting links, the situation 
is more complicated. Some flexible connecting links 
may in fact permit the formation of encounter com- 
plexes or exciplexes. Under these circumstances, the 
fate of charge-transfer intermediates formed by electron 
transfer reflects the structure and dynamic conforma- 
tions of the molecular link. For example, reversible 
electron transfer to ground-state reactants or triplet 
recombination pathways may be much faster for two 
radical ions formed in close proximity than those gen- 
erated a t  larger separation distances and unable to 
diffuse to encounter distances within their lifetime 
(section II.D).26 

4. Quenching by Hopping 

Another quenching mechanism is energy and electron 
h~pp ing . l~~’ -~~  Electronic energy or an electron can hop 
or migrate from the donor to acceptor via a third 
molecule (Scheme V). The presence of the third 
species is required to serve as a relay which assists in 
propagating the excitation or electron. This mechanism 
has been proposed for intramolecular electron transfer 
in rigid molecules in which a third functional group, a 
“charge carrier”, consecutively accepts and donates the 
electron.39 Energy and electron hopping can also take 
place between intermolecular species with participation 
of solvent molecules. 

* 
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Figure 3. Energetics of electron transfer when (a) the sensitizer 
is the electron acceptor and (b) the sensitizer is the electron donor 
(IP = ionization potential of donor and EA = electron affinity 
of acceptor). 

B. Energetics 

1. Free Energy Changes in Primary Electron Transfer 

The feasibility of electron transfer between an ex- 
cited-state sensitizer and a quencher is dictated by the 
overall change in free energy, AG, which accompanies 
the r e a ~ t i o n . ~ ~ ~ ~ ~  The condition of exothermicity (AG 
C 0) is a major requirement and becomes an efficient 
mechanism for the quenching of an excited state, ca- 
pable of competing with other pathways, including en- 
ergy transfer. 

For a bimolecular electron transfer between two 
ground-state species, the standard free energy change 
in the gas phase is given by20 

(4) 

where IPD is the ionization potential of a donor and EAA 
is the electron affinity of an acceptor. IPD and EAA are 
normally estimated from the energies of the highest 
occupied molecular orbital and lowest unoccupied mo- 
lecular orbital of the donor and acceptor, respectively. 

When one of the reactants is an excited-state mole- 
cule, the role of free energy in electron transfer can be 
examined in terms of the simplified molecular orbital 
diagrams in Figure 3. As shown in this figure, the 
unoccupied orbital of the acceptor receives an electron 
from an occupied orbital of the donor in an exothermic 
process. Thus, the absorption of light energy reduces 
the ionization potential and electron affinity of both 
donor and acceptor: 

IPD. = I P D  - ED* (5) 

EAA. = EAA + EA* (6) 

If the donor is electronically excited, eq 4 takes the form 
AG = IPD - EAA - ED* (7) 

AG = IPD - EAA 
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LL 

I D , , , A  - 
Figure 4. A comparison of free energy changes in electron transfer 
in polar solvents (EX = exciplex; CIP = contact ion pair; SSIP 
= solvent-separated ion pair; FIS = free ions). 

In general, simple rules for determining the feasibility 
of electron transfer can be derived from eq 5 and 6: 

D* + A + D+. + A-* 

IPD* - EAA C 0: allowed (8) 

IPp - EAA > 0: forbidden (9) 

EAA* - IPD > 0: forbidden (11) 

2. Formation of Radical Ions in Solution 

To give a more detailed picture of the overall free 
energy changes, we must account for Coulombic inter- 
actions and solvent stabilization effects of the charge- 
transfer intermediates formed in electron transfer.20 
Figure 4 shows some possible overall free energy 
changes in polar solvents for electron transfer resulting 
in any of the charge-transfer intermediates shown in 
Figure 2. 

We first consider a simple case where electron 
transfer results in formation of a solvent-separated 
radical ion pair. In solution, formation of an ion pair 
is accompanied by two stabilizing interactions: the 
formation of two charged species in close proximity 
which results in a Coulombic stabilization and the 
solvation of the ion pair. These stabilizing effects can 
be incorporated into eq 7 to obtain eq 12, 
AGssIp = IPD - EAA - ED* - 

solvation coulombic 
where rD and rA are the radii of the donor and acceptor, 
t is the solvent dielectric constant, and dssIP is the 
distance between the ions. The ionization potential and 
electron affinity in solution are related to the redox 
potentials of the donor and acceptor; 

I P D  = E(D+-/D) - AG(D+.) + constant (13) 

EAA = E(A/A-.) + AG(A--) + constant (14) 

b. - 

0 0  

D 
- 

0 - 
ANTIBONDING 

BONDING 
0 .  - 
A- 

Figure 5. Molecular orbital descriptions of stabilization of (a) 
exciplexes and (b) ground-state complexes. 

where AG(D+.) and AG(A-.) are the individual solvation 
energies: 

AG(D+*) + AG(A--) = -- “(I rD + $)( 1 - t )  (15) 

Combining eq 12-15 gives the Weller equation (eq 16), 
which is used to calculate the free energy in quenching 
by electron transfer when the excited-state energy of 
the excited reactant and redox potentials of both 
reactants are known:42 

AGssIp (kcal/mol) = 

E(D+./D) - E(A/A-.) - - - ED* (16) 
&SIP e2 1 

Equation 16 contains the “basic ingredients” for de- 
termining whether electron transfer between an excit- 
ed-state and ground-state molecule is spontaneous. In 
the derivation of eq 16, it was implicitly assumed that 
the geometry of the excited state does not differ from 
the ground state and that entropy changes accompa- 
nying the formation of the radical ion pair from the 
reactants are negligible. These assumptions may not 
be valid if there are significant structural changes ac- 
companying electron transfer. In practice, however, 
entropic changes are neglected when calculating overall 
energy changes. The role of entropy in electron transfer 
quenching is treated in more detail in section II.C.10. 

If the solvent-separated ion pair dissociates into free 
ions so that they are sufficiently separated beyond their 
respective Coulombic fields or if the solvent has a large 
dielectric constant, the Coulombic energy term can be 
neglected. In acetonitrile, the Coulombic energy is less 
than - 1.3 kcal mol (0.06 eV) at  separation distances 
exceeding -7 . Equation 16 then simplifies to 
AGFIs (kcal/mol) = 

23.06[E(D+./D) - E(A/A+.)] - ED* (17) 

3. Stabilization of Exciplexes and Contact Ion Pairs 

In exciplexes, the stabilizations resulting from overlap 
between the lowest antibonding orbitals or between the 
highest bonding orbitals is shown in Figure 5a.43 The 
mixing between the antibonding or bonding orbitals of 
the locally excited state and the radical ions is stabi- 
lizing. On the other hand, the charge-transfer state 
formed from an excited singlet state sensitizer may have 
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some ground-state character mixed into its wave rep- 
resentation. (Spin selection rules forbid mixing between 
a ground-state singlet pair and a triplet radical pair.) 
This interaction involves the mixing of antibonding with 
bonding orbitals (Figure 5d) and results in a loss of 
energy which is proportional to the contribution of DA - D+.A-.. The net energy change is given by the dif- 
ference in destabilization and stabilization energies, 

The derivation of free energy terms for exciplex 
pathways involves exciplex solvation, Coulombic at- 
traction between reactants, and orbital stabilization 
terms (Figure 4), as given by eq 18 

AEEX = Estab - 

A T E X  = 

where 1.1 is the dipole moment of the exciplex, p is its 
radius, and dEx is the distance between the two partners 
in the exciplex. The exciplex solvation term expresses 
the stabilization of the exciplex in a solvent of a spec- 
ified dielectric c ~ n s t a n t . ~ ~ ~ ~ ~  

In polar solvents, exciplexes can dissociate rapidly, 
since the resulting solvent-separated ions can be sta- 
bilized by interaction with solvent molecules.45 In the 
formation of solvent-separated ions via the exciplex 
pathway, the free energy gained from solvation and 
Coulombic interactions of the solvent-separated ions 
must exceed the free energy required to dissociate the 
exciplex: 

In polar solvents with 6 > 7,22 exciplex dissociation into 
solvent-separated radical ions is favored for exciplexes 
where AEEX = 0. However, if the stabilization of the 
exciplex is sufficiently large (mEX > -7 kcal/mol), 
radical ion formation is less likely and exciplex emission 
may be observed.44 

We can apply a similar line of reasoning to the for- 
mation of solvent-separated ions via the intermediacy 
of a contact ion pair as a result of electron transfer 
between colliding spherical molecules (Scheme HI), 
when orbital interactions are not so strong as to favor 
exciplex formation. Under these conditions, we can 
derive the free energy of formation of a contact ion 
pair;44 

where p now refers to the dipole moment of the contact 
ion pair and dCIP = r A  + i-D and is the center-to-center 
separation distance between the ions. 

Equations 18 and 20 can be used to derive eq 17, 
provided that free ions are the final result of pathways 
involving exciplexes or contact ion pairs. Equation 17 
can therefore be used to calculate the net free energy 
change for formation of free ions regardless of the de- 
tails of the intermediate pathways. 

In order to give a more complete description of the 
effects of solvent polarity on electron transfer, however, 
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Figure 6. The effect of solvent polarity on the energetics of 
electron transfer. 

we must account for the possibility of “unrelaxed” 
charge-transfer  intermediate^.^^ This topic is covered 
in detail in section 1I.C. At  this point, we will simply 
state that following formation of charge-transfer in- 
termediates, solvent molecules tend to reorient around 
the reactants in response to electronic changes. Polar 
solvent molecules are more effective because they can 
assist in the stabilization of the “new” charge of each 
reactant partner. As solvent molecules rearrange 
around an exciplex or contact ion pair during solvation, 
they may “pry apart” the “tightly held” ion pair. The 
result is a “loosely held” solvent-separated ion pair 
(Figure 2). In nonpolar solvents, solvent stabilization 
of ion pair states is weak, and the tendency is for the 
exciplex to remain “tightly held” in the absence of 
significant solvent ~tabi l izat ion.~~ Under these condi- 
tions, radiative and nonradiative pathways, which 
deactivate the exciplex compete effectively with ionic 
dissociation, and exciplex emission can be 

In summary, the overall thermodynamics of the 
quenching of excited states by electron transfer are 
highly sensitive to the dielectric constants and degree 
of polarity of solvents. Although solvent-separated 
radical ions (and subsequently, free radical ions) can 
be formed from encounter complexes, contact ions, and 
exciplexes, the dynamic interconversion of various 
charge-transfer states is largely influenced by interac- 
tions with the surrounding molecules. The effects of 
solvent polarity on the energetics of electron transfer 
are summarized in Figure 6. 

4. The Role of Energetics and Solvent Polarity in 
Energy Transfer 

Energy and electron transfer are thermodynamically 
controlled pathways. The likelihood of either mecha- 
nism being operative depends to a large extent on the 
overall free energy changes. Most sensitized reactions 
proceed exclusively by one or the other pathway, de- 
pending on the free energy changes. In some donor- 
acceptor systems, however, both mechanisms may be 
permitted by overall energetics. In such systems where 
competitive pathways take place, the relative feasibility 
of one pathway may also be determined by kinetic 
factors. We may predict that both pathways will pro- 
ceed at faster rates a t  more exothermic free energies. 
However, a t  least in the case of electron transfer, the 
relationship between the overall free energy change and 
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Figure 7. A comparison of the effect of solvent polarity on 
electron and energy transfer. 

the kinetics is not obvious. This important question 
will be dealt with in section 1I.C. 

Another important consideration is the effect of 
solvent. Solvent polarity affects energy and electron 
transfer in a significantly different manner. Quenching 
by energy transfer does not normally involve nor gen- 
erate highly polar intermediates; therefore, solvent ef- 
fects should be minor for this pathway. Figure 7 dem- 
onstrates the possible competition between energy and 
electron transfer as the solvent dielectric constant is 
changed. 

C. A Dynamic Model of Primary Electron 
Transfer Based upon the Franck-Condon 
Prlnclple and the Classical Theory of Marcus 

Up to this point we have considered the thermody- 
namics of the primary electron transfer step. We now 
turn to the important question of reactivity and explore 
the effects of structure and environment on the rate of 
electron transfer. 

The electronic and nuclear barriers to electron 
transfer are examined in this section. We draw upon 
a classical theory of electron transfer between ground- 
state r e a c t a n t ~ , l ~ , l ~ , ~ ~ - ~ ~  which was modified for the 
quenching of excited states by electron trans- 
fer.17~18~26~29~32~42 Although the classical theory was ori- 
ginally formulated for weakly interacting ground-state 
molecules, it serves as a powerful tool for understanding 
the barriers in excited-state electron transfer. 

1. Kinetic and Rate Expressions 

Before we proceed to present a model which describes 
the effects of electronic and nuclear barriers, we must 
identify the rate constants which are used when dis- 
cussing quenching by electron transfer. It is useful to 
start with familiar expressions that are often used to 
describe bimolecular quenching by energy t r a n ~ f e r . ~ ? ~ ~ @  
An expression for the efficiency of electron transfer 
quenching can be derived along the same lines as has 
been done for energy transfer,l 

where is the efficiency of excited-state formation (by 
direct excitation or excitation followed by intersystems 
crossing), k ,  is the overall bimolecular rate constant of 

electron transfer, k,' is the rate constant for bimolecular 
quenching reactions other than those described by k,, 
and kd is the rate constant for unimolecular decay of 
the excited state. According to eq 21, electron transfer 
is a major quenching pathway only to the extent that 
it is competitive with other pathways for deactivation 
of the excited state, which may include emission decay, 
radiationless transitions, energy transfer, chemical re- 
action, and so on. In solution, k ,  is actually a composite 
of several rate  constant^:^^^^^ 

D' t A D' A L D ?  + A- Dissociation,formation 
01 products, excited 
slates, elc 

( 2 2 ) 
c c 
k,," k.8 

D t A  D + A  

In eq 22, kdiff and k-diff are diffusion-controlled rate 
constants, k ,  and k ,  are bimolecular "activation energy 
controlled" rate constants of electron transfer, k, is the 
rate constant for reversible electron transfer to 
ground-state reactants, and k ,  is the rate constant for 
radical ion dissociation, formation of excited states, or 
trapping reactions in the presence of scavengers. Ap- 
plying a steady-state treatment to the various inter- 
mediates in eq 22 leads to42 

Equation 23 can be simplified if it is assumed that 
electron transfer is exothermic. Given this assumption, 
k-, << lz , ,  and eq 23 becomes 

kakdiff 

k a  + k-diff 
k ,  = 

Introducing a further assumption that kdiff = kdiff 
leads to the following r e l a t i o n ~ h i p : ~ ~ ~ ~ ~  

1 1 1 I L I _ - -  - + -  
kq ka kdiff 

From eq 26, it can be deduced that under conditions 
of slow electron transfer, Le., k ,  << kdiff, the observed 
rate of quenching of an excited state is equal to the 
"activated" rate of electron transfer, i.e., k ,  - k,. Under 
conditions of rapid electron transfer, i.e., k ,  >> kdiff, the 
observed rate of quenching is simply given by the dif- 
fusion-controlled rate constant for the medium in which 
the reaction takes place, Le., k ,  - kdiff. A reaction 
system which can be chosen so that k, - k ,  can be 
particularly instructive, since in this case the measured 
rate is related to the barrier for electron transfer. 

We can therefore utilize the following relationships: 

k, = A ket (26) 
where 

k,, = k exp(-AG*/RT) (27) 

where A is the collision frequency at unit molar con- 
centration of reactants within the encounter complex, 
k is a constant which reflects the electronic barrier of 
the reaction, and AGS is the free energy of activation 
representing contributions from nuclear barriers. 
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Electronic and nuclear barriers are rate determining in 
electron transfer and are included in eq 27. Either 
electronic barriers primarily influence the rate (k << 1 
and AG* = 0, or nuclear barriers are rate detemrining 
(k - 1 and AG* > 0). 

In highly viscous media, a t  low temperatures, or in 
rigid intramolecular systems, the rate of quenching, k,, 
is given by k,. Under these circumstances, electron 
transfer is permitted within the Perrin “quenching 
sphere”, which defines the spatial dimensions where 
quenching is most For these systems 
where diffusional motion is slow, k,, can be calculated 
from eq 26 and 27. The magnitude of k, depends upon 
the freedom of an excited-state and ground-state 
molecule to explore a given set of electronic and nuclear 
configurations and ultimately find a suitable arrange- 
ment that permits electron transfer. If this “freedom” 
is restricted (as it may be in viscous solutions or at low 
temperatures), the most favorable electronic and nu- 
clear configuration may be inaccessible, and electron 
transfer becomes severely retarded. 

2. Electronic and Nuclear Time Scales in Electron 
Transfer 

The Franck-Condon principle is the cornerstone of 
classical theories of electron transfer. As normally ap- 
plied to spectroscopic transitions, the Franck-Condon 
principle states that the interatomic distances and nu- 
clear momenta are identical in the initial and final 
states during the absorption or emission of light. Over 
30 years ago, Libby applied the Franck-Condon prin- 
ciple to electron transfer in aqueous  solution^.'^^^^^^^ He 
noted that the transfer of an electron between two 
species is a relatively instantaneous event compared to 
the slower nuclear motions which must take place in 
order to accommodate the “new” electronic configura- 
tion in the surrounding inner coordination shells. For 
example, the exchange of an electron between Fe- 
(HzO),2+ and Fe(H,O)z+ is slow because of the different 
metal-ligand bond lengths in these complexes. After 
a rapid self-exchange of an electron, the electronic 
configuration of each species does not “match” the or- 
iginal nuclear geometries. The final product state is 
obtained only after slow adjustments in bond lengths. 
Electron self-exchange between Fe(CN)63- and Fe- 
(CN)6b, however, is rapid because of the similar F e C N  
bond distances in both complexes. 

In classical theories of electron transfer, the ideas of 
Libby are used in a somewhat modified form. Nuclear 
changes occur prior to electron transfer and are made 
possible because of collision between reactants and 
surrounding molecules. Before the transfer of an 
electron, the nuclear geometry of the reactants, in- 
cluding the surrounding solvent molecules, must be 
converted into a high energy, “nonequilibrium” or dis- 
torted configuration. The transition state consists of 
two high energy species which possess an equivalent 
nuclear but different electron configuration. 

In the application of the Franck-Condon principle 
to the mechanisms of excited-state electron transfer, it 
is necessary to have a feeling for the large differences 
in time scales of electronic and nuclear processes (Table 
I). It is particularly important to observe that the 
frequency of electron motion, 1015-1016 s-l, is faster than 
nuclear vibrational motion. The wide range of bimo- 

TABLE I. Typical Frequencies and Rate Constants in 
Photosensitized Electron Transfer 
electron motion (orbital jumps) 
nuclear motion (vibrational) 
orientation of solvent dipoles 
rate of resonant charge transfer 
diffusional rate constants 
bimolecular rate constants of quenching by 

bimolecular rate constants of quenching by 

bimolecular rate constants of electron 

electron transfer 

energy transfer 

exchange between ground-state molecules 

lecular rate constants of the quenching by electron 
transfer in solution (105-10’2 M-l s-l) is dictated by 
electronic, nuclear, and diffusional changes which must 
occur during the lifetime of the excited photosensitizer. 
For comparison, it is interesting to note that rate con- 
stants of electron transfer between ground-state mole- 
cules span a much wider range. 

3. Potential Energy Surfaces 

In the literature on electron transfer, energy surface 
profiles conveniently express the changes in the po- 
tential energies of the reactant and solvent molecules 
a t  various stages of the r e a c t i ~ n . ~ ~ ~ ~ ~ ? ~ ~  These surface 
profiles display the potential energy of the reaction vs. 
the nuclear geometry which may consist of bond length, 
bond angle, molecular orientation, and positional 
changes. 

In bimolecular quenching by electron transfer, two 
energy surfaces are of particular importance: (1) the 
reactant surface or initial state consisting of an excited 
molecule and ground-state molecule and (2) the product 
surface or final state consisting of the radical ion pair 
(Figure 8). Initially, excitation of the sensitizer brings 
the reacting system to an excited-state energy surface 
where thermal equilibration into a low energy vibra- 
tional state is rapidly established. The energy at the 
intersection of the excited-state surface and the product 
surface is the “nonequilibrium” or distorted nuclear 
arrangement which preceeds electron transfer. Fol- 
lowing electron transfer, nuclear relaxation rapidly es- 
tablishes the thermally equilibrated radical ion pair. 
The arrangement of reactants prior to electron transfer 
is sometimes described as a “precursor complex”. The 
complex formed following electron transfer is the 
%x“ssor complex”.32 

4. The Electronic Interaction Energy: Adiabatic and 
Nonadiabatic Electron Transfer 

As an electron jumps from one reactant to the other, 
the reaction “switches” from the reactant to product 
surface at the intersection point, which consists of two 
isoenergetic electronic configurations with one distorted 
nuclear geometry. The probability of electron transfer 
a t  the intersection point is controlled by the electron 
interaction between reactant and product states.15 The 
magnitude of this interaction or “mixing” is given by 
the electronic coupling matrix, Hif, and results in a 
splitting of the energy  surface^.^^^^^ A t  one extreme, if 
a large electronic energy barrier separates the passage 
of the electron between the donor and acceptor orbitals, 
electronic interaction is vanishingly small, i.e., Hif = 0: 
the probability of electron transfer is small. k in eq 27 
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Figure 8. A potential enerp surface description of photosen- 
sitized electron transfer. AG is the activation barrier for electron 
transfer. Hit is the electronic coupling matrix between initial and 
final energy surfaces. Classical theories of electron transfer apply 
to situations where AG’ >> Hit. AG is the overall free energy 
difference between reactant and product states. 
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Figure 9. Potential energy surface descriptions for adiabatic and 
nonadiabatic electron transfer. Classical theories of electron 
transfer are applicable to systems which fall somewhere between 
adiabatic and nonadiabatic, i.e., AG’ >> Hij. 

approaches zero, since the reaction surfaces do not cross. 
If and when electron transfer occurs, it is defined as 
nonadiabatic, and the reaction coordinate proceeds 
abruptly from one surface to the other (Figure 9). 

At  large electron interaction energies, the reaction 
passes smoothly from the reactant to the product sur- 
face (Figure 9). The rate approaches a value of - 1013 
s-l, which is the unimolecular rate of electron transfer 
within a transition state. In the strong interaction limit, 
k is approximately unity, and the reaction is defined 
as adiabatic. The electronic interaction can become so 
large in some casea that the two electronic intermediates 
in the transition state merge into one short-lived reso- 
nance stabilized state with a lifetime of -10-15 s. In 
this strongly adiabatic limit, the rate of charge transfer 

TABLE 11. Values of for Several Electron-Transfer 
Quenching Reactionsa 

reaction 8, A-‘ 
‘tetramethyl-p-phenylenediamine* + phthalic anhydride 1.0 
R~[(CH~)~phen]$+ * + methylviologen (in glycerol) 1.5 
‘biphenyl*-steroid-acceptor 0.9 
‘s3Zinc porphyrin*-quinone 1.1 

Data from ref 68 and references therein. 

approaches a maximum (1015-1016 5-l). Under these 
circumstances, classical theories of electron transfer 
break down, since they do not apply to systems where 
the interaction energy is so large that the transition 
state is a resonance stabilized complex. Classical the- 
ories place special emphasis on nuclear changes and are 
applicable to weakly adiabatic electron transfer. 

5. Electronic Barriers 

Electron transfer consists of electron movement be- 
tween orbitals. An electron may flow from a singly or 
doubly occupied molecular orbital of the donor to a fully 
vacant or half-vacant orbital of the acceptor. It follows 
that orbital overlap between the occupied and unoccu- 
pied orbitals must play an important role in electron 

In the very early stages of electron transfer, 
a nuclear perturbation, which may involve vibrational 
motion in the reactant or solvent molecules, starts the 
reaction on an energy surface. The reactant molecules 
begin to explore mutual configurations before “locking 
in” to a spatial orientation which is favorable for elec- 
tron transfer. Because the orbitals act like “conductors” 
of the electron, structural and environmental factors 
which influence their mutual separation, orientation, 
and symmetry, or restrict their freedom of movement 
to find the most favorable spatial orientation, can 
profoundly influence the rate of electron transfer. 

The electron interaction energy between two over- 
lapping orbitals is inversely proportional to the sepa- 
ration distance and decreases exponentially from its 
maximum value when the donor and acceptor are in 
contact:2y66+s 

Hif = Hip exp[-P(d - d0)/2] (28) 

In eq 28, do is the electronic contact distance, and d - 
do is the electronic edge-to-edge distance and is in- 
versely proportional to the magnitude of the orbital 
overlap.@ Equation 28 can be rewritten as 

(29) 
where ko is the maximum probability of passage of an 
electron at the intersection point. According to eq 29, 
the rate of electron transfer decreases with separation 
distance. This rate constant can be calculated from 
values of 0, which usually range from 0.9-2.0 A-1 (Table 
11). It is important to note that as an orbital parameter, 
p does not necessarily reflect the relative orientation 
of the donor and acceptor or the nature of the medium 
through which the electron travels.68 

Equation 29 can be used to estimate the time and 
distance scales of electron transfer during the lifetime 
of the excited partner. Typical values derived for sev- 
eral edge-to-edge distances are listed in Table 111. It 
is evident that for a typical singlet lifetime of - 10 ns, 

K = kO exp[-P(d - do)] 
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TABLE 111. Rate and  Distance Relationship in 
Photosensitized Electron Transfer  

ket, K’ P, A-l d-do, A - 103 2.0 5 - 105 1.2 15 - 108 1.2 10 - 109 1.2 5 - 109 0.9 10 

electron transfer can be observed only at close proxim- 
ities or between molecules in which the donor-acceptor 
orbitals extend over large distances. The observation 
of electron transfer a t  large separation distances may 
sometimes be explained because of small overlap at  
these distances. Evidence of long-range photosensitized 
electron transfer is presented in section IV.B.3. 

In addition to the separation distance, the spatial 
orientations and symmetries of the donor and acceptor 
orbitals must be c o n ~ i d e r e d . ~ ~ t ~ ~  Both orientation and 
symmetry are important for effective orbital interaction. 
The symmetry of the orbitals is important in this de- 
scription because mobile reactants tend to “seek” an 
orientation which gives maximum orbital overlap. If 
a symmetry element can be defined for the reaction 
coordinate and if an appropriate symmetry element can 
be assigned to donor and acceptor orbitals, then it is 
possible that state symmetries for the excited reactant 
and quencher as well as the radical ion pair can be 
derived and ~ o r r e l a t e d . ~ l - ~ ~  Crossing between states of 
the same symmetry results in adiabatic electron 
transfer, whereas crossing between states of different 
symmetry gives rise to a nonadiabatic reaction. These 
notions of symmetry have been applied to electron 
transfer between excited-state molecules and amines 
(section IV.B.2). 

A procedure for studying the effects of mutual ori- 
entation of donor and acceptor in nonadiabatic election 
transfer has recently been published.73 Calculations 
were performed on oblate nonspherical aromatic mol- 
ecules, and the orientation dependence of Hi, was ana- 
lyzed by consideration of the shape and nodal character 
of the applicable wave functions (Figure 10). For a 
constant edge-to-edge separation distance, Hi, is larger 
for reactants in a face-to-face orientation than when 
they are arranged end-to-end. If the center-to-center 
distance is kept constant, the electronic interaction is 
larger for the end-to-end orientation. 

Thus, electron transfer is slow when orbital-electronic 
barriers-as dictated by separation distance, orienta- 
tion, and symmetry-are sginificant. The net effect of 
electronic barriers is to inhibit electron motion between 
donor and acceptor orbitals. Photosensitized electron 
transfer in dilute and highly viscous media, where the 
reactants stay well separated, is therefore improbable, 
unless diffusion into the quenching sphere can take 
place during the lifetime of the excited state. The same 
notion applies if any unusual steric or structural effect 
prevent a close approach for effective electronic inter- 
action. 

Electron transfer via an exciplex pathway is very 
rapid because of the maximum positive orbital overlap 
achieved during exciplex formation. These reactions 
are usually strongly adiabatic because of strong reso- 
nance interactions and are characteristic of planar, 
aromatic organic molecules where and steric 
factors75 allow for effective electronic interaction. 

HFACE-TO-FACE > HEDGE-TMDGE 

CONSTANT EDGE-TO-EDGE DISTANCE 

e,, e3- d c c - a  

CONSTANT CENTER-TO-CENTER DISTANCE 

Figure 10. The effect of separation distance and orientation on 
the electronic coupling matrix in electron transfer. The figure 
shows donor and acceptor sites as oblate spheres. This type of 
model may be applicable to  electron transfer involving large 
aromatic systems or porphyrins. 
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Figure 11. Nuclear changes preceding and following electron 
transfer. Nuclear reorganization and relaxation consist of changes 
in equilibrium bond lengths (shown by the size of the reactant 
molecules) and changes in the atomic and orientation polarization 
of the solvent molecules (shown by their elliptical shapes). The 
nuclear changes in the solvent molecules are slow compared to 
the rapid changes in the electronic polarization (shown by the 
arrows) which always remain in equilibrium with the charges on 
the reactants. 

6. Nuclear Barriers 

When the reactant orbitals interact so that k = 1 in 
eq 27, but not so strongly that resonance interactions 
dominate, the usual electronic barriers can in general 
be ignored; rather, the rate-determining factors are 
nuclear reorganization. C l a s s i ~ a l ~ ~ , ~ ~ ~ ~  and semiclas- 
s i ~ a l ~ ~ - ~ *  theories provide quantitative models for in- 
vestigating these effects. 

The nuclear changes involve structural adjustments 
in the reactants and surrounding solvent molecules in 
the stages preceeding electron transfer (Figure 11). 
The nuclear perturbations bring the thermally equili- 
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brated complex of reactants and surrounding solvent 
molecules into the high energy, distorted, and none- 
quilibrium geometry of the transition state. The free 
energy of the transition state (AG') is a composite of 
the free energy changes brought on by the nuclear 
motions within the reactants (the inner coordination 
sphere) and the free energy change induced by nuclear 
motions within the solvent molecules (the outer coor- 
dination sphere). 

A general expression has been derived which corre- 
lates the free energy of activation with the driving force 
of the rea~tion;l~*~O 

AG' = AG,* + *( 4 1 + yr (30) 

x = x i + X ,  (31) 
where AG,' is an electrostatic term, AG' = AG + wp - 
wR (where wp and W R  are work terms for the reaction), 
and Xi and Xo are the intrinsic barriers corresponding 
to the bond length changes and solvent reorganization. 
Equation 30 permits a calculation of the free energy of 
activation of electron transfer. 

The electrostatic term can be calculated from an 
expression that describes the Coulombic interaction 
between two charged and spherical reactants within a 
transition state, 

where Z1 and Z2 are the charges on the molecules, dt, 
is the distance between the two species in the transition 
state, No is Avogadro's number, c is the dielectric con- 
stant of the solvent, pia is the ionic strength of the 
medium, and K is the Boltzmann constant. Equation 
32 is germane, of course, only to reactant partners which 
have net ionic charges. If the reactants are uncharged 
(for example, neutral organic molecules), electrostatic 
free energies and work terms can be neglected, and eq 
30 can be rewritten as 

(33) 

a. Bond Length Changes. In addition to the 
electrostatic barriers described above, the barriers due 
to bond-order changes must also be taken into consid- 
eration. Xi is the free energy change associated with the 
nuclear bond length changes within the reactant mol- 
ecules. A classical expression, derived from a harmonic 
oscillator model, relates nuclear changes over all in- 
tramolecular vibrations with the free energy barrier,15 

where Aqi is the change of interatomic distance and fi 
is the force constant of this vibration. Xi is equivalent 
to the Franck-Condon factor which results from the 
overlap of appropriate intramolecular vibrational fre- 
quencies in bimolecular reactions. 

Bond length changes can sometimes occur in small 
ring compounds, amiveri, and some aromatic mole- 
cule~.'~ In transition-metal complexes, changes in bond 

TABLE IV. Differences in Metal-Ligand Bond Lengths in 
Oxidized and Reduced Forms of Metal Complexes 

metal complex Al, 8, 
Fe(a~#+/~+ 0.14" 

V(aq)'+i3+ 0.15b 

C O ( N H ~ ) ~ ~ + / ~ +  0.17c 

"From ref 77 and references therein. bFrom ref 79 and refer- 
ences therein. cEndicott, G.  F.; Durham, B.; Kumar, K. Znorg. 
Chem. 1982,21, 2437 and references therein. 

R~(bpy),2+'~+ 0" 

C~(aq)'+/~+ 0.20c 

lengths can be important when electron transfer in- 
volves metal-centered bonding and antibonding orbit- 
a l ~ . ~ ~  Several examples are shown in Table IV. Since 
the Fe-H20 bond lengths in Fe(H2O):+ and Fe(H20)2+ 
differ, an inner sphere nuclear barrier is predicted to 
play an important role in the oxidation and reduction 
of these aqueous iron complexes. However, bond length 
changes in the oxidation or reduction of Ru(bpy):+' 
are negligible because electron transfer involves largely 
the ?r-orbitals of the bipyridyl ligands not the ruthe- 
nium-centered orbitals (section IV.B.1). 

b. Solvent Reorganization. The reorganizational 
parameter which reflects changes in the polarization of 
solvent molecules during electron transfer is given by 
A,,.15748?49 The polarization of the solvent molecules can 
be divided into two components: (1) the motion of the 
electrons in the solvent molecules, which always main- 
tains equilibrium with the electronic charge which de- 
velops on the reactants (this electronic component re- 
sponds rapidly and in phase with the rapid electronic 
fluctuations during the course of electron transfer) and 
(2) a nonequilibrium charge associated with the nuclear 
polarization of the solvent molecules (Figure 11). The 
latter corresponds to the slow, rate-determining changes 
involving the dipole moments of the solvent molecules 
which reorient themselves around the reactant mole- 
cules prior to electron transfer. The "new" geometry 
is the "nonequilibrium polarization" of solvent mole- 
cules in the transition state and is one out of many 
arrangements of solvent molecules. The arrangement 
which is most effective in stabilizing the transition state 
results in the lowest free energy of activation for elec- 
tron transfer. This free energy barrier is given by 

where rD and rA are ionic radii of the reactants (rAD = 
rA + rD), top is the dielectric constant of the medium 
which responds to the electronic polarization (top is the 
square of the refractive index), and cs is the static di- 
electric constant or relative permittivity corresponding 
to the solvent dipole. 

The role of solvent is underscored by the presence of 
cop and E, in eq 35. Solvent polarity is thus predicted 
to be important in determining the barrier to electron 
transfer. Since the transition state has charge-like 
character, the ability of the solvent to stabilize the 
transition state is a key factor in the solvent to stabilize 
the transition state is a key factor in the quenching of 
excited states by electron transfer. In Table V are listed 
a few values calculated for ho, based upon the as- 
sumptions of spherical reactant shells and van der 
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TABLE V. The Effects of Solvent Dielectric and Refractive Index on Xoa 

radii, A 
donor acceptor water glycerol acetonitrile ethanol benzene 

(9 80.20 42.5 37.5 24.45 2.275 
n 1.3325 1.4746 1.3441 1 1.3614 1.501 1 2  

5 5 18.2 14.4 17.4 16.5 0.02 
5 2 38.3 30.4 36.7 34.7 0.04 
2 2 45.6 36.1 43.6 41.3 0.05 

‘In kcal/mol. Based on data in ref 79. 

Waals contact. Although the calculated values do not 
always match experimentally obtained values,79 they do 
give an intuitive idea of the changes in the free energy 
of activation according to changes in the solvent polarity 
and size of the reacting molecules: in general, solvents 
of high polarity or large donor-acceptor contact radii 
favor electron transfer. 

Thus, the rate of electron transfer may be 
“controlled” by the dielectric constant of the solvent.m2 
Electrostatic stabilization of the transition state has 
served as the model for calculations linking the role of 
solvent orientation to the rate of photoinduced electron 
transferaS2 Evidence confirming the dynamic role of 
solvent in electron transfer has been demonstrated by 
ESR spectroscopic  investigation^.^^^^^ 

7. Useful Kinetic Relationships Derived from 
Self-Exchange Electron- Transfer Reactions 

Self-exchange electron transfer is defined as a process 
where electron transfer results in no net chemical 
change. According to this definition, self-exchange re- 
actions for an excited-state and ground-state reactant 
take the form’5~85-s7 

(36) 
ADD D* + D+. - D+* + D* 

(37) 
kA4 A-- + A - A + A-* 

The corresponding cross-reaction is given by 

(38) 
Since self-exchange electron transfer involves no overall 
change in the overall free energy (AG = 0), the activa- 
tion barriers can be expressed in terms of the intrinsic 
barrier; i.e., from eq 33, AG* = X/4 for reactions 36 and 
37. The intrinsic barrier for the cross-reaction can be 
approximated as the average of the individual intrinsic 
barriers of the self-exchange reactions: 

kDA D* + A - D+- + A-. 

= l / ( h  + XAA) (39) 
Substitution of eq 39 into eq 33 gives the following 
relationship: 

From eq 40, we can derive 

where KDA is the equilibrium constant for the cross- 
reaction. Equation 41 holds when A G D A  - 0 and is of 
practical importance in that it allows for calculation of 

TABLE VI. Representative Rates of Electron 
Self-Exchange and Cross Reactions 

redox coude 
rate constant, 

M-1 s-l 
~~ 

Ru (bPY 13;; ’t”:,+ 4.2 x 1 0 8 a  

Ru(bpy), - 108b 
Fe(aq)2+/3+ - 4‘ 
Cr(bpy)?+ *IZ+ - l O 8 b  
Cu(dpp)zl+ * I 2 +  - 108-109 c 

naphthalene0/-. - lO8d  
nitrobenzene0/-. 3 x i o 7 d  

V(aq)2+i3+ - 10-2 b 

N,N,N’,N’-Tetramethyl-p-phenylenediamineO/-. 1.1 <<tem lo9 

“From ref 77 and references therein. bFrom ref 26 and refer- 
ences therein. CFrom ref 238. dFrom ref 79 and references there- 
in. 

the rate of electron transfer, ket. KDA can be obtained 
from redox potential data. Representative values of the 
rates of self-exchange electron transfer for ground-state 
and excited-state reactants are listed in Table VI. It 
should be noted that the range of rate constants rep- 
resents varying contributions from bond length changes 
and solvent reorganization. Thus, the rate of Ru- 
(bpy)32+-R~(bpy)33+ self-exchange is determined by 
solvation effects because no changes in bond lengths 
take place during self-exchange of an electron. Self- 
exchange between Fe(H20)62+ and Fe(H20)63+ is slow 
because of barriers due to both solvent and bond re- 
organization. 

Equation 41 can also be used to calculate self-ex- 
change rate constants when k,, is known. Values of ket 
can be derived from a knowledge of kdiff - 10’” M-’ s-l 
and k,, which is determined from quenching studies. 

8. Summary of Electronic and Nuclear Effects in 
Electron Transfer and Their Role in Energy Transfer 

After the nuclear changes bring the entire system to 
the distorted geometry most suitable for electron 
transfer, the transfer of the electron creates a state with 
the electronic configuration of the products but the 
nuclear geometry of the transition state (Figure 11). 
Nuclear relaxation follows, bringing the distorted nu- 
clear structure to the equilibrium and thermally 
equilibrated state of the products. The nuclear barriers 
for the quenching of excited states by electron transfer 
can be classified as due to solvent reorganization or to 
bond length changes, although much remains to im- 
prove upon our understanding of the nature of these 
changes. As we have shown, Marcus theory provides 
a quantitative formalism to examine these configura- 
tional changes. 

Table VI1 summarizes the important features of nu- 
clear and electronic barriers as they influence reactivity 
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INVERTED REGION 

TABLE VII. Summary of Electronic and Nuclear Barriers in Photosensitized Electron Transfer 
AG’ >> 0 (xilxt) = 0” AG* - 0 (xi/xt) # 0” AG* > 0 (x;/xt) L 0” 

NORMAL REGION 

k = 1 (q i /H/qf)  # Ob strongly adiabatic; resonance 
important; Marcus theory 
breaks down; exciplex 
pathway 

k 5 1 (*i/H/qf) # Ob weakly adiabatic; nuclear weakly adiabatic; rate is slow because of 
reorganization important; 
electronic effects not rate possible 

large nuclear barriers; nuclear tunneling 

determining 
k << 1 (Qi/H/qf)  - Ob nonadiabatic; slow because of 

poor orbital overlap; 
electron can tunnel through 
barrier 

nonadiabatic; slow because of electronic and 
nuclear barriers; electron and nuclear 
tunneling possible 

a Overlap of nuclear wave functions. Overlap of electronic wave functions. 

in electron-transfer quenching. One important con- 
sideration is that the lifetime of the excited reactant 
imposes a restriction on nuclear reorganization and 
electronic coupling. Bond length changes, solvent re- 
organization, and dynamic molecular motions necessary 
for orbital overlap must occur during the lifetime of the 
excited state of the sensitizer. Electron transfer is 
therefore highly sensitive to the photophysical prop- 
erties of the sensitizer. In turn, these will affect com- 
petitive pathways, e.g., energy transfer. 

How do the barriers in electron transfer compare with 
those in energy transfer? As in the case of electron 
transfer, energy transfer by electron exchange depends 
upon effective overlap between electronic and vibra- 
tional wave  function^.^ An interaction energy can be 
defined for energy transfer, analogous to the treatment 
employed for electron transfer.88 The electronic barrier 
for electron-exchange energy transfer may in fact be 
greater than for electron transfer, since collisional en- 
ergy transfer requires the overlap of two orbital pairs 
of the donor and acceptor for the electron-exchange 
mechanism.89 The effect of distance on the rate of 
electron exchange in energy transfer can be described 
by eq 30; i.e., the rate of electron exchange is predicted 
to decrease exponentially with distance in much the 
same way predicted for electron transfer.w 

Reorganizational nuclear barriers in energy transfer 
reflect predominantly intramolecular vibrations. Sol- 
vent reorganization is not expected to have the same 
importance in energy transfer, since normally changes 
in charge distribution in the reactants do not occur 
during energy transfer, unless the reactant molecules 
have ionic character. 

9. The Relationshi@ between Driving Force and Free 
Energy of Activation 

Equation 33 predicts a parabolic relationship between 
the free energy of activation and thermodynamic driv- 
ing force of electron transfer. The consequence of this 
prediction is that the rate of electron transfer should 
increase as the reaction becomes more exothermic until 
a certain value of AG is reached where the rate begins 
to fall again! The range of free energy values where the 
rate increases with increasing driving force is known as 
the “normal” free energy region (Figure 12). A plot of 
AG vs. AG’ in the “normal” region gives a slope of 0.5 
(from eq 33).15,% The very negative free energies where 
the rate is predicted to diminish has been described as 
the Marcus “inverted” region. 

Potential energy curves depicting this rather ex- 
traordinary prediction are shown in Figure 13. The 
disposition of potential energy curves predicted for AG 
= 0 is illustrated in Figure 13a. An example of the 
“normal” region is given by Figure 13b. From the latter 
figure, we predict the usual correlation between driving 
force and the energy barrier. The rate maximizes for 
the overlapping energy curves shown in Figure 13c. As 
the free energy proceeds to more negative values, the 
energy of activation should begin to increase again 
(Figure 13d). 

The same prediction follows from theories of radia- 
tionless transitions (the “energy gap” rde).91~92 At small 
energy separations (Figure 13a-c), quantum mechanical 
treatments predict that the rate should be influenced 
by coupling of nuclear wave functions rather than 
overlap of orbital wave functions (Hij > 0). Thus, the 
“nonclassical” counterpart of Marcus theory is that the 
overlap of nuclear wave functions guarantees a crossing 
at the intersection of the curves. At  large energy sep- 
arations, however, the electronic and nuclear overlap 
are unfavorable. Crossing is nonadiabatic and forbid- 
den by Franck-Condon factors; Le., vibrational overlap 
is poor at the intersection point. 

Under conditions where there is poor overlap between 
the electronic and nuclear wave functions, tunneling 
between the initial and final states can create an al- 
ternate pathway for the electron-transfer reaction, 
provided that the available thermal energy does not 
exceed the potential energy of the electronic and nu- 
clear  barrier^.^^,^^ Tunneling through electronic and 
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Nevertheless, possible evidence of the inverted region 
has been demonstrated for intramolecular electron 
transfer between donor-acceptor pairs held by rigid 
spacer molecules undergoing bombardment by an 
electron beam:94 

a b 

I C  d 

NUCLEAR TOPOLOGY 

Figure 13. Free energy relationships in photosensitized electron 
transfer. (a) AG = 0; AG* = X/4; (\ki/H/\k) # 0; and (xi/xf) 
= 0. (b) AG> -A; AG* > 0; (*i/H/Pf) # 0; and (xi/xf) > 0. (c) 
AG = -A; AG* = 0; (‘ki/H/\kf) # 0; and (xi/xf) # 0. (d) AG < 
-A; AG* >> 0; (‘ki/H/*f) = 0; and (xi/xf) = 0. (‘ki/H/\kf) and 
(xi/xf) are the electronic and nuclear matrix elements, respec- 
tively. Cases a-c show free energy relationships for electron 
transfer in the normal region. The last case pertains to electron 
transfer in the inverted region. 

nuclear barriers can be considered possible pathways, 
since there is always residual overlap between even 
poorly overlapping wave functions. The physical con- 
sequence of tunneling through electronic or nuclear 
barriers is that at low temperatures, in viscous media, 
or in rigid molecular systems, electron transfer may be 
more rapid than would normally be expected from a 
consideration of the height of the energy barrier. 

An experimental manifestation of the inverted region 
is an inverse relationship between log k, and AG at large 
thermodynamic driving forces.% Experimental evidence 
of the inverted region in electron transfer has been 
difficult to obtain because of the “masking” effect of k ,  
by kciff in diffusion-controlled quenching (see eq 25 and 
26).93 

Weller has determined that for AG < 10 kcal/mol, 
the magnitude of the fluorescence quenching rate con- 
stant is diffusion-controlled ( k ,  = 2 X 1O’O) for many 
organic reactants and remains constant as AG becomes 
more negative.42 For these systems, k ,  can be calculated 
from an empirically derived expression: 

(42) 
20 x 109 M-I s-1 k, = 

1 + 0.25[exp(AGS/RT) + exp(AG/RT)] 

Other explanations for the lack of an “observable” 
inverted region have been proposed. For example, 
nuclear tunneling through the large free energy barrier 
predicted at large driving forces results in a faster re- 
action than normally calculated for the height of the 
barrier.93 Another factor is that a new mechanism may 
be lurking at large driving forces; e.g., electron transfer 
may result in electronically or vibrationally excited 
states.42 

A c c e p t o r  

-10 A 

Acceptor A G(kcol/mol) ket 

2 - N o p h t h y l  -0 - I  06 
9 
8 

Hexohydronaphthoquinon-2-yl -28 >IO 
5,6-Dichlorobenzoquinon-2 - y l  -55 -10 

If the donor (D) = biphenylyl and various acceptor 
groups are substituted, the rate of electron transfer 
varies with the driving force in a manner predicted by 
eq 33. If the Marcus prediction holds, studies on sys- 
tems similar to that shown above should uncover other 
examples of the inverted region. 

It is interesting to note that inverted relationship is 
predicted by the energy gap rule to apply energy 
transfer. For example, the rate of energy transfer by 
the dipoledipole and electron-exchange mechanism can 
be treated in terms of the spectral overlap between 
donor emission and acceptor ab~orpt ion ,~  

J = JfDfAdv (43) 

where J is the spectral overlap integral and f~ and fA 
are the spectral distribution of the donor emission and 
acceptor absorption integrated over a range of wave- 
numbers, J is analogous to the vibrational overlap re- 
quired for electron transfer. The value of J is reduced 
when the acceptor’s excited state is much higher than 
the donor’s emission; i.e., the donor’s emission is well 
separated from the acceptor’s absorption spectrum. 

A possible example of an inverted region in energy 
transfer has been suggested by the fluorescence 
quenching of a series of aromatic donor molecules by 
2,3-diazabicyclo[ 2.2.11 h e ~ t - 2 - e n e : ~ ~  

Chryscne 5 -10’ 

Phenanthrene I 109 - I oiO 
Nophtholene - 8  - 1010 
Benzene -26 i o9  - IOIO 

AE = ES(Acceptor) - ES(Donor) 

The rate of fluorescence quenching is slow for aromatic 
sensitizers with singlet energies less than the singlet 
energy of the azo quencher (E,  = 84 kcal/mol). The 
rate is maximum when the sensitizer is naphthalene (E, 
= 92 kcal/mol) and the overlap between naphthalene’s 
emission and the quencherls absorption is maximized. 
A falloff in rate occurs with sensitizers of higher elec- 
tronic energies than that of naphthalene, e.g., benzene 
(E ,  = 110 kcal/mol). 
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It is interesting to speculate on the consequences of 
free energy differences in systems where both energy 
and electron transfer can take place. We can reasonably 
predict that these pathways may coexist, if sensitizers 
of high electronic energies are employed and if their 
redox potentials are compatible with large driving forces 
of electron transfer for given quenchers. If one pathway 
is forbidden because of a large free energy gap, will the 
other be observable? What are the nature of the nu- 
clear barriers of electron transfer and electron exchange 
at  large driving forces? One would expect solvent re- 
organization to dominate electron transfer and bond 
reorganization to influence electron exchange, but this 
question has not been explored. 

10. The Role of Entropy 

The nuclear and solvent arrangements in the initial, 
intermediate, and final stages of electron transfer may 
be expressed within the framework of entropy 
changes.96 Each state consists of a large number of 
quantum states, each representing a specific order or 
geometry. The entropic differences between these 
states are determined by the quantum spacings and the 
probability that the quantum states can be occupied; 
i.e., if the energy spacing between the quantum states 
is small, then the probability that many of them will 
be occupied is high. 

Transitions may involve any of these quantum states 
during the course of electron transfer. If, for example, 
the transition state for electron transfer consists of 
widely spaced quantum states, each with a unique ge- 
ometry, it is likely that only those quantum states with 
the lowest energies will be occupied. Such a transition 
state will be highly ordered. Let us consider two un- 
charged reactant molecules in a highly polar medium. 
Initially, the reactant state is disordered since the 
solvent molecules are not arranged in any particular 
orientation. After charge develops on the reactants, the 
polar solvent molecules in the surrounding solvent shells 
adopt specific orientations for charge stabilization. This 
is equivalent to a “freezing” of the transition state and 
results in a negative entropy of activation. Solvent 
molecules can also rearrange around the final ionic 
products, resulting in an overall negative entropy 
change. Given this simple conceptual role of entropy, 
we can envision electron-transfer reactions being 
“driven” by entropic changes. 

1 1. Outer-Sphere and Inner-Sphere Electron Transfer 

The pioneering experiments of Taube and his asso- 
ciates established the distinction between “outer- 
sphere” and “inner-sphere” electron t r a n ~ f e r . ~ ~ J ~ ~ ~ ~  This 
classification was originally applied to electron transfer 
between ground-state metal complexes. Each pathway 
is defined in terms of the changes that the coordination 
spheres or surrounding ligands of the metal ions expe- 
rience during oxidation and reduction. In outer-sphere 
electron transfer, the inner coordination sphere remains 
intact and no metal-ligand bonds are made or broken 
during the reaction. Metal-ligand bonds may undergo 
distortions, however, and thereby contribute to the 
overall nuclear reorganization. 

In inner-sphere electron transfer, the electron 
transfers through a bridging ligand which covalently 
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links the metal centers. Metal-ligand bond breakage 
and formation do not actually take place synchronously 
with electron transfer. The metals need not be linked 
permanently; all that is required is that at some point 
during the reaction the two metals be bridged by the 
ligand: 
M1-L + Mz + M1-L ...M2 -+ M t +  ...L...M2a- -+ 

M1+*-L-M2+ + MI+ + L-My (45) 

L = T- or a-bridging ligand 

The strong coupling induced by the bridging ligand 
can enhance the rate of electron transfer!8 The effect 
of the bridging ligand is to alter the energy levels of the 
donor and acceptor orbitals or to serve as a “conduit” 
for the passage of the electron, whether the electron is 
transferred directly or by sequential hopping:I3 

MI-L + M2 + MI+ + L-M; (46) 

MI-L + Mz M1+-*L---M2 + MI+ + L-MZ- (47) 

A ligand of appropriate symmetry can thus enhance the 
adiabaticity of electron transfer by increasing the 
magnitude of the electron interaction term. 

The concept of outer- and inner-sphere electron 
transfer is applicable to photosensitized electron 
transfer. Any molecular unit that links a donor-ac- 
ceptor pair and transmits the electron is the 
“photochemical equivalent” of the bridging ligand in an 
inner-sphere reaction. This is actually a case of 
through-bond coupling. Examples of systems where a 
through-bond interaction is possible (although at  this 
stage not necessarily proven) are considered in section 
IV.B.3. 

D. Pathways of Secondary Electron Transfer 

In a typical electron transfer photosensitized reaction, 
the pathway from the initial interaction between the 
reactants to products is an energetically “downhill” 
process. The excited-state molecule and quencher may 
“explore” several reaction channels before selecting one 
with the smallest energy barrier. The combined energy 
content of the radical ion pair lies below the combined 
energy of the reactants. As the reaction proceeds, new 
intermediates are successively generated, and the energy 
content of each pair continues to drop until stabilized 
radical ions are formed. 

The reactions that proceed from the radical ion pair 
intermediates are collectively classified as secondary 
electron-transfer processes and include formation of 
stable products, ground-state electron transfer including 
return to singlet state reactants, and reversible triplet 
recombination to form triplet states of one of the 
reactants. Product formation may take place by simple 
radical ion coupling or by a series of ground-state 
electron-transfer reactions, including sensitization, co- 
sensitization, and chain pathways. These possibilities 
are exemplified in Scheme IV and Figure 14. 

In photosensitized electron transfer, the photosen- 
sitizer is normally regenerated after a series of 
ground-state electron transfers. The efficiency of these 
reactions depends to a large degree upon the rate of 
return to ground-state reactants after initial formation 
of the radical ion pair. If the components of the radical 
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W \\ 3D*+ A - 
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2D?,2A: 2 ips-, 23(ZD! + Zn:, ZD++2A- - - 1 -  \L 
D + A *  - Ijl I 

D + A  
1 -  

Figure 14. Spin dynamics in electron transfer. Spin is conserved 
during electron transfer. Intersystem croasing following electron 
transfer may generate radical ions of opposite overall spin. Radical 
ions "lose" their spin correlation after separation from the solvent 
cage. 

ion pair are generated in close proximity, return can be 
rapid, unless solvent forces can quickly penetrate the 
space between the ions and stabilize the formation of 
free ions. The rate constant for dissociation of the 
exciplex into radical ions ranges from 5 x 108 s-l in polar 
solvents to less than lo6 s-l in nonpolar solvents.99 

Return to ground state can also be retarded because 
of the energy spacing between radical ion pair and 
reactantsF6 From the energy gap rule, the rate will be 
slow if a fairly large spacing separates these energy 
states.'Vz6 Another method of preventing return to  
ground state involves the use of appropriate scaven- 
g e r ~ . ~ ~  A scavenger molecule can be employed to ef- 
fectively trap one of the radical ions. This method has 
found application in solar energy storage systems.28 

To understand the importance of triplet recombina- 
tion, one must consider the spin states of the geminate 
radical ion pairs formed immediately after electron 
transfer. These states reflect the spin states of the 
excited-state partner. Thus, the quenching of a singlet 
or triplet sensitizer by a ground-state molecule produces 
a correlated singlet or triplet radical ion pair, respec- 
tively. The spin-correlated states can also be formed 
by hyperfine- and spin-orbital-induced intersystems 
crossing subsequent to the generation of the radical ion 
 pair^.^^^^' According to Figure 14, the pathways 
available to a correlated singlet pair include intersys- 
terns crossing to a triplet pair, diffusion from the cage 
into the bulk of the solution (where the radicals lose 
their correlation), and singlet recombination by rever- 
sible electron transfer. The latter pathway is spin-al- 
lowed and rapid and can be a particularly undesirable 
energy-wasting reaction. Recombination of a triplet 
radical ion pair to generate singlet products is spin- 
forbidden. Diffusion from the cage is more likely. 

Free ions in bulk solution are uncorrelated, but they 
may collide to produce singlet or triplet ion pairs. The 
statistical probability of generating singlet and triplet 
pairs from random spin states is 25% and 75%, re- 
spectively. Recombination of radical ions in bulk so- 
lution generally occurs on the order of microseconds 
after their initial formation, as compared to several 
nanoseconds for ionic recombination within a cage. 

Triplet recombination must be considered when the 
combined energy of the radical ion pair lies lower than 
the triplet energy of one of the reacting partners. The 
energy gap rule indicates that the triplet state of that 

reactant lying closer to the energy of the ion pair is 
preferentially populated. Eventually the triplet state 
may undergo a chemical change or decay to ground 
state. 

The net change in triplet recombination is formally 
singlet-triplet energy transfer, since the triplet state of 
the quencher is eventually populated. The detailed 
pathway in triplet recombination is a series of two 
electron transfers which, as has already been shown 
(Figure l), are conceptually equivalent to one electron 
exchange in two directions. However, the initial step 
involves the generation of a radical ion pair, which is 
the distinguishing feature of quenching by electron 
transfer. In polar solvents, solvation can stabilize the 
ions and result in competing electron and energy 
transfer pathways (section IV.C.3). 

I I I .  Experimental Evidence for Electron 
Transfer 

A variety of methods have evolved for establishing 
whether photosensitized reaction involves energy or 
electron transfer.'Jo2 This section presents an overview 
of these methods and a discussion of some of the pit- 
falls. Many of these procedures are general techniques 
for determining any reaction mechanism. These will 
not be discussed in as much detail as the methods which 
are specific for photosensitized electron and energy 
transfer. 

A. Energetics 

7. Redox Potentials and the Weller Equation 

The first step in determining the feasibility of an 
electron-transfer pathway for a bimolecular quenching 
reaction should involve an evaluation of the free energy 
changes.42 Equation 16 can be used for this calculation. 
The parameters in eq 16 are easily obtained from simple 
m e a s ~ r e m e n t s ~ ~ J ~ ~ J ~ ~  or the literature va1ues.18J9,42J04 
Since both excited-state energies and redox potentials 
can change with solvent, it is a recommended practice 
to use values obtained in the same solvent. In polar 
solvents or in cases where the ions diffuse apart, the 
Coulombic term can be ignored as a first approximation 

Equations 16 and 17 state that the energy of the 
excited state must be higher than the energy required 
for oxidation or reduction of the donor and acceptor for 
exothermic electron transfer. In some cases, electron 
transfer may be energetically feasible for one excited 
state and not feasible for the other spin state if the 
latter is of lower energy. 

2. Electronic Energy Levels 

To exclude energy transfer, one must consider the 
excited-state electronic energies of the donor and ac- 
ceptor.l.lo5 If the energy of the acceptor exceeds that 
of the donor by 3 or more kcal/mol, then energy 
transfer will be ineffi~ient. ' ,~,~ Excited-state energies 
for many organic and inorganic compounds are 
k n ~ ~ n . ~ , ~ ~ , ~ ~ , ~ ~ ~ ~ ~ ~ ~  In other cases, the values can be 
determined spectroscopically from the onset of longest 
wavelength absorption or from emission spectroscopy. 

(eq 17). 
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If the donor excited-state energy is greater than the 
acceptor excited-state energy, the rate constant for 
energy transfer will be diffusion-controlled unless spin 
selection rules or steric hindrance are involved. When 
considering possibility of energy transfer, one must 
recall that conservation of spin must be observed. For 
example, an excited singlet state donor cannot normally 
transfer energy into the triplet state of a quencher even 
though the triplet state is of lower energy.l 

3. Quenching Rate Constants vs. the Driving Force of 
Electron Transfer 

For quenching by electron transfer, the rate constant 
can be related to the free energy calculated from the 
Weller equation, if one assumes that the free energy of 
activation is a continuous function of the driving force 
(eq 42). The rate constants for a series of reactions 
where one excited state is quenched by related 
quenchers can be plotted against the free energies of 
the r e a c t i o n ~ . ~ ~ J ~ ~ J ~ ~  If a plot of log k, vs. the redox 
potentials or AG yields a straight line which levels off 
at  diffusion-controlled rates, then this can be taken as 
strong evidence for an electron-transfer mechan i~m.~~ t '~~  
The slope of the straight line should equal 1/RT (see 
eq 42).lo8 Data which do not fit such a plot do not 
necessarily indicate that the reaction is by energy 
transfer, since steric effects or pathways involving ex- 
ciplexes can alter the rate constants.log 

6. Detection of Intermediates 

1. Flash Photolysis Detection 

In many instances, the short-lived transients formed 
during a photochemical reaction can be observed 
spectroscopically by flash photo1ysis.lloJ1' A pulse of 
light from a lamp or laser generates the intermediates, 
which can be detected by absorbance, fluorescence, 
resonance Raman, or conductivity. In flash photolysis, 
the pulse can be as long as milliseconds or as short as 
picoseconds. In general, the lifetime of the transient 
must be longer than the pulse width of the flash for 
accurate detection. 

UV-vis absorption to detect transients in flash pho- 
tolysis is the most widely used method.'12 Detection 
systems are set up to measure the change of optical 
density vs. time at a fixed wavelength. A transient 
spectrum can be obtained by plotting intensity of the 
signal vs. monitored wavelength. Transient absorption 
can be measured instantaneously with an optical 
multichannel analyzer.ll' The transient spectra ob- 
tained in this way can be compared to known spectra 
of cation radicals or anion radicals or excited-state ab- 
sorption spectra.l13J14 

Many ion radicals generated by photosensitized 
electron transfer will fluoresce if excited by light after 
the initial pulse.'15 The fluorescence spectra of the 
transient can be compared to known spectra. 

Resonance Raman is a fairly recent technique for 
observing transients.l16 An enhanced Raman signal is 
obtained if the probing light coincides with an absorp- 
tion band of the transient. Although resonance Raman 
spectroscopy is not as sensitive as absorption spec- 
troscopy, it yields considerably more detail about the 
transient structure. It also allows for the observation 

of two species with different Raman bands which have 
overlapping UV-vis absorption spectra. 

Transient conductivity can also be used to detect the 
formation of ions after flash phot~lysis."~J '~ An Y 
electron-transfer process that produces cation and anion 
radicals will increase the conductivity of the solution. 
This technique is sensitive especially compared to 
resonance Raman and UV-vis spectroscopy.21 However, 
little information about the structure of the ion radicals 
can be obtained. 

In utilizing flash photolysis, one can measure the 
formation or decay of the transient signal as a function 
of time. From this date the kinetics of electron transfer 
or the reactions which lead to the disappearance of the 
transient species can be determined.llg Under ideal 
conditions, one can observe the decay of the excited 
state involved in electron transfer with the concomitant 
increase in both the cation and anion radical. One may 
be able to follow the decay of each species separately. 
This procedure can be particularly useful for obtaining 
the details of a reaction mechanism.lZ0Jz1 There are 
several cases where the excited state and the ion radicals 
each have different absorption ~ p e c t r a . ' ~ ~ J ~ ~  

2. ESR/Spin Traps 

Electron spin resonance (ESR) can be used to detect 
the presence of ion radicals resulting from quenching 
electron t r a n ~ f e r . ' ~ ~ J ~ ~  Irradiation in an ESR cavity can 
lead to a steady-state concentration of ion radicals 
whose ESR spectra can be evaluated. Lowering the 
temperature of the sample can increase transient life- 
times long enough so that detection is possible (7 > 100 
ys).lZ4 In cases where the ion radicals are too short-lived 
for detection, spin traps can be e m p l ~ y e d . ' ~ ~ J ~ ~  The 
spin traps react with the radicals to give more stable 
radicals. The ESR spectrum for a given spin-trapped 
radical can be used to identify the structure of the in- 
itially formed radical. Transient ESR using a pulsed 
light source for generating radicals has been used re- 
cently.111J28,129 From this type of experiment, the ki- 
netics of ion radical formation and disappearance can 
be measured. 

3. CIDNP 

Chemically induced nuclear polarization (CIDNP) is 
a nuclear magnetic resonance technique where large 
enhanced signals (either positive or negative) are ob- 
served when radical and ion radical pairs are 
formed.11J30J31 When ion pairs are generated photo- 
chemically by electron transfer in an NMR cavity, the 
spin multiplicity of the ion pair will be the same as the 
initial excited state. If escape from the cage is com- 
petitive with a change in spin multiplicity of the ion 
pair, then enhanced signals may be observed in the 
NMR spectra of the p r 0 d ~ c t s . l ~ ~  The direction of the 
NMR signals is dependent on a complex relationship 
involving the spin multiplicities of the excited state and 
ion pairs, hyperfine coupling constants, and the states 
from which the products are formed (i.e., "in-cage" or 
free ions). The dynamics of electron transfer can often 
be traced from the observed polarization in reactants 
and products by application of a set of rules.131-133 

Most CIDNP experiments use a steady-state light 
source; however, a laser pulse can also be used to obtain 
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transient CIDNP spectra.134 The data obtained from 
the transient CIDNP spectra can be related to the ki- 
netics of the reaction. 

The products can then be analyzed by standard meth- 
ods. In many cases, it is possible to find specific sca- 
vengers for cation radicals, anion radicals, or excited 
states. 

4. Luminescence 
2. Structure of Products 

In energy transfer a new excited state is generated 
which may have a different fluorescence or phos- 
phorescence than the initial excited state.135 Observa- 
tion of this new emission is good evidence for energy 
transfer. Using fluorescence lifetime techniques (e.g., 
single photon counting), one can measure the increase 
in intensity of the fluorescence after the lamp pulse. 
Such an observation indicates that the new excited state 
was formed by energy transfer. From the lifetime date, 
the rate of energy transfer can be calculated. Conclu- 
sions based on observed luminescence, however, should 
be reached cautiously since triplet recombination of ions 
generated by electron-transfer quenching can also lead 
to e m i s ~ i 0 n . I ~ ~  

5. Further Studies of Intermediates 

It must be emphasized that the lack of an observation 
of charge-transfer transients cannot be used to rule out 
electron transfer. The transients may be difficult to 
detect because of a lack of knowledge of the spectral 
patterns, poor sensitivity, or a short lifetime due to 
rapid decay processes. In addition, the detection of a 
charge-transfer transient does not prove an electron- 
transfer mechanism. The formation of that transient 
can be a side pathway which may not be involved in 
product formation. CIDNP is especially prone to 
misdiagnosis because of intense signals for minor 
pathways. 

There are several ways to improve upon the evidence 
for charge-transfer transient involvement. For example, 
a substrate that quenches a transient should also inhibit 
product formation if the same mechanism is operating. 
This quenching process can be observed by either a 
decrease in the transient signal intensity or lifetime. It 
is helpful to understand the nature of the quenching 
process since there is the possibility that a substrate can 
quench several pathways at the same time. 

Another method to verify the involvement of ionic 
species is to measure quantum ~ i e 1 d s . l ~ ~  A comparison 
of the quantum yield for product formation and for 
charge-transfer transient formation can often indicate 
if the two processes are related. For example, if the 
quantum yield for both product formation and transient 
formation exceeds 0.5, then the transient must be in- 
volved in the mechanism, provided that the maximum 
quantum yield is 1.0. If the quantum yield for transient 
formation is less than that for product formation, then 
the transient is not involved in the reaction. These 
statements, of course, are only valid if the quantum 
yields for transient formation are accurate. Accurate 
measurements of quantum yields can in fact be quite 
difficult. 

C. Product Studies 

1. Scavengers of Intermediates 

One method of identifying intermediates is to trap 
or scavenge them with an appropriate c o m p o ~ n d . ~ ~ ~ J ~ ~  

The structure of the products can indicate the nature 
of the mechanism. For example, methanol adds to 
photochemically produced olefin cation radicals by an 
anti-Markovnikov addi t i~n . '~OJ~~ As shall be demon- 
strated with specific examples in section IV.C, this is 
good evidence for generation of the olefin cation by 
electron-transfer quenching. Rearrangements or loss 
of optical activity which normally can be observed ex- 
clusively from radical ions and not excited states can 
also be used to support electron t r a n ~ f e r . l ~ ' J ~ ~  

3. Generation of Intermediates 

Nonphotochemical methods are available to generate 
the various intermediates which may be present in a 
photochemical r e a ~ t i o n . ' ~ ~ J ~ ' J ~ '  If the intermediate 
leads to the same product as the photochemical process, 
then this is strong evidence for its involvement in the 
reaction. Radical ions, for example, can be generated 
electro~hemically.~~~ Generation of both the cation and 
anion radicals in the same solution is experimentally 
difficult. 

D. Kinetics 

1. Quenching Studies 

The kinetics of product formation can be useful in 
determining the mechanism of a photochemical reac- 
tion. In some cases, the kinetics can help to eliminate 
several mechanisms under c~nsideration. '~~ Usually, 
this will not help to differentiate between electron and 
energy transfer. However, the effect of adding various 
compounds on the kinetics can make this distinction. 
In general, one should select a substrate which quenches 
only one of several possible intermediates. Quenching 
of an important intermediate will lead to a decrease in 
rate of product formation and therefore a lower quan- 
tum yield.145 The most difficult part of this procedure 
is the need to verify that the quencher is not affecting 
other possible  intermediate^.'^^ 

2. Magnetic Field Effects 

In electron-transfer processes where radical ion pairs 
are formed, magnetic fields may influence the quantum 
yield of radical ion pair f ~ r m a t i o n . l ~ ~ J ~ ~  In particular, 
a magnetic field can decrease the rate of conversion of 
spin multiplicity of radical pairs (section IV.B.2). If 
conversion is an important aspect of product formation, 
a magnetic field effect may be observed. An example 
is described in section IV.B.2. 

E. The Effect of Solvent Polarity 

The nature of the medium can have an important 
influence on the rate of photochemical reactions. This 
is especially true for electron-transfer processes that 
lead to the generation or disappearance of polar spec- 
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TABLE VIII. Minimum Lifetimesa of Sensitizer at Given 
Concentrations of Quencher Required to Quench about 
50% of Sensitizer 

[quencher], M 
k,,, M-’ s-l 1.0 10-3 104 

105 10-6 10-2 10 
109 10-9 10-5 10-3 
10” 10-11 10-6 10-5 

OIn s. 

ies.20 As described in section 11, one can expect a strong 
solvent influence on the quantum yield of photosensi- 
tized electron transfer. For example, ionic products are 
usually formed in polar  solvent^.'^"'^^ It is for this 
reason that the majority of photosensitized electron- 
transfer processes have been investigated in polar sol- 
vents, such as acetonitrile. Energy-transfer reactions 
can be dependent on solvent polarity since polarity can 
affect both excited-state energies and lifetimes, but in 
most cases these effects are minimal (section 11.B.4). 

I V. Examples of Electron-Transfer 
Photosensltiza tion 

A. Spectroscopic and Electrochemical 
Properties of the Sensitizer: Practical 
Considerations 

The selection of a sensitizer with the requisite spec- 
troscopic and electrochemical parameters is crucial for 
photosensitization by electron transfer. The sensitizer 
must not only pass the usual “tests” required of a 
photosensitizer (i.e., it must be the principal light ab- 
sorbing species, it should not form ground-state com- 
plexes with the quencher, and its lifetime must be 
sufficiently long), but its redox potentials should also 
be compatible with electron transfer. The energy of the 
exciting photon must therefore be sufficient to increase 
the oxidizing or reducing capacity of the sensitizer. It 
must be remembered that if the singlet- or triplet-state 
energy of the sensitizer exceeds the electronic energies 
of the quencher, then energy transfer may become 
competitive. In practical terms, therefore, the sensitizer 
should absorb at longer wavelengths than the quencher, 
while at the same time retaining its oxidizing or re- 
ducing capacity. 

Equation 21 can be used to determine if the lifetime 
of the sensitizer is sufficient for quenching by electron 
transfer. The concentrations of the quencher required 
to quench about 50% of the excited states for typical 
k, values are listed in Table VI11 (& -1 is assumed). 
Values of k, ranging from 105-107 M-l s-l are typical of 
“slow” electron transfer; larger values are characteristic 
of rapid, diffusion-controlled quenching. At both limits, 
the lifetime of the sensitizer cannot be shorter than 
those values in Table VIII. A sensitizer with a lifetime 
as short as s can be quenched at  a diffusion-con- 
trolled rate of -lo9 M-l s-l with an efficiency of 50% 
at [quencher] = 1 M. For a slower reaction, a sensitizer 
with a longer lifetime may be required to obtain the 
same efficiency. 

The excited-state energies, redox potentials, lifetime 
data, and intersystems crossing efficiencies are compiled 
in Tables IX (organic sensitizers) and X (metal complex 
sensitizers). Redox potentials of typical quenchers are 
listed in Tables XI and XII. Several guidelines must 
be observed in using the data in these tables. First, 
although the singlet states of many sedbitizers are more 
effective in electron-transfer quenching than the re- 
spective triplet states, singlet-singlet energy transfer 
may nevertheless populate lower lying singlet states of 
the quencher. Second, the singlet states of molecules 
with short singlet lifetimes and high intersystems 
crossing efficiency are generally ineffective as singlet 
electron-transfer sensitizers; their triplet states, how- 
ever, may be capable of functioning as reducing or ox- 
idizing agents. A notable example is chloranil whose 
triplet state has a fairly high reduction potential. Third, 
at lower quencher concentrations, a portion of the sin- 
glet-state sensitizers may “escape” quenching and be 
converted to the triplet state following intersystems 
crossing. Energy-transfer, electron-transfer, or photo- 
chemical reactions may then constitute undesirable side 
reactions. Intersystems crossing to reactive triplet 
states can frequently be avoided at higher concentra- 
tions. The tradeoff is that ground-state complexation 
at higher concentrations may have to be taken into 
consideration. 

B. Evidence that Primary Quenching Is via 
Electron Transfer 

1. Quenching of the Excited States of Metal 
Complexes 

Selected examples of quenching by primary electron 
transfer are explored in this section. We start with 
quenching of the excited states of metal complexes. 
The examples that are covered are those which utilize 
the experimental procedures outlined in section I11 to 
establish the quenching mechanism. We will also in- 
dicate, when possible, the difficulties in sorting out 
energy and electron transfer in these systems. 

Many experimental lines of investigation have given 
compelling evidence that the excited states of metal 
complexes can serve as electron donors and accep- 
tor~.1s~zs~z7~z9~153~156 Metal complexes often show ab- 
sorption in the visible spectrum, and excitation at these 
wavelengths results in low energy, long-lived, and in 
many cases emitting states (Table X). These excited 
states frequently have sufficiently low oxidation po- 
tentials and high reduction potentials to enable them 
to serve as both electron donors and acceptors. Electron 
transfer, however, is not always the exclusive quenching 
pathway; energy transfer has also been documented. It 
is not trivial to distinguish between the two pathways. 
Often several experimental approaches must be tried 
to decide upon the nature of the mechanism. The em- 
phasis in studies on metal complexes is usually on a 
combination of thermodynamic and kinetic arguments, 
coupled at times with flash spectroscopy. 

a. Ruthenium(I1) Tris(bipyridy1) Complexes. 
Ru(bpy)?+, a transition-metal d6 complex, is a partic- 
ularly instructive paradigm of the effectiveness and 
versatility of metal complexes as electron-transfer 
photosen~it izers . ’~~J~~ The quenching reactions of its 
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TABLE IX. Electrochemical and Photophysical Data of Selected Organic Sensitizersn 
E (D+./ D), E(A/A--), X (0-o), 

sensitizer V" V" nmb Es, eVc & TS, nsd 4ST ET, eV' TT, PS 

3.20 (73.81 0.41 -1.85e 363 3.41 (78.7) 0.00 1.d acetophenone 
4-methoxyacetophenone 
anthracence 
9,lO-dicyanoanthracene (DCA) 
2,6,9,10-tetracyanoanthracene (TCA) 
p-dicyanobenzene (DCB) 
N,N,N',N'-tetramethylbenzidine (NTMB) 
methyl p-cyanobenzoate 
methyl benzoate 
benzophenone 
2,4,6-triphenylpyrillium tetrafluoroborate 

(TPBFJ 
chloranil 
chrysene 
fluorene 
naphthalene 
1-cyanonaphthalene (CN) 
1,4-dicyanonaphthalene (DCN) 
2-methoxynaphthalene 
perylene 
phenanthrene 
pyrene 
pyrene-3-carboxylic acid 
trans-stilbene 
triphenylene 

1.1@ 

0.32k 

1.40h 
1.558 
1.60' 

1.42" 
0.85" 
1.588 
1.20u 

1.649 

-1.50e 
-1.93e 
-0.898 
-0.45g 
-1.609 

-1.769 
-2.29' 
-1.68' 
-0.29.4 

0.024 

-2.2gh 
-1.988 
-1.288 

-2.20" 

-1.67" 
-2.26" 
-2.22u 

353 3.51 (81.0) 
375 3.31 (76.3) 0.27 5.3 
433 2.86 (66)g 19.6' 
440 2.82 (65.0)g 15.2' 
290 4.27 (98.6) 9.7' 
345 3.60 (83)' 0.30' 10'1"' 
301 4.12 (95)) 
280 4.42 (102)" 
384 3.23 (74.4) 0.00 0.005f 
440 2.82 (65)g 

360 3.43 (79.2) 0.12f 
301 4.12 (95.1) 0.68 
311 3.99 (92) 0.21 
320 3.88 (89.4)j 
359 3.45 (79.6)j 
318 3.90 (90.0) 0.42f 
435 2.85 (65.8) 0.87 
345 3.59 (82.9) 0.13 
372 3.34 (77.0) 0.53 
391 3.17 (73.1)u 
304 3.53 (81.4)" 
342 3.62 (83.4) 0.07 

43 
Id 

105 
8.92j 

10.1' 
15 
6.0 

61 
475 

12.5" 

37f 
0.072"'*" 

. ._ 

3.10 i7i.5i 

3.06 (70.5) 

3.12 72.0)' 
3.41 (78.6)h 

2.30 (53)p 

2.70 (62.3)' 4s 

0.63' 2.73 (63)' 

1.00' 3.00 (69.2) 12' 

0.82 2.43 (57.3) 
0.32 2.94 (67.9) 
0.80, 0.71 2.64 (60.9) 74f 

2.49 (57.4)' 
2.41 (55.5)' 
2.60 (59.9)' 

0.0088 1.52 (35.l)f 
0.85 2.69 (62.0) 
0.38 2.09 (48.1) 

2.12 (48.9)u 
2.88 (66.5) 0.89 

"Photophysical data from ref 104, anless otherwise specified; values obtained at  room temperature in CH,CN or other polar solvents, 
unless indicated otherwise; redox potentials are reported vs. SCE. Values in parentheses are 
reported in kcal/mol. dFluorescence lifetimes unless otherwise slated. e From Meites, L.; Zuman, P. "CRC Handbook Series in Organic 
Electrochemistry"; CRC Press: Cleveland, OH, 1976; Vol. 1. f In  nonpolar solvents. gFrom ref 25. hFrom: Berlman, J. B. "Handbook of 
Fluorescence Spectra of Aromatic Compounds"; Academic: New York, 1965. 'From: ref 27. 'From: Arnold, D. R.; Maroulis, A. J. J. Am. 
Chem. SOC. 1976, 98, 5931. kFrom ref 184. 'From ref 330. "'Measured singlet lifetime. "From ref 19. OFrom ref 262. PFrom: Searle, R.; 
Williams, J. L. R.; DeMeyer; Doty, J. C. J .  Chem. SOC., Chem. Commun. 1967, 1165. qFrom: Mann, C. K.; Barnes, K. K. "Electrochemical 
Reactions in Nonaqueous Systems"; Marcel Dekker: New York, 1970. 'Kasha, M. Chem. Reu. 1947,41,401. SFrom ref 337. Wilkinson, F.; 
Dubois, J. T. J .  Chem. Phys. 1963,39, 377. "Fromr ef 42. "From ref 261. WFrom ref 260. 

Onset longest wavelength absorption. 

TABLE X. Electrochemical and Photophysical Data of Selected Inorganic Sensitizers" 
E (D+*/ D), E(A/ A:), 

sensitizer" V" V" A,,, nmb E*, eVC 4: 7, PSd 

Ru(bpy),2+e 1.29f5 -1.358 452" (c 10000) 2.12 (48.9)f 0.042h 0.62h 
0.85" 
0.49' 

Cr(bPY)aB+ e >1.gJ -0.265 45d 1.71 (39.4)' 77f 
Rhz(dicp),2+ 0.89' -1.4' 553 ( c  14 500), S,-S,' 1.69 (39), triplet' <0.002, S1-S,' 

8.5, TI - S,' 
ReC18*- >1.25"' -0.85" 1.75 (40.4)"' 0.14"' 
Ptz(P205),H84^ <1" -1.4" 367 (c 350001, S,-S," 2.50 (57.7), triplet" 0.52, Ti-S,'' <0.002, Si-S," 

452 (6 110), S,-T1" 9.8, TI - S," 
uo;+ 0.06 420 ( e  101)P 2.54 (58.6)P - 1 P  6 . P  
ZnTMPyP4+ 9 0.94' 2.05 (47.3), singlet' 0.025, Si-S,' 0.0014, SI-S,' 

1.57 (36.2), triplet' 0.9, Ti-S,' 6.55, Ti-S,' 

1.59 (36.7), triplet' 0.88, TI-S,' 1200, 7'1-S,' 
ZnTPPs 0.71'~L -1.35'~~ 560' 2.05 (47.3), singlet' 0.04, Sl-S,' 0.0027, SI-S,' 

Cu(dpp),+" 0.39L+ 439 (c  3200)' 1.8 (41.5)' -0.0004" 0.310' 

"Data reported at  room temperature in aqueous solution, unless otherwise indicated; redox potentials are reported vs. SCE, unless oth- 
erwise noted (literature values vs. NHE are corrected). Values in parentheses are 
reported in kcaljmol. dData pertaining to emitting states. ebpy = 2,2'-bipyridine. 'From ref 18 and references therein. gIn CH,CN. 

dicp = 1,3-diisocyanopropane. 'From ref 194; in CH,CN. "'From ref 197; 
in CH,CN. "From ref 200. "From ref 198. PFrom ref 201. qTMPyP4+ = tetramethylpyridinium porphyrin. 'From ref 214 and references 
therein. "PP = tetraphenylporphyrin. In organic solvents. dpp = 2,9-diphenyl-l,lO-phenanthroline. "From ref 238. YIn CHzClz vs. 
ferrocene. Dietrich-Buchecker, C. 0.; Marnot, P. A.; Sauvage, J.-P.; Kirchhoff, J. R.; McMillin, D. R. J. Chem. Soc., Chem. Commun. 1983, 
513. 

Absorption maximum(a1 of lowest energy transition(s). 

From ref 156. 'From ref 159; in CH2C12. 'In DMF vs. NHe. 

lowest excited state also nicely illustrate a few of the 
pitfalls associated with experimental approaches de- 
signed to study electron transfer. 

Its lowest excited state is a metal-to-ligand charge 
transfer state (d, T*) ,  formed by promotion of a met- 
al-centered electron (tz,) to  a 7r-orbital of one of the 

ligands.1s,26,154~156-159 It is believed that the electron 
remains largely localized on only one of the pyridine 
g r o u p ~ . ' ~ ~ J ~  Although the emitting state really consists 
of three thermally equilibrated states,161 in practice 
many models simply assume that these states are in- 
distinguishable (we shall invoke this assumption here). 
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TABLE XI. Electrochemical and Photophysical Data of Selected Organic Quenchers 
E(D+*/D), E(A/A-*), 

ET, eVb quencher V" V" Es, eVb 

N,N-diethylaniline (NDEA) 0.76' 3.90 (90.0Id 2.95 (68.0)' 
N,N-dimethylaniline (DMA) 0.81' 3.85 (88.8)' 2.99 (68.4)c 
diethylamine (DEA) 0.7d >3.90 (>9O)g >3.90 (>9O)g 
triethylamine (TEA) 0.76h >3.90 (>9O)g >3.90 (>9O)g 
triphenylamine (TPA) 0.98' 3.04 (70)' 

N,N,N,N'-tetramethylbenzidine (NTMB) 0.32k 3.60 (83)' 
N,N,N,N'-tetramethyl-p-phenylenediamine (NTMP) 0.16"' 2.64 (60.9)" 

o-dimethoxybenzene 1.45"' 
1,3,5-trimethoxybenzene 1.49"' 
2-methoxynaphthalene 1.42"' 3.70 (85.3)"' 1.65 (62)P 

nitrobenzene (NB) -1.15p >4.25 (>98)' 2.60 (60) 

amines 

1,4-diazabicyclo[2.2.2]octane (DABCO) 0.57h >;:;; WJ 

methoxy compounds 

nitro compounds 

p-dinitrobenzene (DNB) -0.69' 
cyano compounds 

p-dicyanobenzene (DCB) -1.64"' 4.27 (98.6)s 3.06 (70.5)s 
1,4-dicyanonaphthalene (DCN) -1.28' 3.45 (79.6)8 
tetracyanoethylene 0.24"' 

methyl viologen (MV2+) -0.45' 3.10 (71.5)' 

p-benzoquinone -0.51' -2.3 (-53)" 
chloranil (CA) 0.02s 2.70 (62.3)" 

1,l-diphenylethylene (1,l-DPE) 1.52w 4.25 (97.9)* 
indene 1.23Y >4.2 (>97)2 
norbornadiene 1.54bb >4.3 (>loo)' 3.0 (70)" 
quadricylane 0.91bb -3.5 
hexamethylbicyclo[2.2.0] hexa-2,5-diene -1.5ee 
(hexamethyl Dewar benzene) 
dimethylbicyclo[ 2.2.11 hepta-2,5-diene-2,3-dicarboxylate -1.67ff 2.30 (53)gg 

oxygen -0.78s 0.98 (22.5), 'Ahh 

viologens 

quinones 

olefins and cyclic molecules 

2.60 (60)"" 

miscellaneous 

" Redox potentials are reported vs. SCE in polar solvents, unless otherwise noted. Values in parentheses are reported in kcal/mol. From 
ref 197 and references therein. dBeens, H.; Weller, A. In "Molecular Luminescence"; Lim, E. C., Ed.; Benjamin: New York, 1969. eFrom 
ref 263. fKnibbe, H.; Rehm, D.; Weller, A. Ber. Bunsenges. Phys. Chem. 1968, 72, 257. BMuto, Y.; Nakato, Y.; Tsubomura, H. Chem. Phys. 
Lett .  1971,9, 597. hFrom ref 260. 'From ref 103; in THF. ,From ref 102 and references therein. kFrom ref 184. 'From ref. 330. "From 
ref 42. "From ref 331. "From ref 340. PFrom ref 103. qLewis, G. N.; Kasha, M. J.  Am. Chem. SOC. 1944, 66, 2108. 'Maki, A. H.; Geske, 
D. H. J .  Am. Chem. SOC. 1961,83, 1852. 'From ref 25 and references therein. 'From ref 318. "Beck, S. M.; Brus, L. E. J .  Am. Chem. SOC. 
1982, 104, 1103. "Kasha, M. Chem. Reu. 1947, 42, 401. WEriksen, J.; Foote, C. S. J .  Phys. Chem. 1978, 82, 2659 and references therein. 
"From ref 139. YFrom ref 325, vs. Ag/Ag+. *Friedel, R. A.; Orchin, M. "Ultraviolet Spectra of Aromatic Compounds"; Wiley: New York, 
1951; estimated from onset of longest wavelength absorption; in ethanol. ""From ref 3229 bbFrom ref 336 and references therein. CcFrom 
ref 335 and references therein. ddFrom ref 339. @Roth, H. D.; Schilling, M. L. Mm.; Raghavachari, K. J .  Am. Chem. SOC. 1984, 106, 253. 
ffFrom ref 342; vs. Ag/Ag+. "From ref 341. hhFrom ref 1 and references therein. 

TABLE XII. Electrochemical and Photophysical Data of 
Selected Inorganic Quenchers 

quencher E(D+*/D), V" E(A/A-*), V" E*, eVb 
metal complexes 

Ru(bpyh2+ 1.29'1~ -1.3f~'*~ 2.12 (48.9)' 
C r ( b p y ) P  > 1 .6'se -0.26'~~ 1.71 (39.4)' 
Cr (CN),3- >l.d -1.528 1.54 (35.5)g 
Fe(CN):- 0.129 <-1.98 2.94 (67.8)8 
Fe(CN),3- >0.528 0.128 2.91 (67.2)g 
Ru(NH3),3+ 0.10' 

metal ions 
Ce(aq)3+ 1.20h 3.55 (81.9)' 
Eu( aq)3+ -0.67' 2.17 (50.0)' 
Eu(aq)2+ 0.67j 3.88 (89.5)j 
Fe(aq)3+ 0.53h 1.60 (36.9)c 
Fe (aq) *+ -0.5h 1.30 (29.9)j 
Mn(aq)2+ 1.27h 2.34 (54.0)j 

Tl(aq)3+ -0.59h >4.5 (>103)' 
UO?+ 0.06"' 2.54 (58.6)"' 
"Redox potentials are reported vs. SCE in aqueous solution, 

unless otherwise noted (literature values vs. NHE are corrected). 
Values in parentheses are reported in kcal/mol. ' From ref 18 and 

references therein. In CH3CN. e In DMF vs. NHE. f Bolletta, F.; 
Maestri, M.; Balzani, V. J .  Phys. Chem. 1976, 80, 2499:. in DMF. 
<From ref 167 and references therein. hFrom ref. 103. 'From ref 

Ti(aq)3+ -0.6ak -1.9 (-44)k 

A t  room temperature spin-orbit coupling induced by 
the metal introduces a certain degree of singlet and 
triplet character into the excited state, but a precise 
description of the spin nature of the state is not yet 
available. 

It is not surprising to see why this complex has at- 
tracted so much attention. Its excited state is produced 
efficiently - 1) after excitation; the lifetime of the 
excited state is -0.6 pus; it emits strongly, allowing for 
convenient study by conventional Stern-Volmer tech- 
niques; and its Stokes shift is negligible.lM Importantly, 
Ru(bpy),2+* has a low oxidation potential and high 
reduction potential. 

Electron transfer and energy transfer have been 
confirmed for this sensitizer. With few exceptions, these 
reactions are rapid and normally are influenced only by 
the solvent shell reorganization (outer-sphere mecha- 
nism), since bond length changes during electron 
transfer are negligible (Table IV). Slow reactions can 
sometimes be traced to bond reorganizational changes 
in the quencher molecules or nonadiabatic effects be- 
cause of poor orbital overlap. 

173. jFrom ref 203. kFrom ref. 181. 'Estimated from onset of 
longest wavelength absorption. "' From ref 201. 

The examples to be discussed here are shown in Ta- 
ble XIII. As indicated by the free energies calculated 
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TABLE XIII. Thermodynamic and Kinetic Parameters" of Reactions Sensitized by Ru(bpy)3z+ 
reaction AG, kcal/molb k,, M-I s-l 

RU(bpy)QP+ * + NB - R ~ ( b p y ) , ~ +  + NB-. 
Ru(bpy),'+* + NB - Ru(bpy),'+ + ,NB* 

7.47 2 x 105 
11.1 

-8.8 
Ru(bpy),'+* + p-DNB - R u ( ~ P Y ) ~ ~ +  ,p-DNB* -3.9 8.6 X lo9 
Ru(bpy),'+ * + MV'' - R u ( ~ P Y ) ~ ' +  + ,MV'+ 

2.4 x 109 
22.6 

Ru(bpy)?+* + DMA - P.~(bpy)3+ + DMA-. -1 7.4 x 107 
Ru(bpy)?+* + DMA - Ru(bpy),*+ + 3DMA* 19.1 
Ru(bpy),'+* + NTMP R~(bpy) ,+  + NTMP'. -14.1 1.2 x 10'0 
Ru(bpy),'+* + NTMP - Ru(bpy),'+ + ,NTMP* 12.0 

-21.4 3.1 x 109 
Ru(bpy)?+* + Cr(CN),,- - Ru(bpy),+ + Cr(CN),2- >19.0 
Ru(bpy),'+* + Cr(CN)63- - Ru(bpy),'+ + Cr(CN)e3-* -13.4 9.5 x 108 
Ru(bpy)3z+* + Fe(Cen),,- - Ru(bpy),3+ + FI?(CN)~~- -21.9 6.5 x 109 

Ru(bpy),'+* + Fe(CN)64- - Ru(bpy),+ + Fe(CN),,- -15.0 3.3 x 109 
Ru(bpy)?+* + Fe(CN)64' - Ru(bpy),+ + ,Fe(CN);-* 
Ru(bpy):+* + Eu(aq),+ - Ru(bpy),'+ + Eu(aq)'' -3.7 1.3 x 105 
Ru(bpy),'+* + Eu(aq),+ - Ru(bpy)32+ + ,Eu(aq),+* 
Ru(bpy),*+* + Eu(aq)'+ - Ru(bpy),+ + Eu(aq),+ -2.3 2.8 x 107 

Ru(bpy),'+* + Ti(aq),+ - Ru(bpy),,+ + Ti(aq)'' 

Ru(bpy),'+* + Tl(aqI3+ - Ru(bpy),+ + Tl(aq)'+ 
Ru(bpy)3z+* + Tl(aq),+ - Ru(bpy):+ + Tl(aq),+ * 
Ru(bpy),'+ * + UO?+ - R ~ ( b p y ) , ~ +  + UOz+ 
Ru(bpy),'+ * + U02'+ - Ru(bpy),'+ + UO?+ * 
Ru(bpy)?+* + Fe3+(aq) - R ~ ( b p y ) , ~ +  + Fe'+(aq) 
Ru(bpy),'+* + Fe3+(aq) - Ru(bpy)3Z+ + Fe3+(aq) 

Ru(bpy),'+ * + MV" 4 Ru(bpy),3+ + MV+* 

Ru(bpy)?+* + Ru(NH,),~+ + Ru(bpy):+ + Ru(NH&'+ 

Ru(bpy),'+* + Fe(CN),,- - Ru(bpy),'+ + Fe(CN),3-* 18.2 

18.9 

1.2 

40.6 
-5.3 
-5.1 6.0 X 10, 
-6.2 1.1 x 108 

>54.9 
-20.5 4.4 x 108 
+9.7 

-12.0 

Ru(bpy)?+* + Eu(aq)'+ - Ru(bpy)j+ + ,Eu(aq)'' 

Ru(bpy),*+* + Ti(aq),+ - Ru(bpy),*+ + Ti(aq),+ * 

-31.4 1.9 x 109 

In CH,CN or aqueous solvents. lG for electron transfer calculated from eo 17. 

ref 
106 

106 
106 

105 

105 

186 

168 
168 

168 

173 

173 

181 
175 

177 

175 

by eq 17, electron transfer must play an important role 
in the majority of these reactions. Additional evidence 
is obtained by the methods discussed in section 111. For 
example, plots of log k, vs. the reduction potentials of 
a series of nitrobenzenes for the quenching of Ru- 
( b ~ y ) ~ ~ +  follow the general lines expected of electron 
transfer.162 Energy transfer is thermodynamically ruled 
out. Microsecond flash photolysis experiments have 
failed to detect free ion transient intermediates having 
lifetimes greater than 50 ps.  It appears likely that rapid 
reversible electron transfer can consume the ion pair 
before escape from the cage into the bulk solvent where 
spectroscopic detection of long-lived intermediates is 
possible. Given that electron transfer would generate 
ions of opposite charge which remain in close proximity 
because of Coulombic attraction, this argument appears 
reasonable. 

R ~ ( b p y ) ~ * +  * can also donate an electron to substi- 
tuted pyridinium ions such as methyl~iologen.'~~ En- 
ergetics and plots of log k, vs. the reduction potentials 
of the pyridinium compounds are consistent with 
electron tran~fer. 'O~J~~ Unlike the quenching reactions 
involving the nitrobenzene quenchers, transient radical 
ions produced by flash photolysis are easily observa- 
ble.'63 Both of the ion radicals have a positive charge 
and therefore have a tendency to separate. A resonance 
Raman spectrum of the methylviologen cation has also 
been obtained using a focused laser beam.'16 The 
lifetime of the MV+. can be increased when the reaction 
is carried out in the presence of amines to allow for 
detection by ESR:165 

R ~ ( b p y ) , ~ +  * + MV2+ - R ~ ( b p y ) , ~ +  + MV+* 
CH,CN 

(48) 

R ~ ( b p y ) ~ , +  + amine CH,CN~ Ru(bpy),2+ + amine'. 
(49) 

amine = pyridine; 2,6-lutidine; 
N,N-dimethylformamide; triethylamine 

Energetics and flash photolysis experiments support 
an electron-transfer pathway when R u ( N H ~ ) ~ ~ +  1633165 

and Fe(CN)63- 167-169 are employed as quenchers. Re- 
versible electron transfer returns the transient ion pair 
to ground-state reactants before chemical changes oc- 
cur. Evidence for electron transfer, in the case of Ru- 
(NH3)63+, has been provided by flash phot01ysis.l~~ 
CI'(CN)~~-, a complex with a low-lying excited state 
(Table XII), quenches by energy transfer. Its lu- 
minescence is observed when Ru(bpy),2+ solutions are 
photolyzed in the presence of Cr(CN):-. A considera- 
tion of the data in Tables X and XI1 leads to the con- 
clusion that energy transfer is the exclusive quenching 

R~(bpy) ,~+  * has been reported to reduce Eu3+,172-174 
T13+,175J76 and U02+.177 Thermodynamic, kinetic, and 
flash spectroscopy support electron transfer. It is 
noteworthy that the rate constants for the Ru- 
(bpy)323 *-Eu3+ couple (Table XIII) are much lower than 
diffusion-controlled rates. This observation has been 
taken to indicate a nonadiabatic mechanism, one that 
is controlled by electronic rather than by nuclear fac- 
t o r ~ . " ~  This interpretation is based upon the fact that 
the accepting 4f orbital of Eu3+ is heavily shielded by 
outer 5s and 5d orbitals, thereby preventing orbital 
overlap, which is a prerequisite for an adiabatic mech- 
anism. Calculations indicate minimal nuclear changes. 

Quenching by Ti3+ probably proceeds by both energy 
t ran~fer . ' '~J~ Thermodynamics (Table XIII) supports 
this conclusion, as well as several i n v e ~ t i g a t i o n s . ' ~ ~ ~ ~ '  

The R~(bpy) ,~+  '-Fe3+ couple illustrates the hazards 
in relying exclusively on flash photolysis technique~. '~J~~ 
High yields of transient R ~ ( b p y ) ~ ~ +  and Fe2+ in an 
aqueous medium have been confirmed by flash spec- 
troscopic s t ~ d i e s . ' ~ ~ J ' ~  Taken by itself, this observation 

pathway. 1 6 7 " w 1  
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would appear to be consistent with electron transfer, 
were it not for the presence of unusually low-lying ex- 
cited states of Fe3+ (Table XII), which can be populated 
by collisional energy transfer. Following energy transfer 
to populate Fe3+ *, the latter can accept an electron from 
Ru(bpy)? in an exothermic reaction (AG = -20.1 
kcal/ mol): 
R ~ ( b p y ) , ~ +  * + Fe(H20)63+ - 

R ~ ( b p y ) , ~ +  + Fe(H20)63+ * (50) 

R ~ ( b p y ) , ~ +  + Fe(H20)63+* - 
Ru(bpy)?+ + Fe(H20)62' (51) 

An elaborate kinetic argument has been proposed, 
however, to support primary electron transfer.174 

The preceding examples have described the oxidation 
of R~(bpy) ,~+* .  The ability of certain substrates to 
reduce Ru(bpy)gS+ * by electron donation has also been 
documented. Amines are typical electron donors. Their 
high-lying excited states preclude competitive energy 
transfer (Table XI). Flash spectroscopy has been useful 
in identifying the amine cation radical produced by an 
electron-transfer p a t h ~ a y . ~ ~ ~ - ' ~ ~  For example, the 
cations of N,N-dimethylaniline and tetramethyl-p- 
phenylenediamine have been detected following flash 
photolysis of solutions containing their parent amines 
and Ru(bpy),2+.ls2 The rate of cation disappearance has 
been measured and correlated with the rate of return 
to ground-state reactants, since no permanent spectral 
changes are observed following repetitive flashings. log 
k, vs. the oxidation potentials of a series of amines plots 
follow the general trends predicted for electron trans- 
feralo6 

Reduction of Ru(bpy)S2+* can take place in the 
presence of metal complexes. For example, thermo- 
dynamic arguments have been advanced to assign 
electron transfer to the quenching by Fe(CN)64- com- 
p l e ~ e s . ' ~ ~ - ' ~ ~  In the case of reductive quenching by 
Eu2+, however, a conclusion that the mechanism in- 
volves electron transfer must be regarded as only ten- 
tative, since the excited-state energies of Eu2+ have not 
been positively determined.17, Detailed kinetic argu- 
ments seem to suggest that quenching involves electron 
transfer.le6 

The isomerization of olefins can be a diagnostic tool 
for distinguishing between energy and electron transfer. 
It is possible to differentiate between these pathways 
by an comparison of the photostationary products ob- 
tained from an unknown pathway with the products 
obtained utilizing a "standard" sensitizer, which is 
known to proceed by energy transfer. For example, 
benzophenone, a triplet sensitizer, is known to be 
quenched by cis- and trans-olefins with low-lying ex- 
cited states and gives photostationary mixtures con- 
sisting largely of the cis isomer. If electron transfer is 
operating for a given sensitizer, we predict that the 
radical-type intermediates resulting from electron 
transfer should give radical-type which favor formating 
of more stable trans isomers. Thus, the quenching of 
R ~ ( b p y ) , ~ +  * by trans-stilbene, trans-4-styrylpyridine, 
and trans-2-styrylpyridine (all of which have triplet 
energies near 50 kcal/mol) has been postulated to 
proceed largely by energy transfer, as cis isomers are 
the predominant products.ls7 

On the other hand, the R~(bpy),~+-sensitized isom- 

erization of N-methyl-4-P-styrylpyridinium favors cis 
to trans conversion:188 

Ph 

2' S = Ru(bpy)3 

Although the triplet-state energy of the pyridinium 
compounds is about 50 kcal/mol, energy transfer fa- 
voring the cis isomer cannot be the major pathway. 
Isomerization most likely proceeds by electron transfer: 

Ph Ph 

( 5 3 )  

Quenching of R ~ ( b p y ) , ~ + *  by a series of cis- and 
trans-dipyridylethylenes has been shown to proceed by 
both pathways (Table XIV).'89 Energy transfer to the 
triplet states of these olefins ( E T  - 50 kcal/mol) and 
electron-transfer oxidation of the sensitizer are ener- 
getically feasible. Although these olefins quench Ru- 
(bpy)t+ near diffusion-controlled rates, the efficiency 
of isomerization, especially for 1-(3-pyridyl)-2-(4- 
pyridy1)ethylene and 1,2-di-(4-pyridylethylene, drops 
significantly. Electron transfer must play a role, as 
deduced from the detection of transient intermediates 
produced by flash photolysis. However, an analysis of 
log k, vs. redox potential plots seems to suggest com- 
peting energy and electron-transfer pathways. It seems 
plausible that the direction of the quenching process 
in cis trans isomerization depends on nuclear (kinetic) 
barriers. 

b. Chromium(I1) Tris(bipyridy1) Complexes. 
Cr(bpy):+ * can form transient ions efficiently following 
quenching by a variety of inorganic and organic sub- 
s t r a t e ~ . ~ ~ ~  The lowest excited state consists of two 
closely spaced emitting states in thermal equilibrium. 
They apparently have doublet character, and it is 
customary to apply the 2E level to these states.155 As 
expected from its long lifetime and high reduction po- 
tential (Table x ) ,  Cr (b~y) ,~+  * should be easily reduced 
by electron donors. This prediction is supported on 
several bases (Table XV). Plots of log K vs. oxidation 
potentials of electron donors such as aliplatic amines, 
aromatic amines, and methoxybenzenes show the de- 
pendence expected for electron transfer." Transient 
cations of these quenchers have also been observed by 
flash photolysis.lW 

C r ( b ~ y ) , ~ +  * can be quenched by Ru(bpy)gS+ to gen- 
erate ionic products. Energy transfer is forbidden 
thermodynamically. One study has shown that if a 
series of polypyridine chromium complexes with dif- 
fering substituents on the ligands are systematically 
quenched by R~(bpy) ,~+ ,  I t ,  is dependent upon the re- 
duction potential of the sensitizer, clearly establishing 
the charge-transfer nature of the quenching.79 
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TABLE XIV. Isomerization of cis- and trans-Diwridslethylenes Sensitized bs  Ru(bDv)lZ+" 
~~~ ~~~ 

kET' - @t -* ' k ,  k e t b  __-~ l_______l 

quencher 
1,2-di-3-pyridylethylene 0.45 6.8 X IOfi 7 x 105 6.1 x 106 
1-(3-pyridyl)-2-(4-pyridyl)ethylene 0.02 9.1 x 10% 8.7 X 10% 3.6 x 10' 
l,X-di-(4-pyridylethylene 0.00; 2.4 x 109 2.4 x 109 3.4 x 107 

"From ref 189. bRate of electron transfer. 'Rate of energy transfer. ~ _ _ _ _ _ _  ____- _ _ _ _ _ ~ - - -  ---______-__ 

TABLE XV. Thermodynamic and Kinetic Parameters of Reactions Sensitized by C r ( b o ~ ) ~ ~ + "  
reaction 

~~ 

C~(bpy)~ '+*  + TPA -+ Cr(bpy),'+ + TPA+. 
Cr(bpy)gS+* + TPA .- Cr(bpy)33+ + "PA* 
Cr(bpy)$+ * + NTMB --+ Cr(bpy)32+ + NTMB'. 
Cr(bpy)?+* + NTMB ~- Cr(bpy)?+ + 'NTMB* 
Cr(bpy)$+* + Ru(bpy),*+ -* Cr(bpy)g*+ + Ru(bpy),"+ 
C r ( b ~ y ) ~ ~ +  * + Ru(bpy),'+ -* Cr(bpyI3'+ + Ru(bpy)?+ * 
C~(bpy)~ '+*  + Fe(CN),4- - Cr(bpy)3z+ + Fe(CN)fi3- 
C r ( b p ~ ) ~ ~ + *  + Fe(CN),4- -- Cr(bpy),'+ + Fe(CN),4-* 
C r ( b ~ y ) ~ ~ + *  + Cr(CN),3- - Cr(bpy),'+ + Cr(CN),2 
Cr(bpy)?+* + Cr(CN),"- - Cr(bpy)i3+ + Cr(CN)g3-* 
Cr(bpy)gS+* + Fe(aq)*+ - Cr(bpy):' + Fe(aq)'+ 
Cr(bpy):+* + Fe(aqP+ ~- *  Cr(bpy),j'+ + Fe(aq)"* 

ref 
-10.8 7.3 x 109 190 
30.7 
-26.1 1.1 x 10'0 190 
23.5 
- 4.4 4.0 X 10% L 
9.5 

-30.7 4.9 x 109 168 
28.4 

>3 5 
-3.9 4.1 x 109 168 
-22 4.1 X 10' 170 
-9.5 

____ AG, kcal/molb k,, M-' 

In CH3CN or aqueous solvents. 
Chem. Sou., Chem. Commun. 1975, 901. 

A G  for electron-transfer calculated from eq 17. cBolletta, F.; Maestri, M.: Moggi, L.; Baizani, V. J .  
_____ - _ _ ~  ____ ____________ 

TABLE XVI. Thermodynamic and Kinetic Parameters of Reactions Sensitized bs  Binuclear Comdexes" 
reaction 

Rhz(dicp),2+* + MV2+ - Rh,(dicp)>+ + MV+ 
Rh,(dicp):+* + MV2+ - Rh2(dicp):+ + 3MV2+ 
Rhz(dicp):+* + DMA -- Rhz(dicp),+ + DMA'. 
Rhz(dicp):+* + DMA -+ Rhz(dicp)>+ + 3DMA* 
Rh2(dicp)?+ + NTMB - Rh,(dicp),+ + NTMB'. 
Rh2(dicp)?+* + NTMB -+ Rh2(dicp),*+ + NTMB* 
Rhz(dicp):+ * + anthracene - Rh,(dicp),+ + anthracene 
Rh,(dicp)?+ * + anthracene - Rh2(dicp)>+ + anthracene-. 
Rh,(dicp):+ * + anthracene -* Rh,(dicp):+ + 3anthracene* 
Rh,(dicp),'+ * + trans-stilbene - Rh,(dicp)>+ + trans-stilbene-. 
Rh,(dicp)? * + trans-stilbene -- Rh,(dicp)>+ + "trans-stilbene* 
RezClg2-* + DMA - Re2C1?- + DMA+. 
RezC1,"-* + DMA - Re2C1,3- + "MA* 
RezClg2-* + NTMB - Re2C1:- + NTMB'. 
RezC1g2+ * + NTMB - Re,Cl:- + 3NTMB* 
Pt,(Pz05)4H,4- * + BSEP' 4 Pt*(PzOS),H,"- + BSEP-. 
Ptz(P2O5),H,4-* + NTMB - Pt,(P205)4H,S- + NTMB+. 
Pt2(P2OS),H,?-* + NTMB --* Ptz(P20,),H,4- + 3NTMB* 

AG, kcai/molb k,, M s-l 
<-8.1 1.1 x 109 

12 < I  x 1 0 5  
32.5 

30 
-2.1 8.7 X lo8 
21.9 
20.1 
26.1 
3.7 3.4 x 106 
33.7 
9.9 54.0 x 10' 
-2.1 1.5 x 106 
28.6 

20.5 
-18.4 5.4 x 109 

5.5 x 109 
-18.0 1.2 x 10'0 
-5.3 

reference 
194 

194 

194 

194 

194 

197 

198 
200 

In CH&N or aqueous solvents. f'SG for electron transfer calculated from eq 17. BSEP = l,l'-bis(2-sulfoethvl)-4,4'-bipvridinium. 

Energy-transfer pathways have been reported for 
Cr(bpy)33+ *. For example, CI-(CN),~-, which has low- 
lying excited states, quenches this sensitizer by energy 
transfer.168 Evidence for this conclusion has been 
provided by the emission of Cr(CN)G3-* has been di- 
rectly observed. Quenching by cyano complexes with 
higher excited-state energies such as Fe(CN)64- is 
probably by electron transfer, since the quenching rate 
constant is sensitive to the oxidation potential of the 
cyano quencher.IG8 A recent study employing laser 
photolysis has verified the presence of Cr(bpy)32+ when 
Fe(aqI2+ compounds were employed as quenchers.lgl In 
this example, energy transfer may be a competing 
pathway (Table XIV). 

c. Binuclear Complexes. An intriguing class of 
sensitizers includes the binuclear transition-metal com- 
plexes (Table X). Tetrakis( 1,3-diisocyanopropane)di- 
rhodium, Rh2(dicp)42+, can be excited at  about 550 nm 
to generate two emissive states which have been as- 
signed as lAzu and 3A2u excited Excited- 
state formation involves promotion of an electron from 
a 4d to a 5p orbital. Molecular orbital theory predicts 

the Rh-Rh bond is shorter in the excited state than in 
the ground state.lg2 Polarized absorption studies have 
confirmed this prediction.lg3 

The long-lived triplet state of Rh2(dicp)42+ is pre- 
dicted to be reactive in electron transfer, based upon 
its redox potential (Table XVI). Flash photolysis has, 
for example, demonstrated the presence of a transient 
spectrum of Rh2(dicp),3+ when pyridinium compounds 
are employed as ground-state electron acceptors.lg4 
Rh2(dicp)43+ * can be quenched by electron donation 
from Rh2(dicp)43+ * can be quenched by eleectron do- 
nation from tetramethylphenylene-p-diamine, as sug- 
gested by flash photolysis experiments.lg4 Dimethyl- 
aniline and DABCO also quench the emission of this 
sensitizer but at lower rates, presumably because of the 
reduced driving force of these reactions. 

The excited state of Re2C1,2- is also capable of ac- 
cepting and donating  electron^.^^^,'^^ Flash spectro- 
scopic studies have demonstrated the presence of 
transient intermediates when electron acceptors such 
as chloranil or tetracyanoethylene are used as quench- 
ers.Ig7 Although no transient amine cations were de- 
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TABLE XVII. Thermodynamic and Kinetic Parameters of Reactions Sensitized by UOZ2+" 
reaction AG, kcal/molb k,, M-' s-l ref 

UO?+ * + DMA - UOz+ + DMA'. -41.3 - 10'0 209 
UO;+ * + DMA - UOzz+ + 3DMA* 10.4 
UO;+ * + RU(bpY);+ UOz+ + Ru(bpy)S3+ -30.9 3.7 x 109 177 

-9.7 
UO22+ * + Ce(aq),+ - UOz+ + Ce(aq)4+ -32.3 2 x 105 206 
UOz2+ * + Ce(aq)3+ - UO?+ + Ce(aq)3+ * 23.3 
UO?+ * + Fe(aq)2+ - UOz+ + Fe(aqI3+ -48 6.7 X lo8 204 

UO22+* + Mn(aq)2+- U02+ + M r ~ ( a q ) ~ +  -30.7 3.4 x 106 204 

UOz2+ * + Eu(aq),+ - UO:+ + E ~ ( a q ) ~ +  * 203 

U0z2+ * + RU(bpy)gZ+ - UO?+ + Ru(bpy),'+ * 

UO:+ * + Fe(aq)2+ - UOz2+ + Fe(aq)2+ * 
UO?+* + Mn(aq)2+ - UO?+ + Mn(aq)2+* 

-27.7 

-4.6 
-8.5 

In CH,CN or aqueous solvents. AG for electron transfer calculated from eq 17. 

tected with secondary and tertiary amines, plots of log 
k, vs. the oxidation potentials of amines strongly sug- 
gest electron transfer. The lack of observable transient 
ions was attributed to rapid reversible electron transfer. 

Another bridged binuclear species capable of electron 
transfer is the excited state of Pt2(P205)4H2-.193 Em- 
itting singlet and triplet states with electronic config- 
urations similar to the states of Rh2(dicp),2+ have been 
postulated. Resonance Raman spectral studies have 
established that the Pt-Pt bonding in the 3A2u excited 
state is shorter than in its ground state.lg9 The phos- 
phorescence of Pt2(P205)4H2-* can be quenched by 
such acceptors as l,l'-bis(2-sulfoethyl)-4,4'-bipyridinium 
(BSEP) at  diffusion-controlled rates.lgs Flash photo- 
lysis has revealed a transient absorption of BSEP-., 
which disappears rapidly by reversible electron transfer. 
Amines have also been reported to quench the triplet 
state of Pt2(P205)4H84-. The rate of quenching of Ph- 
(P205)4H2-* is much lower than for the quenching of 
other sensitizers such as R~(bpy) ,2~  *. These differences 
have been ascribed to bond reorganization barriers ac- 
companying the reduction of Pt2(P205)4H84-.200 

d. Uranyl Ion Complexes. The most powerful 
photooxidant of the metal complexes listed in Table X 
is UO?+, and extensively investigated photosensitiz- 
er.18,201 The ground-state electronic configuration in- 
volves overlap between the oxygen 2p and uranium 6d 
orbitals. Low-energy excitation of UO?+ complexes can 
result in promotion of one of the electrons in a highest 
filled bonding a-orbital into a vacant metal-centered 
5f orbital, where the electron assumes nonbonding 
character:201s202 

- 5f t 5f 

t i t =  

hV - / 
+ i t =  

The lowest excited state is relatively long-lived and 
displays a characteristically intense green luminescence 
at room temperature. As with other heavy metal com- 
plexes, the spin nature of this state is ill-defined, since 
extensive spin-orbital coupling is involved.ls 

On the basis of an unusually high reduction potential, 
U022+ * is predicted to be a powerful electron acceptor 
(Table XVII). For example, the quenching of UOZz+ 
luminescence by many metal ions correlates closely with 
the ionization potentials of these ions.203v204 The 
mechanism of electron transfer is thought to involve a 
transfer of an electron from the metal to the vacant 
a-orbital of UOZ2+ *. In the case of Mn2+, flash photo- 
lysis experiments have given evidence of a transient 
absorption pattern consistent with Mn3+.204 An electron 

transfer has been suggested in which Mn3+ is formed 
by electron t r a n ~ f e r . ~ ~ ~ ~ ~ ~ ~  

Laser flash experiments have revealed transient ab- 
sorption of Ce4+ when Ce3+ is employed as a quench- 
er.m Energy transfer for this system is too endothermic 
to be of any importance. Metal ions with low-lying 
electronic states, however, have been shown to quench 
efficiently by energy transfer. For example, the sen- 
sitized emission of Eu3+ * has been observed.203 

Electron transfer is a possible quenching pathway 
when transition-metal complexes are employed. Thus, 
upon flash photolysis, U022+* is quenched by Ru- 
(bpy)?+ leading to R~(bpy) ,3+. l~~ Although populating 
R ~ ( b p y ) ~ ~ +  * by energy transfer cannot be rigorously 
ruled out, kinetic studies demonstrate that the rate of 
appearance of R ~ ( b p y ) ~ ~ +  closely parallels the rate of 
disappearance of Ru(bpy)?+. Excitation of either Ru- 
(bpy)?' or UO:+ gives the identical intermediates. The 
combination of these sensitizers can therefore "capture" 
a larger portion of the wavelengths in the visible region. 

The quenching of U022+ * by transition-metal cyano 
complexes proceeds by either electron or energy 
transfer, and, in some cases, by competitive path- 

UO?+ * is an effective oxidant of many organic sub- 
strates. Flash photolysis experiments have provided 
evidence of transient U02+ when UO?+ is excited in the 
presence of alcohols, phenols, quinones, or amines.209 
Isotopic and ESR studies have suggested that the 
quenching of UO?+* by organic alcohols may also 
proceed by abstraction of hydrogen atoms substituted 
on the carbon atom adjacent to the functional 

U0?+* + RCH20H - U02+ + RCHOH + H+ (54) 
In the presence of aromatic hydrocarbons, electron 

transfer has been postulated to proceed via nonlumi- 
nescent exciplex intermediates, based upon the favor- 
able overlap which is possible between the MO's of 
molecules with accessible a-electron systems and half- 
vacant a-orbital of UOzz+ *.213 

e. Metalloporphyrins. The metalloporphyrins have 
received considerable attention because of their special 
role in photosynthesis. Many metalloporphyrins are 
brilliantly colored substances and can be excited in the 
visible into the first excited singlet state, followed by 
fluorescence emission or intersystem crossing to triplet 
states. Triplet-state production is generally an efficient 
process for metalloporphyrins, as compared to the 
metal-free parent compounds, because of the increased 
spin-orbital coupling induced by the central metal 

ways.203,207,208 

groUp~18,210-212 
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TABLE XVIIL. Thermodynamic and Kinetic Parameters of Reactions Sensitized by Metalloporphyrins" 
reaction AG, kcal/mol* k,, M-l s-' ref 

'ZnTPP,P4+* + MV2+ - ZnTPPyPbt + MVt -15.2 <3 x 107 214 
3ZnTPPyP4+ * + MV2+ - ZnTPPyP6+ + MV+ -4.2 1.8 x 107 214 
3ZnTPPyP4+ * + MV2+ - ZnTPPvP4+ + 3MV2+ * 35.3 
3ZnTPPk + O2 - ZnTPP+- + 02-: 
3ZnTPP* + O2 -+ ZnTPP + OJA) 

-2.3 
-14.1 

237 
237 

a In CH,CN or aqueous solvents. AG for electron transfer calculated from eq 17. 

atom. Both the lowest singlet and triplet states have 
a T,T* electron configuration. These states are generally 
good electron donors. The electron-transfer process 
probably involves abstraction of one of the electrons 
delocalized over the entire excited porphyrin ring. The 
photophysical and redox properties of zinc tetra- 
phenylporphyrin, a prototype porphyrin, are summa- 
rized in Table X. 

Many examples of the bimolecular quenching of 
metalloporphyrins have involved their oxidation by 
electron transfer (Table XVIII). It has in fact been 
demonstrated that quenching of the excited singlet and 
triplet metalloporphyrins can easily be achieved with 
electron  acceptor^.^^^-^^^ The fluorescence of these 
sensitizers can be quenched at diffusion-controlled rates 
by ground-state molecules with electron-withdrawing 
properties. The quenching rate constants are sensitive 
to the reduction potentials of the quencher.21g221 Still, 
direct evidence for electron transfer has been difficult 
to obtain.217 This difficulty is partly due to the rapid 
recombination predicted for singlet ion pairs formed 
from the quencher and excited porphyrin (porphyrins 
are planar molecules and probably remain in fairly close 
contact as exciplexes or contact ion pairs).222 Ground- 
state complexation can also alter the efficiency of ex- 
cited-state f o r m a t i ~ n . ~ ~ ~ - ~ ~ ~  This troublesome feature 
can be reflected in departure from linearity in Stern- 
Volmer plots.226 

Only a few attempts to detect ionic species following 
fluorescence quenching have been made.227*n8 For ex- 
ample, the observation of ion pairs is expected to be 
enhanced by substitution of appropriately charged 
groups on the porphyrin ring.214 On this basis, the 
oxidation of a pyridinium-substituted zinc porphyrin 
groups by methylviologen should result in two positively 
charged ions following fluorescence quenching. This 
prediction, however, is not fulfilled, apparently because 
of a large Coulombic barrier for electron transfer be- 
tween two like-charged species.217 

Direct evidence for electron transfer has been easier 
to obtain in the quenching of triplet states.2721"221*228 
Experiments employing flash photolysis have been 
definitive in providing evidence of ionic species derived 
from the quenching of triplet porphyrins. Both the 
lifetimes of the triplet metalloporphyrins and the gen- 
erated ion pairs permit fairly straightforward conclu- 
sions to be drawn. 

Excited states of metalloporphyrins and porphyrins 
are quenched by oxygen via energy and electron- 
transfer pathways (Table XVIII).237 These reactions 
stand as elegant examples of the competition between 
energy and electron transfer under conditions where 
both pathways are exothermic. Singlet oxygen can be 
generated by oxygen quenching of triplet porphyrins 

via energy transfer. The pathway may be concerted or 
involve stepwise electron exchange: 

3porphyrin* + 302 - porphyrin + lo2 ( 5 5 )  

or 

3porphyrin* + 302 - porphyrin+. + 02-. (56)  

porphyrin+. + OF - porphyrin + lo2 (57)  

In the stepwise mechanism, superoxide, OF, is an ionic 
precursor of singlet oxygen. Under polar conditions, 
superoxide is sufficiently long-lived to be detected by 
ESR spin trapping techniques. The yield of superoxide 
is not affected by addition of DABCO, a singlet oxygen 
quencher, indicating that superoxide is formed directly 
during quenching, not from singlet oxygen. Both singlet 
oxygen and superoxide have been detected in the 
quenching of triplet octaethylporphyrin, although sin- 
glet oxygen formation predominates. Although singlet 
oxygen can be formed directly or via superoxide, in- 
creasing the solvent polarity does not affect its yield. 
It is concluded that direct formation is the predominant 
pathway for singlet oxygen formation. 

Sensitized photooxygenations involving superoxide 
are covered in more detail in section IV.C.4. 

f .  Copper( I )  Bis(  2,9-diphenyl- 1 , l O -  
phenanthroline). Competitive electron and energy 
transfer has been observed for C ~ ( d p p ) ~ +  *.238 The 
lone-lived, luminescent triplet state of this sensitizer can 
be quenched by a variety of Cr(II1) derivatives and 
nitroaromatic compounds. The kinetics have been 
measured by Stern-Volmer procedures and analyzed 
by Marcus theory. Plots of log k, vs. the reduction 
potentials of a series of nitrobenzenes have shown that 
quenching of C ~ ( d p p ) ~ +  * occurs predominantly by 
electron transfer, since the expected rate plateau is 
observed in the very exothermic region. These results 
have premitted a measurement of the self-exchange rate 
constant for this sensitizer (eq 41 and Table VI) on the 
basis of an outer-sphere mechanism. Quenching by 
derivatives of Cr(II1) give more complicated plots, and 
these results are interpreted in terms of competitive 
energy and electron transfer. 

2. Quenching of the Excited States of Aromatic 
Hydrocarbons and Ketones by Amines 

The quenching of excited-state aromatic and carbonyl 
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TABLE XIX. Thermodynamic and Kinetic Parameters of Electron-Transfer Reactions When Amines are Employed as 
Quenchers" 

reaction 
'anthracene* + NDEA - anthracene-. + NDEAt. 
'anthracene* + NDEA - anthracene + 'NDEA* 
'trans-stilbene* + TEA - trans-stilbene-. + TEA+. 
'trans-stilbene + TEA - trans-stilbene + lTEA* 
'trans-stilbene* + DABCO - trans-stilbene-. + DABCOt. 
'trans-stilbene* + DABCO - trans-stilbene + 'DABCO* 
'pyrene-3-carboxylic acid* + DMA - pyrene-3-carboxylic acid-. + DMA+. 
'pyrene-3-carboxylic acid* + DMA - pyrene-3-carboxylic acid-. + 'DMA* 
3benzophenone* + DABCO - benzophenone-. + DABCOt. 
3benzophenone* + DABCO - benzophenone + 3DABCO* 

AG, kcal/molb k,, M-' ref 
-14.3 2.1 x 10'0 C 

>13 
-11.8 3.2 X 1O1O 261 
>8.5 

-16.1 11 x 10'0 261 
>8.5 

-15.9 1.8 X 10'O 42 
>15.7 
-17.3 2.9 x 109 244 
>20 

In CH3CN or aqueous solvents. AG for electron transfer calculated from eq 17. Knibbe, H.; Rehm, D.; Weller, A. Ber. Bunsenges. 
Phys. Chem. 1968, 72, 257. 

molecules by amines can be described by the following 
pathway:239 

/ 

\ 

Products 

The following generalizations appear to hold for this 
reaction: 

(1) The overall thermodynamics of the reaction un- 
ambiguously and exclusively favor electron transfer for 
many sensitizer-amine pairs (Table XIX). 

(2) The rate constants are sensitive tp  the electronic 
energie8 and reduction potentials of the sensitizers and 
oxidation potentials of the amines, as well as the 
structures of both sensitizers and amines.239 In general, 
amines with low ionization potentials are the most ef- 
fective electron d ~ n ~ r ~ . ~ ~ ~ , ~ ~ ~  The trend reflects the 
stability of the amine cations. 

(3) The reaction is sequential. After primary electron 
transfer, proton abstraction competes with back elec- 
tron transfer.239 
(4) Only amines with a-protons are capable of proton 

atom donation. Amines not possessing a-protons can 
quench excited states, but back electron transfer to 
ground-state reactants is the exclusive pathway after 
formation of ionic  intermediate^.^^^^^^^ 

(5 )  The singlet states of aromatic hydrocarbons and 
the singlet and triplet states of carbonyl compounds can 
be quenched by amines by the proposed mecha- 
nism.23+241 With carbonyl compounds, n,r* and K,X* 

states can be involved. The reactions may differ, based 
upon other factors, i.e., excited state, lifetimes, steric 
effects, symmetry, etc.240 

(6) Solvent-separated ion pairs, contact ion pairs, 
exciplexes, and free ions have all been identified as 
charge-transfer intermediates with amines. "Relaxed" 
and "nonrelaxed" solvent-separated ion pairs have been 
postulated and in~es t iga ted .~~ The exciplexes in these 
systems may be considered contact ion pairs and may 
or may not display emission. A clearcut distinction 
between exciplexes and other charge-transfer interme- 
diates may not always be possible.44 In general, in 
nonpolar solvents the quenching of excited aromatic 
molecules by amines may lead to fluorescent exciplexes. 

Solvent, kinetic, time-resolved spectroscopic, and 
CIDNP studies have lent strong support to the concept 
of electron transfer in the primary step, regardless of 
the precise nature of the resulting ionic intermediates 
or subsequent secondary reactions. For example, it has 
been shown that perylene fluorescence is quenched by 
N,N-dimethylaniline in nonpolar solvents resulting in 
the appearance of a broad and structureless emission, 
displayed somewhat to the red of the perylene emis- 
sion.8 In polar solvents, this structureless emission 
disappears. Instead radical ions are probably formed, 
as suggested by microsecond flash photolysis experi- 

With excited aromatic and carbonyl molecules sen- 
sitizers, log k, vs. ionization potential plots are char- 
acteristic of electron transfer.42*239*242-245 In the case of 
n,r* triplet benzophenone, the small slopes of k, vs. 
ionization potential plots and lack of sensitivity to 
solvent polarity are consistent of a transition state with 
only "partial" electron transfer. A modification of the 
Weller equation (eq 16) has been proposed to take into 
account the thermodynamics of the proton transfer 
step.246 

These observations contrast with quenching reactions 
sensitized by P,K* triplet fluorenone. With aromatic 
and aliphatic amines, these reactions are more sensitive 
to solvent polarity and yield steeper slopes, suggesting 
a more "complete" transfer of charge in the transition 
state. The contrasting sensitivity of n,r* and r,r* 
states to solvent polarity may correlate with differences 
in the transition states.239,240,244 

Direct evidence of radical ion intermediates has been 
provided by time-resolved studies. Besides conven- 
tional microsecond flash p h o t ~ l y s i s , ~ ~ ' - ~ ~ ~  nanosecond 
and picosecond laser-induced spectroscopy has been 
invaluable in helping to identify the ionic intermedi- 

The quenching of trans-stilbene in acetonitrile by 
trialkylamines and diamines has been reported to result 

ments.42WW 

ates.45,46,25C-258 
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Figure 15. Orientation in electron transfer between a ketone and 
amine. Approach of reactants may be within a symmetry plane 
or perpendicular to plane. 

in free ions by the technique of time-resolved resonance 
Raman s p e c t r o s ~ o p y . ~ ~ ~ - ~ ~ ~  

CIDNP spectral patterns for the quenching of ben- 
zophenone by aliphatic and aromatic amines have been 
explained in terms of radical ion pair transforma- 
t i o n ~ . ~ ~ ~ , ~ ~ ~  CIDNP signals have also been obtained 
during the irradiation of solutions of benzophenone 
derivatives in the presence of triethylamine.264 It was 
possible to differentiate between the ionic species 
formed immediately after electron transfer and the 
neutral radicals resulting from proton abstraction, based 
upon differences in hyperfine coupling constants of the 
a- and @-protons of amines. 

Having briefly surveyed the evidence used to support 
electron transfer in excited state-amine reactions, we 
next explore some aspects of their mechanisms. The 
initial step involving the formation of the encounter 
complex reflects the unique structural and stereoelec- 
tronic features of the excited-state molecules and 
quenching amines. Several limiting cases are possible. 
For sensitizers with r,r* excited states, the approach 
of the nitrogen bearing the lone pair electrons is per- 
pendicular to the 7r-plane of the excited state, whether 
the latter is an excited planar aromatic or carbonyl 
molecule; for n,r* excited states, the encounter may 
involve an “in-plane” approach (Figure A fur- 
ther refinement of symmetry may be incorporated 
though the use of state correlation diagrams analogous 
to those employed for photochemical hydrogen ab- 
s t r a ~ t i o n . ~ ~ , ~ ~ ~  For example, the correlation diagrams 
for electron transfer to n,r* and r,r* excited states of 
carbonyl molecules from the n orbital of nitrogen are 
equivalent to energy surfaces derived for the hydrogen 
abstraction from alcohols (Figure 16). These correla- 
tions predict symmetry-allowed electron transfer to n,r* 
states and symmetry-forbidden electron transfer to r,r* 
states. Electron transfer is probably marked by abrupt 
changes in the electronic wave functions at the tran- 
sition state. The “sudden” changes may result in a 
switch in the symmetry of the wave functions and 
promote transitions at “avoided crossings” between 
energy surfaces.63 Such avoided crossings refer to the 
“bending” away of the energy surfaces at the geometry 
corresponding to electron transfer. 

Whatever the role or symmetry and orientation, 
adiabatic electron transfer within the encounter com- 
plex gives a solvent-separated radical ion pair or the 
corresponding exciplex or contact ion pair. These 

Kavarnos and Turro 

Figure 16. Orbital correlation diagrams for coplanar electron 
transfer when ketone’s lowest excited state is (a) n , r*  or (b) T,K*. 
Refer to symmetry plane in Figure 15. 

species are destabilized with respect to the solvent 
molecules in the surrounding shell, and a “slow” re- 
orientation of solvent molecules eventually results in 
the formation of a long-lived, stabilized ion pair.45 

Emission spectroscopy, time-resolved spectroscopy, 
and transient photoconductivity have been used to 
unravel the complexities of sensitizer-amine electron- 
transfer reactions. The following examples emphasize 
the difficulties in assigning actual mechanisms to fairly 
complex systems. 

One well-known example is the quenching of pyrene 
fluorescence by N,N-dimethylaniline. In moderately 
polar solvents, the quenching is accompanied by 
fluorescence emission from the pyrene-dimethylaniline 
exciplex, as well as a two-component rise in photocur- 
rent.266 The rise in the “slow” photocurrent component 
is observed only after complete decay of the exciplex 
fluorescence. The exciplex emission is not observed in 
polar solvents, and the “slow” photocurrent component 
is suppressed. These observations might suggest the 
involvement of two pathways resulting in ionic species 
according to the equation shown be lo^:^^,^^,^^^,^^-^^^ 

* et  
Py DMA ‘ ( P i  DMi f  ‘kt Py * DMA * h Y f  

A 

DMA = 

CH3 

Solvation of charge-transfer intermediates plays a key 
role in reactions such as 59, although any conclusions 
to be drawn from the experimental data must be re- 
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garded as highly tentative. Thus, the existence of 
multiple, equilibrating contact ion pairs and exciplexes 
has been suggested by time-resolved conductivity 
measurements employing picosecond laser pulses. For 
example, it was observed that the fluorescence decay 
lifetime of singlet pyrene does not match the photo- 
current rise time.46,251 This observation might be the 
result of a large number of equilibrating charge-transfer 
complexes of various structures. A possible reaction 
sequence is shown below: 

I *  
Py  DMA -+ !P;DMqI [P;DMa’]* [PyDMi ]3  

( 0 0 ) / \ 
\ 

[ P i  -DMA]l [P;---DML]z e [P;---DMa’], 

Picosecond time-resolved spectroscopy has been used 
to study the nature of the intermediates in the photo- 
reduction of triplet benzophenone by N,N-diethyl- 
aniline or N,N-dimethylaniline. In polar solvents, it has 
been observed that the spectrum of the benzophenone 
anion undergoes a blue shift in less than 2 ns after 
formation.252-255t258 A possible sequence may involve 
initial electron transfer to generate a solvent-separated 
ion pair, formation of a contact ion pair, and finally 
proton transfer within the contact ion pair: 

3 *  
CH2R 0 fH2R 25 ps Ph)<Ph-.-:(4-Ph 

Ph Ap,,..- :y-Ph - 
R R ’  

720 nm 

25-400Y 
‘N-Ph 

Ph Ph I 
R ’  

690 nm 

\ 
OH CHR 

:h-Ph 
Ph Ph 1 

R ’  

Steric effects have also been investigated for sensi- 
tizer-amine reactions. Fluorescence emission studies 
of naphthalene-amine pairs have revealed interesting 
effects, based upon the structure of the amine. For 
example, planar N-methylpyrrolidine quenches the 
fluorescence of naphthalene more efficiently than 
nonplanar t r ie th~lamine.~~*=~ With the latter quencher, 
it is likely that the nitrogen atom must undergo sub- 
stantial rehybridization during exciplex formation. 

Another approach to the study of sensitizer-amine 
pairs has involved the use of magnetic field ef- 
f e ~ t s . ~ ~ J ~ J ~ ~ J ~  As states in section III.D.1, radical ion 
yields can be influenced by the application of an ex- 
ternal magnetic field. Thus, in the pyrene-dimethyl- 
aniline pair in acetonitrile, triplet recombination di- 
rectly from the geminate ion pair to give triplet pyrene 
is reduced when the reaction is carried out in the 
presence of a magnetic field of 500 G .  This effect can 
be explained on the basis of the splitting of the de- 
generate singlet and three triplet states because the 
magnetic field influence on the hyperfine  interaction^.^^ 
The result of the energy “splitting” is to reduce tran- 

sitions to the triplet states and increase the generation 
of singlet radical ion pairs. No magnetic field effects 
are observed for recombination of exciplex ions or free 
ions because the electron-exchange interaction over- 
whelms the hyperfine interaction. Magnetic field effects 
involving free ions are ruled out because hyperfine-in- 
duced coherent electron spin motion is virtually lacking 
between radical ions separated by a large distance.14 

As these experiments suggest, it is possible to identify 
exciplexes, solvent-separated radical ions, and free ions, 
based upon their different behavior in magnetic fields.% 
In the case of solvent-separated and free ions, their 
recombination reactions take place on different time 
scales. The applied magnetic field effect can be eval- 
uated in these two time domains by a comparison with 
“base line” studies where an external magnetic field is 
absent. Thus, in the example of the pyrene-di- 
methylaniline system, laser flash spectroscopic mea- 
surements show that the appearance of triplet pyrene, 
pyrene anion, and the amine cations occur from sol- 
vent-separated, geminate ions within several nanose- 
conds and from free ions within several microseconds. 

3. Intramolecular Quenching by Electron Transfer 

Photoinduced electron transfer has been demon- 
strated in many molecules where the donor and accep- 
tor are linked together intramolecularly. The efficiency 
of intramolecular electron transfer is strongly influenced 
by the separation distance between donor and acceptor 
and the structure of the molecular link. It is possible 
to characterize pathways where either donor and ac- 
ceptor groups can form collision complexes or exci- 
plexes, or exchange an electron at a long distance. 

An operational format for intramolecular electron 
transfer is shown in Scheme IV. Three possibilities are 
illustrated: intramolecular electron transfer between 
donor and acceptor molecules separated by a (1) short 
flexible chain, (2) long flexible chain, and (3) rigid 
spacer molecule. In pairs held together by flexible 
chains, the length of the chain, its steric nature, the 
effect of solvent viscosity and temperature on chain 
motion, and the solvent dielectric are predicted to in- 
fluence the conformation of the ground state a t  the 
moment of electron transfer, the distance the electron 
must travel, and the stabilization of exciplex and radical 
ion  intermediate^.^^.^^^ For example, when the chain is 
long, consideration must be given to unrestricted con- 
formational motions in the ground state as well as in- 
termediate structures. In Scheme IV, examples are 
shown where the chain can adopt an “extended” and 
“folded” conformation. In rigid systems, the situation 
is less complex. Only the separation distance and 
orientation of the donor and acceptor need be consid- 
ered. 

In general, in flexible molecules electron transfer is 
generally favorable when the connecting link is short. 
In these molecules, exciplexes are possible intermediates 
when structure allows for orbital overlap between donor 
and acceptor. Apparently, intramolecular exciplexes 
do not necessarily have to adopt a mutually planar 
r e l a t i ~ n s h i p . ~ ’ ~ ~ ~ ~ ~  For example, it has been noted that 
in some exciplexes, the donor and acceptor can exist in 
a perpendicular conformation after excitation.272 The 
exciplex formed from such a structure is a so-called 
“twisted” charge-transfer complex. 
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As more linking groups are placed between the donor 
and acceptor, exciplex formation becomes less efficient 
until distances such that the ends of the chain “wrap 
around” to adopt a head-to-tail, sandwiched structure.273 
Planar exciplexes are thus possible intermediates in 
large flexible molecules. The rate of their formation, 
however, can be slow in viscous solvents, which can 
introduce a “drag” in molecular motion and prevent an 
effective approach before the decay of the excited 
partner. In any case, if the viscosity of the solvent 
hinders exciplex formation, then long-range electron 
transfer or radiative and nonradiative modes of decay 
may become competitive. 

Solvent stabilization of exciplexes and radical ions 
also play an important role. The fluorescence of in- 
tramolecular exciplexes has actually been observed.274 

The importance of the electron-transfer pathway has 
been confirmed in many intramolecular donor-acceptor 
pairs, including aromatic hydrocarbon-amine, porphy- 
rin-amine, ketone-amine, ketone-olefin, and coupled 
binuclear metal pairs. Time-resolved fluorescence 
emission, picosecond flash spectroscopy, and ESR have 
provided the proof of electron transfer, as well as a 
better understanding of the mechanistic de ta i l~ . ’~~-~O~ 

a. Aromatic Hydrocarbon-(CH2),-Amines: The 
Role of Exciplexes and Radical Ions. Fluorescence 
spectral studies have confirmed the key role of 
charge-transfer exciplexes formed from intramolecular 
aromatic hydrocarbon-amine pairs. The naphthalene 
fluorescence in naphthalene-(CH2).-amine molecules 
is quenched efficiently for n = 1-4.275 Exciplex emission 
can be observed in polar and nonpolar solvents. This 
emission “peaks” in intensity for n = 2 and 3, suggesting 
a more favorable “in-line” approach of the lone pair 
electrons of the amine and .sr-orbitals of naphthalene: 

/ R  
i C H 2 ) ” N , R  

n = 1-4, s o l v e n t s :  b e n z e n e ,  c y c l o h e x a n e .  ace ton i t r i l e  

Fluorescence exciplex emission has also been reported 
in a series of w-l-naphthyl-(CH2),-N-alkylpyrroles.276 
The intensity of exciplex emission is greatest for n = 
2: 

I 0 . 0 3  

2 0 36 

In this example, the rate of appearance of fluores- 
cence (fluorescence rise time) is greatest for n = 0 and 
1, as might reasonably be expected from the effect of 
distance on the rate of electron transfer. However, the 
prediction that the exciplex emission lifetime should 
decrease for n = 2 in more polar solvents (where for- 
mation of radical ions is likely) is not fulfilled. This 
observation may be a reflection of the opposing tend- 
encies of the polar solvent to stabilize an intramolecular 
exciplex and aid in its dissociation. 

Studies employing time-resolved fluorescence and 

laser flash spectroscopy on 2-anthracene carboxylic 
ester-[CH21n-dimethylamine pairs give an excellent 
demonstration of the effects of chain length and solvent 
polarity: 277 

3 
5 

9 
1 1  

0.8 x I 0 8  

1.6 x I O 8  

5 . 2 ~  10’ 
4 . 1 ~  I O 8  

The eater group maintains a distance of about 4 A be- 
tween the first methylene group and the aromatic ring, 
because it is coplanar with anthracene. In methyl- 
cyclohexane, quenching is observed only for n = 9 and 
11 and is accompanied by a weak exciplex emission. 
Presumably, the aliphatic amine nitrogen can coil 
closely to carbons 9 and 10 of the central ring in an- 
thracene where charge density is greatest. In aceto- 
nitrile, however, no exciplex emission can be detected. 
Nevertheless, quenching is efficient for all n. This ob- 
servation suggests that electron transfer to generate 
radical ions is important and can take place over long 
distances. 

A. picosecond laser flash study of anthracene- 
(CH,),-dimethylaniline has confirmed the existence of 
two ground-state conformers in the pathway of electron 
transfer.27s A weak and short-lived emission of its ex- 
ciplex has been observed in acetonitrile. The formation 
of this exciplex is rapid (less than 2 ps) but does not 
match the decay of the excited anthracene molecule 
(measured to be 7 ps). It is possible that two pathways 
of electron transfer are taking place. The first is elec- 
tron transfer between the donor and acceptor in an 
extended conformation resulting in the direct formation 
of a radical ion pair; the second is electron transfer in 
the folded conformation favoring exciplex formation: 

I ,  
EXCIPLEX ( 6 3 )  

In nonpolar solvents, intramolecular exciplex forma- 
tion is, as a rule, relatively slow, as shown in the above 

The relatively slow chain motions and 
internal rotations are rate-determining in formation of 
the head-to-tail exciplex from the extended conforma- 
tion. Once the exciplex is formed, however, it is long- 
lived because dissociation into radical ions is endo- 
thermic under nonpolar solvent conditions. 

The variation in chain length has been systematically 
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studied by picosecond spectroscopic techniques for 
1-pyrenyl- and 9-anthracyl-(CH2),-dimethylaniline 
pairs in a variety of solvents.6v2@’s281 The fluorescence 
of intermediate exciplexes can be observed in polar and 
nonpolar solvents for n = 1-3. The pair separated by 
three methylene units displays dynamic behavior in 
several solvent systems. The rise time of the transient 
absorption spectrum of the exciplex and its fluorescence 
decay take place in the nanosecond domain in nonpolar 
solvents, such as hexane. In acetonitrile, however, ex- 
ciplex formation is complete within a few picoseconds. 
In a solvent of intermediate polarity and relatively high 
viscosity such as 2-propanol, two time-dependent 
transient absorption spectra are detected. The first 
appears within 350 ps and is replaced by the slow (1 ns) 
appearance of another absorption spectrum. A possible 
reaction scheme to explain these observations is shown 
below:2s1 

‘ r  
( 6 6 )  

D? 
w--./-\ -- 

D CH3CN [iMd *- 

These observations stress the critical role of dynamic 
conformational motion in nonpolar solvents. In con- 
trast, electron transfer in polar solvents usually occurs 
faster than dynamic conformational motions in these 
solvents. 

Intersystems crossing in intramolecular systems is 
closely tied in with the dynamic behavior of radical ions 
and exciplexes. For example, triplet pyrene has been 
detected by its time-resolved absorption spectrum 
following the laser flash photolysis of l-pyrenyl- 
(CH2),-amine pairs.282 Its appearance can be explained 
by a triplet recombination pathway: 

kT ‘(A*-D) - ‘(A-n-D’.) + 3(A*-D) (67) 

A = Py 

ItT is the rate of intersystem crossing within the initially 
formed singlet exciplex to generate triplet pyrene. Of 
particular interest are the effects of structure and sol- 
vent polarity on ItT: 

n 

I 

I 

2 
3 
I 

- RI 

CH3 
H 

H 

H 

H3 

R 2  

CH3 

- 

‘gH5 
‘6 H5 

‘6% 
‘gH5 

kT (S- 1 

8 x 108 

< 3 x  IO8 
4.3 x I O 8  

8 
8 

2.7 x 10 
< 4 x  I O  

For n = 1, it has been proposed that the a-orbitals of 
pyrene and the lone pair electrons of the amines are 
aligned in a mutually perpendicular orientation, and 
this allows for effective spin-orbital coupling and results 
in larger kT values.2s2 The sandwiched structure, which 
is a likely intermediate for n = 3, is probably not as 
effective in inducing intersystems crossing, as can be 
deduced by its lower ItT. The change in orbital angular 
momentum necessary for a spin-flip is not present when 
the orbitals are aligned in a parallel direction. ItT is also 
larger in nonpolar solvents-a result explained by the 
possible intermedicay of structurally “compact” exci- 
plexes. Polar solvents may favor more “loosely held” 
structures in which the orbital interactions required for 
intersystems crossing are weaker. 

b. Porphyrin-Quinone Systems: The Effects of 
Distance and Orientation. The detection of 
charge-transfer intermediates following the excitation 
of porphyrin-quinone intramolecular pairs is possible 
in systems where the chain or spacer molecule holding 
the porphyrin and quinone retards reversible electron 
transfer.283 An example is the quenching of tetra- 
phenylporphyrin linked to a quinone by a peptide 
chain:284 

It has been shown that upon excitation, porphyrin 
fluorescence is quenched efficiently. Direct evidence 
for electron transfer has been obtained for intramo- 
lecular p~rphyrin-(CH~)~-quinone, where the ESR 
spectra of the radical ion products have been record- 
ed:285 

0 
I1 II 

T e t r a - p - t o I y I p o r p h y r i n - C- 0 - ( C H2) ; 0 - C- C H 

0 

n =  2 ,3 ,4  

ESR and fluorescence spectroscopic have helped to 
establish the critical role of the geometry of the flexible 
chain in porphyrin-quinone s y s t e m ~ . ~ W  For example, 
time-resolved fluorescence studies have confirmed that 
electron transfer is most rapid for n = 3 (Itet exceeds lo8 
s-l). For n = 3, it is likely that electron transfer pro- 
ceeds via the intermediacy of a folded structure. Sim- 
ilar studies have been carried out on other intramo- 
lecular porphyrin-quinone pairs.288,289 

Picosecond transient absorption and fluorescence 
decay studies on porphyrin-(CH2),-benzoquinone 
systems have given evidence of a clearcut decrease in 
ket with increase in chain length (ket > 10” s-l, Itet - 
1O’O s-l, It,, - lo9 s-l for n = 2, 4, 6, respectively).290 
This result is as predicted from the exponential de- 
pendence of the rate of electron transfer on distance, 
since extended conformations are more probable for n 
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> 3. However, the rate is only slightly sensitive to 
solvent polarity. This result is in sharp contrast to the 
solvent effects noted in aromatic hydrocarbon-amine 
pairs, where solvent polarity has a large effect on kev 

Studies on porphyrin-quinone systems held together 
by rigid spacer molecules have raised some interesting 
questions. In these examples, conformational motions 
which invariably introduce complexities are absent. In 
rigid systems, it is possible to define a static confor- 
mation and separation distance and thereby determine 
the effect of distance and structure on the rate of 
electron transfer without the complexities of dynamic 
motion found in flexible systems. An absorption 
spectrum of a charge-transfer state has been obtained 
following laser flash photolysis of a porphyrin linked 
to a quinone at a center-to-center distance of about 10 
A.2e' Both singlet and triplet porphyrins are capable 
of electron donation over this distance. 

Transient absorption spectra have also been mea- 
sured for the quenching of zinc tetraphenylporphyrin 
linked rigidly to various quinones by a triptycentyl 
structure:292 

A 

The charge-transfer products are formed in rather 
high yield following the efficient quenching of the 
porphyrin fluorescence. This interesting result suggests 
that stacked, sandwiched geometries between the por- 
phyrin and quinone are not a requirement for efficient 
electron transfer. 

The effect of distance has been probed in porphy- 
rin-quinone pairs separated by rigid bicyclooctane 
spacer molecules.293 The rates of electron transfer, 
measured from the porphyrin fluorescence lifetimes, 
clearly decrease with separation distance, again con- 
firming the critical role of distance: 

Studies of the effect of distance on electron transfer 
have not been limited to porphyrin-quinone pairs. For 
example, rapid electron transfer (k, > loll s-'), accounta 
for the quenching of methoxybenzene fluorescence in 
the following rigid molecule:294 

,CN 

c H30 

In the this molecule, the center-to-center distance is 
estimated as 7.5 A. 

As has already been mentioned in another context 
(section II.C.9), long-range electron transfer has been 
measured for donor-acceptor groups separated by about 
10 A in rigid  steroid^.^^*^^ This result illustrates that 
electron transfer is possible (12, = 106-109 8) over long 
distances and does not require the intermediacy of a 
collision complex. It has recently been suggested that 
rapid, long-range electron transfer in intramolecular 
systems may be due to favorable solvent reorganization 
factors.296 

It is interesting to note that triplet-triplet energy 
transfer can proceed at  much slower rates in intramo- 
lecular systems. For example, the rate of energy 
transfer from the lowest triplet states of benzophenone 
or carbazole to naphthalene in rigid intramolecular 
systems is 25 and 0.04 s-', r e s p e ~ t i v e l y ! ~ ~ ~ ~ ~  The dra- 
matically significant difference between rates of electron 
and energy transfer in these systems may reflect dif- 
ferent structural and orientational requirements be- 
tween the two pathways. In energy transfer by electron 
exchange, unusual electronic or nuclear factors may also 
account for the slow rates. 

If electron transfer can occur between widely sepa- 
rated molecules, what is the nature of the mechanism? 
Is the transfer of an electron between widely separated 
groups a result of a through-space or through-bond in- 
teraction? A through-space pathway is clearly a pre- 
ferred mechanism in flexible systems where some or- 
bital overlap is allowed (exciplex pathway). But if 
overlap is not possible because of structural restrictions, 
then electron transfer via through-bond coupling of the 
donor-acceptor orbitals with the a-orbitals of the in- 
tervening spacer is a possible pathway. Through-bond 
coupling between donor and acceptors separated by as 
many as five bonds has been deduced by the appear- 
ance of intramolecular charge-transfer absorption and 
emission.299 

Although evidence to establish the role of through- 
bond coupling in long-range electron transfer at this 
state is difficult to obtain,300 it does serve as an at- 
tractive explanation. This mechanism may help to 
explain why electron transfer takes place so rapidly 
between widely separated molecules. Through-bond 
coupling in photochemical systems is analogous to the 
"inner-sphere" electron- transfer pathway proposed by 
Taube (section II.C.11). It is possible that the sym- 
metry of the orbitals in the donor and acceptor as well 
as the spacer should play an important role.301 Clearly, 
more investigations are necessary to understand the 
complexities introduced by long-range interactions. 

c. Electron Transfer in Intramolecular Ke- 
tone-Amine Systems. The requirement for maximum 
orbital overlap between the nitrogen n-orbital and the 
excited carbonyl group in intramolecular ketoneamine 
systems is apparently important for efficient electron 
transfer in these systems. For this reason, the rates of 
electron transfer normally proceed more slowly than 
intermolecular reactions.240 Studies on the effect of 
chain length in flexible systems of carbonyl groups and 
electron donors illustrate this point. Quenching of 
ketone triplet states is efficient only for larger chains 
which allow for more effective overlap of donor-accep- 
tor orbitals. Intramolecular electron-transfer quenching 
of amino ketones separated by only one carbon group 
is least efficient. 

In the intramolecular quenching of excited ketones 
by alkenes, electron transfer is preceeded by a 
ground-state conformational change which brings the 
a-orbitals of the double bond into effective overlap with 
the half-vacant orbital of the excited ketone:302B03 

CH2=CH 
0 \ 
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Phosphorescence quenching of the triplet ketone takes 
place only if n = 8, which follows from the fairly strict 
conformational requirements for these systems. 

That geometry plays an important role is also con- 
firmed by studies which have demonstrated clearcut 
differences in electron transfer reactivity of n,?r* and 
a,?r* states. For example, the n,?r* states of p-acyl- 
benzoate esters react slowly compared with r ,x*  
states:303 

:N 
0 1'R 

R R 

3 n . r  

0 0 

The stereoelectronic configuration of each state plays 
a special role in this example. In the case of ?r,?r* states, 
electron transfer takes place between the amine and 
aromatic orbitals with greatest overlap. 

The quenching of ketone triplet states by phenyl 
groups in the position also depends on the electron 
~onf igura t ion .~~ In P-phenylpropiophenone, the triplet 
lifetime is 0.89 ns in benzene, compared to a triplet 
lifetime of 50 ns of P-phenyl-4'-methoxypropiophenone 
in the same solvent. The increase in electronic density 
of the latter's ?r,?r* state and the difficulty of forming 
a sandwiched structure between the orbitals of benzene 
and the carbonyl group may account for these differ- 
ences. The half-filled n orbital of the lowest n,n* state 
of P-phenylpropiophenone is more electron deficient 
and can adopt a perpendicular arrangement with re- 
spect to the phenyl ring:365 

3",7T* 

C H30 C H30 

3*.** 

Picosecond laser-induced formation of charge-transfer 
intermediates of intramolecular benzophenone- 
(CHJ.-dimethylaniline have been observed in polar 
solvents at low  temperature^.^^^^^^ In these systems, 
broad and structureless emission from both singlet and 
triplet exciplexes has been observed. Singlet exciplex 
formation is a likely possibility when the molecule is 
in a folded conformation and accounts for the appear- 
ance of a short-lived fluorescence. Phosphorescence of 

benzophenone and phosphorescence of a new charge- 
transfer complex (triplet exciplex) are observed. These 
results can be explained by invoking dynamic confor- 
mational motions. For example, following direct exci- 
tation of the "extended" molecule to give singlet ben- 
zophenone, intersystem crossing its triplet state com- 
petes with folding into a singlet exciplex. The triplet 
state can undergo phosphorescence or, at slightly higher 
temperatures, fold to give a triplet exciplex. These 
results are summarized below for a pair separated by 
three methylene groups: 

O* R b"" \ \ \ 

R 
R-N( 3 

' r  

R-N, /R  t 

( 7 2 )  

7eX > I O 0  n s  

l *  

1 I 
7 e x -  I O  n s  

d. Intramolecular Electron Transfer between 
Bridged Metals. Photoinduced intramolecular elec- 
tron transfer between metals coupled by ligands with 
?r-delocalized electronic structures is well document- 
ed.308t309 Excitation of mixed valence and strongly 
coupled molecules leads to so-called inner-sphere 
"optical charge-transfer  transition^":^^^*^^^ 

( 7 4 )  

If the bridging ligand is a alkane, long-range electron 
transfer is to be observed. Picosecond laser photolysis 
of Cu(1) bridged to Co(II1) by an aminoalkane chain 
leads to a metal-to-ligand charge transfer state [Cu- 
(d)-olefin (7r*)], from which electron transfer occurs in 
less than 10 ns.312 
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The efficiency of electron transfer decreases with in- 
creasing chain length and approaches zero for n > 5. 
Extension of the chains to five methylene units results 
in electron transfer across a distance of 9.7 A, which, 
on the scale of these experiments, appears to be the 
greatest distance where electron transfer. 

Electron transfer between binuclear metal ions linked 
by bicyclic rigid ligands where the intermetal distance 
is defined have also been studied.312 In the examples 
shown below, the quantum yield of electron transfer 
from Cu+ to the ligand is greater for the endo isomer 
(4 = 1.0) than for the exo structure (4 = 0.6). The endo 
isomer can exist as two conformations, and electron 
transfer may be enhanced because of shorter donor- 
acceptor separation distances in these structures: 

- ex o e&o e* 

c o  

d = 7 1 - ? 9 i  d = 4 i  d = 8 %  

e. Electron Hopping in Intramolecular Systems. 
Electron transfer in intramolecular systems where the 
excited chromophore is consecutively attached to two 
or more donor or acceptor moieties raises the interesting 
possibility of “electron hopping” (Scheme V). In the 
electron-hopping mechanism, an electron proceeds from 
the donor to an acceptor via a series of consecutive 
“hops” to various acceptor groups. This mechanism 
plays a crucial role in the primary stages of photosyn- 
thesis where consecutive electron transfer takes place. 

Electron hopping in interfunctional organic molecules 
is well documented.313 For example, studies employing 
emission spectroscopy have suggested the possibility of 
electron hopping in aromatic hydrocarbon-diamine 
molecules:22 

L i 

A r =  n a o h r h a l e n e  

Intermolecular exciplexes have also been invoked to 
explain the fluorescence data of the following species:314 

i 

IONS 

i 
I O N S  

A n  = a n t h r a c e n e  

In polar solvents, the fluorescence emission from the 
exciplex decreases significantly due to the formation of 
radical ions (note both that a “binary” and “ternary” 
exciplex are proposed in this example). 

Charge-transfer emission following two successive 
electron transfers has been observed in the following 
system:315i316 

A particularly interesting facet of this example is that 
quenching of naphthalene fluorescence takes place even 
upon selective protonation of the central nitrogen atom. 
This observation may be the result of a “switching” 
from an electron-hopping mechanism to long-range 
electron transfer: 

b 
A 

Picosecond spectroscopic studies have confirmed 
electron hopping in interfunctional molecular porphy- 
rin-quinone  system^:^^,^^^ 

0 0 

Successive electron transfer has been observed in a 
centrally located porphyrin attached to a quinone and 
carotenoid:317 
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TABLE XX. Thermodynamic and Kinetic Parameters of Reactions between Electron-Deficient Sensitizers and 
Electron-Rich Olefins" 

reaction AG, kcal/ molb k,, M - ' d  ref 
'CN* + 1,l-DPE CN-. + l,l-DPE+. -8.8 1.3 X 10'O 139 
'CN* + 1,l-DPE - CN + ' l,l-DPE* 
'CN* + indene - CN-. + indene+. -15.5 1.1 x 10'0 325 
'CN* + indene - CN + 'indene* 
'TPBF, + indene - T P B F P  + indene+. -29.5 - 109-1010 322 
'TPBF, + indene - TPBFl + 'indene* 
%N* + indene - CN-. + indene+- 
3CN + indene - CN + %ndene* 

>-8 

>-3 

>27.0 
16.6 
2.5 

a In CH&N or aaueous solvents. AG for electron transfer calculated from ea 17. 

The initial step is electron transfer between the por- 
phyrin and quinone, followed by a second electron 
transfer between the carotenoid and the porphyrin: 

hu Q-P-C - Q-P*-C + Q-. -p+. -C -P 

Q-. -P--C+* (80) 

A transient absorption of the carotenoid cation is ob- 
served within 100 ps after excitation of the porphyrin. 

C. Reactlons Photosensitized by Electron 
Transfer 

We now turn to photosensitized electron-transfer 
reactions. The objective here will be to cite selective 
examples involving organic substrates where the ex- 
perimental evidence strongly supports the nature of the 
electron-transfer mechanism. We shall not attempt to 
include an exhaustive compilation of the considerably 
large number of examples which have appeared in the 
literature since the early 1970s. For comprehensive 
discussions of the diversified chemistry of photosensi- 
tized electron transfer, the interested reader is referred 
to several excellent review~.l99~~ 

1. Reactions of Alkenes 

The most clearcut examples of electron-transfer 
photosensitizations are those reactions involving elec- 
tron-deficient sensitizers and electron-rich olefins 
(Table XX). The radical cations generated from these 
reactions have been shown to undergo polymerizations, 
dimerizations, cross-cycloadditions, nucleophilic sub- 
stitutions, and isomerizations.23~25J41~318-328 The key to 
the synthetic utility of these reactions lies, for the most 
part, in the favorable thermodynamics of the primary 
electron-transfer step. From an inspection of the energy 
and kinetic parameters in Table XX, it is immediately 
evident that electron transfer in these systems is 
thermodynamically and kinetically favorable. These 
reactions proceed generally at diffusion-controlled rates. 
Energy transfer is rarely a competitive process, given 

the high-lying singlet and triplet states of alkenes. 
Additional evidence that the primary step involves 
charge-transfer is given by k, vs. AG plots and product 
and solvent studies.25 The radical cations formed by 
quenching are usually quite reactive and undergo sec- 
ondary electron-transfer reactions, including the for- 
mation of stable products. Thus, photolysis of aceto- 
nitrile solutions of indene derivatives in the presence 
of deficient sensitizers gives good yields of eno-head- 
to-head dimers:322~323 

CH3 CH3 

L J 

The formation of exo-head-to-head dimers is compatible 
with the intermediacy of the radical cation of indene. 
Ring closure to the exo dimer is sterically favored: 

a+QQ- \ 

R R  R R  

I ( 8 3 )  

ex0 - h e  0 d - t 0 -  he 0 d 
d I mer 

Further proof supporting the role of electron transfer 
is given by the observation that the dimerization of 
1,l-dimethylindene can be effectively suppressed in the 
presence of quenchers with low oxidation potentials.323 

Mixed addition products have been reported in the 
photolysis of solutions containing sensitizer, indene, and 
olefins with high oxidation potentials. For example, in 
the presence of phenyl vinyl ether or furan, [2 + 21 
cycloaddition products are formed as well as small 
amounts of h o m o d i m e r ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
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O P h  O P h  

CN 

Several pathways must be considered to explain the 
products. The major pathway apparently involves 
electron abstraction from the olefin with the lower ox- 
idation potential: 

Q+ - Dimers  

1 3 0  
R 

q2R M a j o r  P a t h w a y  

J I f o s t  

P h O  

P a l h w a v  

“Anti-Markovnikov” addition products have been re- 
ported for the photosensitized reactions of 1,l-di- 
phenylethylene in the presence of nucleophiles such as 
alcohols or cyanide:139J40i326,327 

I 5; 
2 H m a r  

t N  

f+ CH2 O R  

( 8 9 )  

In acetonitrile, the dimerization of 1,l-diphenyl- 
ethylene has been reported to be photosensitized by 
methyl p-cyanobenz~ate .~~~ Minor amounts of an ox- 
etane are also formed by cycloaddition between the 
sensitizer and the olefin: 

hU, S --p- CN-Ph 

CH3CN 
- _ -  Ph 

H Ph Ph 

M a j o r  M i n o r  ( Y O )  

FOOCH 3 

CN 

Support for radical ion intermediates has been fur- 
nished by a successful attempt to observe the 1,l-di- 
phenylethylene cation by ESR in polar solvents. In a 
less polar solvent such as benzene, no dimeric products 
are observed; the oxetane is the major product: 

C O O C H 3  

I 

C N  

In benzene, it appears that the primary quenching re- 
action results ip the formation of a “tight” complex 
between the sensitizer and the olefin. Bond formation 
within the exciplex or contact ion pair to give the ox- 
etane is more favorable than separation into solvent- 
separated or free ions. In more polar solvents, the 
charge-transfer complex rapidly dissociates into ions, 
which subsequently take part in dimerization. 

The trapping of geminate ion pairs before subsequent 
dissociation has in fact been In acetonitrile, 
1,l-diphenylethylene quenches the excited singlet state 
of 2,6,9,1O-tetracyanoanthracene to give three addition 
products: 

hu, S 

CH3CN ., C’CH2 - 
Ph Ph 

( 9 2 )  

CN 

5 :  yJyJCN 
C N  

CN 

Formation of 1,1,2,2-tetraphenylcyclobutane is favored 
at high olefin concentrations, a result which implies that 
two distinct radical ion pairs are formed: 
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b I *  

IS* + Ph2C=CH2 [ S7 Ph2t&z] S7 + Ph2CCH2 

C o n t a c t  ion pair F r e e  i ons  

Ph2c=Cw 

' P h#Ph 
Ph Ph 
Minor 

Ph 9 h  

@ ' mp,' Ph P h G P h  Ph Ph Ph Ph 
Major - 

Minor 

Interception of the geminate cation by 1,l-diphenyl- 
ethylene (pathway a) is rapid (- 1O1O s-l). Reversible 
electron transfer between spin-correlated radical ions 
in close proximity is rapid and ultimately leads to the 
cyclobutane product. Pathway b, the dissociation of the 
geminate ions, is favored only at  low olefin concentra- 
tions. 

Although these experiments do not define precisely 
the structure of the geminate ion pair, they underscore 
the importance of separation distance in determining 
product distribution. Thus, reversible electron transfer 
is an important pathway when radical ions are sepa- 
rated by only a small distance, and this feature can have 
ramifications when planning synthetic schemes. Similar 
results have been reported for the photosensitized re- 
actions of phenyla~ety lene .~~~ 

Several examples of electron-transfer photosensiti- 
zations of olefins in the presence of cosensitizer have 
appeared in the literature. The photoinitiated dimer- 
ization of indene can take place in the presence of two 
sensitizers, phenanthrene and p-dicyanobenzene.14 
Phenanthrene is the light-absorbing sensitizer. Its 
singlet state is quenched by p-dicyanobenzene, an 
electron acceptor, resulting in the formation of radical 
ions. The evidence for radical ions has been furnished 
by laser spectroscopy. p-Dicyanobenzene functions as 
a cosensitizer: 

CN 

2. Bond Cleavages, Ring Openings, Eliminations, and 
Isomerizations 

Strained cyclic organic molecules are efficient 
quenchers of excited states. These reactions frequently 
involve electron transfer. For example, naphthalene 

fluorescence can be efficiently quenched by strained 
cyclic molecules.lW The inherent charge-transfer nature 
of the mechanism is confirmed by the excellent corre- 
lations between log I z ,  and the oxidation potentials of 
a series of saturated cyclic hydrocarbons. Photolysis 
of methanolic solutions of tricyclo[4.1.0.0] heptane and 
1-cyanonaphthalene leads to CH30H addition:lo8 

H 

h', p$ ( 9 7 )  

CHjOH, KOH OCH3 

s = I-Cyanonaphthalew 

The mechanism involves the formation of a radical ion 
pair, following primary electron-transfer quenching: 

( 9 8 )  

OCH3 

Nucleophilic attack on the radical-cation intermediate 
precedes electron donation from the l-cyano- 
naphthalene anion. Deuterium experiments demon- 
strate 100% incorporation of the methanolic hydroxyl 
proton. 
N,NJV'JV'-tetramethylbenzidine (NTMB) has been 

shown to be an effective sensitizer of ring-opening re- 
actions, bond cleavages, and cis-trans isomeriza- 
t i o n ~ . ~ ~ ~ ~  The excited singlet and triplet states of this 
sensitizer are electron donors and can be quenched at 
diffusion-controlled rate constants in the presence of 
electron acceptors. In the presence of NTMB, photo- 
lysis of solutions containing aryl pinacol carbonates 
leads to decomposition of the substrates:330 

S 8 N,N,N~N'-tetramethylb~~zi&~ 

Similarly, benzyl esters have been reported to undergo 
electron-transfer photosensitized  decomposition^:^^^ 

hu, S 
PhCHzCO2CHzPh 

PhCH2CH2Ph + PhCH2COOH (100) 
minor major 

hu, S 
PhCHzC02CH2PhCH3-p C H ~ C N -  

p-CHsPhCHzPhCH3-p + PhCH2COOH 
minor major 

hu, S 
P - C H ~ P ~ C O ~ C H ~ P ~  e 

PhCH2CHzPh + p-CH3PhCOOH 
minor major 

S = N,N,","-tetramethylbenzidine 

101) 

102) 
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I: 
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1,3 s * + 
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OJ'O 

P w P h  

Photolysis of acetonitrile solutions of NTMB and di- 
benzylsulfone leads to SO2 extrusion:332 

( 1 , )  

S - Y N N N - tetramethylbenzidine 

Another example is the sensitized cis-trans isomeriza- 
tion of stilbene oxides:33' 

( 1 0 5 )  0 
I1 

S? o'c-o- Fi phg: h Ph - 
( 1 0 5 )  0 

I1 
S? o'c-o- Fi phg: h Ph - 

0 i 
II 

G'c'G 
+ Ph2C=CPh2 * Ph2CH0 ' P A P ,  

P h w P h  Ph Ph 
Ph Ph 

In the reactions of benzyl esters, bond cleavage can 
result from the radical anions of the esters and their 
neutral radicals formed by reversible electron transfer 
within the solvent cage: 

0.  
I ( 1 0 9 )  

31 
?- 

AC=O * CH31"Ar - CH NAr + ArC=O 
I 

Similarly, the extrusion of SO2 from dibenzyl sulfone 
is proposed to follow formation of a charge-transfer 
complex: 
[NTMB6+*-DBS6-] - 

NTMB + PhCHy + S02CH2Ph (111) 

(112) 

2PhCHz - PhCH2CH2Ph (113) 

DBS = dibenzyl sulfone 

Several experimental lines of evidence argue for 
charge-transfer complexes rather than free ions: (1) the 
sensitivity of transient NTMB'. yield to changes in 
solvent polarity; (2) the observed inefficiency of bond 
cleavage. Presumably, reversible electron transfer 
within the charge-transfer complex competes effectively 
with bond cleavage. The quenching of triplet NTMB 
leads to more efficient bond cleavage, as would be 
predicted for the generation of triplet radical ion in- 
termediates. 

Sensitized bond cleavage reactions of 1,2-diaryl- 
ethanes and arylpinacols have recently been reported.333 
For example, in the presence of 02, substituted bi- 
benzyls quench the fluorescence of singlet 1,4-di- 
cyanonaphthalene at diffusion-controlled rates to give 
aldehydic products: 

PhCH2S02 - PhCHz + SOz 

C H 3 0 e C H 2 C H a O C H 3  h V ,  S L 

CH3CN, O2 

S = l,4-D1cyanonaphthalene 

The mechanism is thought to involve bond cleavage of 
the radical cation of the substrate, followed by reaction 
of oxygen with one of the radical fragments: 

1 S' t 

Time-resolved laser spectroscopy has provided evidence 
of the transient radical anion of 1,4-dicyano- 
naphthalene, thus confirming the electron-transfer 
pathway. 

Pinacol derivatives also undergo bond cleavage in the 
presence of singlet 1,4-di~yanonaphthalene:~~~ 
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The efficiency of the above reaction is enhanced in the 
presence of O2 because of formation of O p  by electron 
transfer (section IV.C.4): 

OH OH? 
‘S* I I  

OH OH 
I I  

PhzC-CPh2 - Ph2C-CPh2 - ( 1 1 7 )  

Solvents L J 

i 

OH OH 
/I I 

PhCPh + PhCPh 

S ’  o *  - s 

The photosensitized [4 

II ( 1 1 8 )  
P 

2PhCPh 

( 1 1 9 )  0 ;  

+ 41 cycloreversion of the 
anthracene dimer has also been demonstrated to pro- 
ceed via electron transfer:334 

0 

Singlet and triplet energy transfer is excluded because 
both processes are endothermic. The observation of 
CIDNP signals from the dimer and the anthracene 
product has been analyzed in terms of formation of 
radical cation dimers followed by bond cleavage. 

3. Valence Isomerizations 

The rearrangement of norbornadiene to the more 
energy-rich quadricylane and the reverse reaction can 
take place on photolysis in polar solvents in the pres- 
ence of electron-deficient 

S= electron-deficient sensitizer 

Under these conditions, the rearrangement is marked 
by distinctive features which suggest that radical cations 
of the substrates are the key intermediates. Electron 
transfer from either valence isomer to the excited states 
of electron-deficient sensitizers is supported by ther- 
modynamic considerations. For example, in the pres- 
ence of triplet choranil or singlet l-cyanonaphthalene, 
electron transfer is exothermic (Table XXI).335t336 
Norbornadiene and quadricyclane both quench the 
fluorescence of l-cyanonaphthalene and undergo isom- 
erization. The isomerization of quadricyclane is more 
efficient. Triplet chloranil can also induce the isom- 
erization of quadricyclene. 

In the presence of both singlet and triplet sensitizers, 
the ring-opening of quadricyclane displays a significant 
solvent dependence.337 For example, the efficiency of 
ring-opening on sensitization by singlet l-cyano- 
naphthalene is reduced dramatically with increasing 
polarity of the solvent. This observation suggests that 
reversible electron transfer is an important pathway in 
polar solvents and substantially diminishes the yield of 
i s ~ m e r i z a t i o n : ~ ~ ~  

IS* * & - (5: + - s i j?J 
Nonpo la r  

J S o l v e n t s  

Flash photolysis studies also support the importance 
of reversible electron transfer in these reactions. For 
example, transient radical ions generated by singlet 
sensitizers are not normally observed in polar solvents 
such as acetonitrile. However, sensitization with triplet 
chloranil results in transient chloranil radical anions 
which can be detected by flash spectroscopy. As 
pointed out Section ILD, “in-cage” triplet radical ion 
pairs tend to diffuse apart more readily than singlet 
ions. 

Valence isomerizations are striking examples of the 
power of CIDNP to sort out the dynamics of electron 
transfer. The results of photo-CIDNP experiments are 
compatible with competition between reversible elec- 
tron transfer and intersystems crossing, which occur 
within a solvent cage, and separation from the solvent 
cage. The latter process is accompanied by slow nuclear 
spin relaxation, which reduces polarization signals. 

The polarization patterns detected in valence isom- 
erizations reflect hyperfme-induced intersystem crossing 
between singlet and triplet radical ion pairs (Figures 
17 and 18). There are several interesting conclusions 
to be drawn from these patterns. First, the CIDNP 
spectra suggest that two types of radical ion interme- 
diates are involved. For example, in the presence of 
triplet chloranil, norbornadiene does not isomerize to 
quadricylane, yet its NMR shows enhanced absorption 
and weak emission. This observation suggests a barrier 
to isomerization for the norbornadiene radical cation. 
Reversible electron transfer to its polarized ground state 
is an important pathway. In contrast, the chloranil- 
sensitized isomerization of quadricylane is more effi- 
cient and leads to polarization of both isomers. I t  has 
been postulated that these observations reflect different 
reactivity patterns for the radical cations derived from 
either isomer (Figure 19).336 The radical cation of 
quadricylane is more reactive, and its isomerization 
proceeds downhill on the energy surface. Photoelectron 
spectra and MIND0/3 calculations support the exist- 
ence of two structurally distinct radical cations.336 

Another important point is the demonstration of 
triplet recombination when high-energy sensitizers are 
employed. In section ILD, the possibility of populating 
low-lying triplet states by triplet recombination was 
discussed (Figure 14). Triplet recombination in the 
l-cyanonaphthalene-sensitized isomerization of nor- 
bornadiene and quadricylane is confirmed by photo- 
CIDNP patterns. In particular, the triplet states of the 
isomers, which can be generated by triplet recombina- 
tion, proceed preferentially to quadricylane. This 
conclusion is supported by the observation that the 
isomerization can be sensitized by triplet sensitizers (via 
energy transfer) on an energy surface whose topology 
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TABLE XXI. Thermodynamic Parameters and Quantum Efficiencies of Selected Valence Isomerizations" 

r 

ET, ET, AG, 
sensitizer kcal/mol valence isomer kcal/mol kcal/molb 4; ref 

'l-cyanonaphthalene* 57.4 norbornadiene - 70 -8.3 -0.01 335 
'I-cyanonaphthalene* 57.4 quadricylane - 80 -22.8 -0.1 337 

3chloranil* 62.3 quadricylane - 80 -41.7 -0.6 335 
*phenanthrene* 62.0 dimethylbicyclo[2.2.l]hepta-2,5-diene-2,3-dicarboxylate 50 -7.8 -0.2 341 
'pyrene* 48.0 dimethylbicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 53 -10.8 <0.005 341 

%hloranil* 62.3 norbornadiene - 70 -27.2 0.00 336 

"In CD3CN. bAG for electron transfer calculated from eq 17. CIsomerization quantum yield. 

CD,CN 

3 7 5 -  E 

3 
5 0 -  >: 

(3 e 
W 6 2 5 -  

0 -  
N T /  
7 

3CA* * N - 
0 - 

Figure 17. Energetics of the rearrangement of norbornadiene 
(N) sensitized by l-cyanonaphthalene (CN) and chloranil (CA). 
Superscript "daggers" represent polarization. 

& = &  CD3CN 

N 1 - 0 

loo r 

Figure 18. Energetics of the rearrangement of quadricyclane (Q) 
sensitized by l-cyanonaphthalene (CN) and chloranil (CA). 
Superscript 'daggers" represent polarization. 
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F i g u r e  19. Comparison of the energy surfaces of the nor- 
bornadiene-quadricyclane valence insomerization. The reaction 
may proceed via diradicaloid intermediates (as in energy transfer) 
or via radical cation intermediates (as in electron transfer). In 
this example, the radical cations are presumed to be generated 
by sensitization with chloranil. 

clearly favors formation of quadricylane (Figure 19).339 
(The triplet-sensitized isomerization proceeds by di- 
radicaloid intermediates.) This example is a vivid 
demonstration of the different reactivity patterns for 
reactions sensitized by electron and energy transfer. 

The involvement of ionic and excited-state interme- 
diates in the l-cyanonaphthalene-sensitized isomeriza- 
tion of quadricyclane is fully consistent with the notable 
lack of polarization in quadricylane. Because quadri- 
cylane can be regenerated by reversible electron transfer 
from singlet radical ion pairs or by decay from its triplet 
state, the opposite polarization of signals resulting from 
singlet and triplet intermediates might tend to more or 
less cancel each other.336 

A particularly noteworthy aspect of these studies is 
the remarkable similarity of triplet recombination to 
energy transfer by electron exchange. We already raised 
the possibility that triplet recombination is actually a 
stepwise electron exchange (section 1I.D). The 1- 
cyanonaphthalene-sensitized isomerization of either 
valence isomer is an example of spin-forbidden sin- 
glet-triplet energy transfer, although the details clearly 
involve consecutive electron transfer. 

Triplet recombination has also been postulated to 
explain the CIDNP patterns observed in the sensitized 
isomerization of dimethylbicyclo[2.2.1]hepta-2,5-di- 
ene-2,3-dicarboxylate (Figure 20).m342 This molecule 
is a potent electron acceptor which in polar solvents 
quenches the fluorescence of the singlet states of aro- 
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Figure 20. Energetics of the rearrangement of dimethyl bicy- 
clo[2.2.1] hepta-2,5-diene-2,3-dicarboxylate sensitized by phen- 
anthrene (Ph) and pyrene (Py). R = C02CH3. Superscript 
“daggers” represent polarization. 

matic electrondonors a t  diffusion-controlled rates. 
Under these conditions, this substrate undergoes isom- 
erization: 

A novel feature of this reaction is the variation in 
isomerization yield with triplet enegy of the sensitizer 
(Table XXI). Thus, triphenylene and phenanthrene are 
more effective as sensitizers. With phenanthrene, 
strong photo-CIDNP signals are observed, and the 
phenanthrene radical cation can be readily detected by 
flash photolysis. Weak CIDNP signals are observed for 
pyrene. These results are consistent with triplet re- 
combination pathways (Figure 20). Singlet sensitizers 
with triplet energies in excess of 53 kcal/mol, e.g., 
phenanthrene, generate geminate singlet radical ion 
pairs in the primary step, followed by spin inversion to 
triplet pairs and triplet recombination. The observed 
polarization of the quadricyclane product is explicable 
in terms of a rearrangement involving the triplet state 
of the acceptor because of the relative high barrier to 
isomerization noted for olefinic radical anions. The low 
efficiency of the pyrene-sensitized isomerization has 
been attributed to population of the low-lying triplet 
state of pyrene which “short-circuits” the pathway for 
isomerization. 

Examplea of sensitized valence isomerizations of other 
organic ring systems have been recorded. A particularly 
interesting reaction is the isomerization of hexamethyl 
(Dewar) benzene in the presence of singlet sensitiz- 
e r ~ : ~ ~ , ~  

S =  Naphthalene 

The isomerization proceeds by chain propagation be- 
cause of the very high quantum yield of product for- 
mation measured for this reaction: 

( 1 2 6 )  

4. photooxygenations 

Photooxygenations have long been considered to 
proceed via energy-transfer quenching, involving sen- 
sitization of oxygen by the sensitizer triplet to form 
excited singlet oxygen-the reactive intermediate 
(section 1V.B.l.e). This mechanism was established in 
the 1960s and has explained the majority of photo- 
oxygenations which were known at  that time. However, 
several reactions could not be explained by this mech- 
anism. Recent studies clearly support an electron 
transfer in such cases.124*345-353 

A typical example involves the oxygenation of elec- 
tron-rich olefins conjugated to aromatic moities, with 
electron-deficient sensitizers (e.g., 9,lO-dicyano- 
a n t h r a ~ e n e ) : l ~ ~ * ~  

Ph+=CPh2 - hY. S Ph2C=O + PhpC-CPhz /O\ 
CH3CN. O2 

( 1 2 9 )  

S ’  QpJJ / /  

t N  

This reaction occurs with a variety of olefins (e.g., 
stilbene  derivative^,'^^ indene,349 and l-diphenyl- 
ethylene,149*345 aromatic-substituted  acetylene^,^' and 
diphenyl 

Several aspects of these reactions are inconsistent 
with an energy-transfer pathway involving singlet oxy- 
gen. The reactions take place in polar solvents, not 
quenched by typical singlet oxygen quenchers, and do 
not take place in the presence of typical singlet oxygen 
sensitizers (rose bengal, methylene blue, 

The singlet-state of electron-deficient sensitizers are 
quenched at  diffusion-controlled rates in the presence 
of oxygen, thereby preventing an energy-transfer 
mechanism, since the latter must occur from the sen- 
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sitizer The rate constants for product 
formation are identical with the rate constants for 
fluorescence quenching. This result supports a reaction 
involving the sensitizer singlet. The mechanism which 
appears to be most consistent with these observations 
is shown below: 

lS* + Ph2C=CPh2 -+ S-* + Ph&-C+Ph2 (130) 

s-* + 0 2  - s + 02- .  (131) 

P r o d u c t s  

Ph2C--C+Ph2 + 02-- - Ph2bObPh2 (132) 

The excited state of the sensitizer is quenched by the 
substrate to produce the sensitizer anion radical and 
olefin cation radical. The reduced sensitizer donates 
an electron to ground-state oxygen to generate super- 
oxide (02--), which subsequently reacts with the olefin 
cation radical to form products. This mechanism 
parallels the reactions of electron-rich olefins which 
were examined in section IV.C.l. 

Support for this mechanism has been provided by 
most of the techniques described in Section I11.14g,3613" 
First, as already mentioned, these reactions occur only 
in polar solvents, thus supporting the formation of 
charged intermediates which subsequently separate and 
undergo reactions. Second, energetics, as determined 
from the Weller equation (eq 16), are consistent with 
electron transfer. The formation of 02-- is exothermic, 
as calculated from the redox potentials of the sensitizer 
and O2 (Table XI). Thus, AG for reaction 131 is cal- 
culated to be -0.7 kcal/mol. Third, these reactions can 
be quenched in the presence of donors of low oxidation 
potentials. Electron acceptors, e.g., benzoquinone, also 
quench these reactions by accepting an electron from 
the radical anion of the sensitizer or superoxide.354 

Various transient intermediates have been detected 
and identified, e.g., the radical anion of 1,4-dicyano- 
naphthalene by ESR124 and laser transient absorp- 
t i ~ n , ~ ~ ~  and the trans-stilbene cation radical by laser 
transient absorption.346 

Product studies support the proposed pathway. For 
example, solutions of dimethylindene irradiated in the 
presence of tetracyanoanthracene and oxygen were 
shown to give clean mixtures of  hydroperoxide^:^^^ 

( 1  i i ) 
CH3CN, O2 

R O H  

S = 2.6.9,lO- Tetracyanoanthrocene 

The steps involve formation of the dimethylindene 
radical cation, nucleophilic addition of an alcohol to the 
cation, addition of ground-state oxygen, reverse electron 
transfer from the sensitizer radical anion, and finally 
protonation to give products: 

With methylene blue (MB), a known singlet oxygen 
sensitizer, employed, a decidedly different mixture is 
obtained: 

The initial step in the singlet oxygen reaction requires 
addition of singlet oxygen to the olefin: 

" S i n g l e t  o x y g e n "  p r o d d c t s  

An electron-transfer mechanism has been proposed 
for the photooxygenation of trans-stilbene in the 
presence of d icyan~anthracene:~~~ 

1 1 4 0 1  

S = 9.10-Dicyonoonthrocene 

P h  
2 0 % 2 4 Y o  

Energy transfer is unlikely, since trans-cis isomerization 
does not occur in nitrogen-purged solutions. 

The 9,lO-dicyanoanthracene-sensitized photo- 
oxygenation of diphenyl-2-methoxyethylene has been 
shown to give an endoperoxide product and benzo- 
phen~ne:~" 

Ph C-C' - 'OCH3 CH3CN. O2 mocH3+ PhZCHO (lei) 

Ph 

S = 9.10- Dicyonoanthracene 

The endoperoxide is formed by 12 + 41 singlet oxygen 
addition. Benzophenone, however, can apparently be 
formed by both singlet oxygen and electron-transfer 
pathways. In the presence of trans-stilbene, the ratio 
of benzophenone increases substantially, presumably 
through a pathway involving oxidation of the elec- 
tron-rich olefin: 
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P h  
( 1 4 2 )  

Ph 
‘s* t 1-, - 

Ph Ph 

OCH3 

In this example, trans-stilbene functions as a cosensi- 
tizer. 

A similar example of cosensitization has been ob- 
served in the reaction of tetraphenylcy~lopropane:~~~-~~~ 

( 1 4 5 )  

Ph”Ph 

P h A P h  - hV , s ~ ~ ~ o % p ~ h  + 

P h  ph CH3CN. O2 0-0 

S = 9.10-D1cyanoanlhracene 

The hydroperoxide product is formed by a mechanism 
analogous to the cosensitization pathway in Scheme 11. 
The overall reaction, however, proceeds slowly. Pho- 
tolysis of solutions of rose bengal and tetraphenyl- 
cyclopropane does not result in product formation. 
Thus singlet oxygen is not involved. Addition of bi- 
phenyl, however, greatly enhances the rate of product 
formation: 

Although electron transfer from tetraphenylcyclo- 
propane to the biphenyl cation is thermodynamically 
unfavorable, the accompanying reactions, Le., ring- 
opening and addition of 02, provide the driving force. 
This example illustrates how a consensitizer can be of 
practical utility in enhancing product yield.353 

Although we have emphasized the formation of su- 
peroxide via sensitization with electron-deficient mol- 
ecules, mention should be made of alternate methods. 
In section IV.B.l, it was stated that sensitization by 
triplet porphyrins can result in O2 directly by electron 
donation to ground-state 02. O2 can also be generated 
by electron transfer from amine donor molecules to 
singlet oxygen, as deduced by steady-state and flash 
photolysis 

v. Prospects 

One objective in preparing this review was to present 
a fusion of several trends of thought and research 
currently pursued in the area of photosensitized elec- 

tron transfer. We have sought to emphasize the role 
of energetics, kinetic barriers, and solution dynamics. 
We hasten to add the caveat that, although many ex- 
perimental investigations continue to rely on simple 
thermodynamic arguments to substantiate the concept 
of electron transfer (as indeed they should!), it is clear 
that more attention must be paid to experimental 
techniques used to verify the electron-transfer pathway. 

As we have shown, a detailed characterization of 
electron-transfer processes involving excited states has 
yet to be formulated. Still, using examples from organic 
and inorganic photochemistry, we have attempted to 
show that the classical theory of Marcus provides a 
powerful formalism for examining the effects of struc- 
ture and environment. Much remains to improve on 
our understanding of the nuclear barriers involving 
organic substrates. Although many investigations are 
now emphasizing the importance of “solvent-assisted” 
photosensitized electron transfer, the role of bond 
length changes remains unclear. Work is now pro- 
ceeding to understand the structural differences be- 
tween various amine cations.356 We that predict these 
studies will be extended to photochemical studies. 

Temperature studies should be useful in sorting out 
nuclear and electron barriers, as was pointed out in a 
recent review.23 These investigations should also be 
useful in improving on our understanding of “entropy- 
driven” electron transfer, a subject which deserves 
further attention. In fact, an example of entropy-driven 
exciplex formation was recently reported.357 

Another area where we can predict continued inves- 
tigation will involve studies of systems where compe- 
titive electron and energy transfer take place. We have 
hinted at the conceptual similarities of electron transfer 
and energy transfer by electron exchange. Energetics 
are important, but in cases where both pathways are 
exothermic, we have suggested that kinetic barriers of 
both pathways can influence the quenching pathway. 
As more sensitive and sophisticated techniques for 
monitoring excited states and charge-transfer inter- 
mediates are exploited (e.g., time-resolved laser flash 
spectroscopy coupled with resonance Raman, electron- 
spin resonance, chemically induced nuclear polarization, 
chemically induced electron p0larization,3~~ etc.), we can 
expect to learn more about the nature of the complex 
intermediates and pathways in electron transfer and 
exchange. 

As we showed in section IV.B.3, and electron can 
travel over relatively large distances, exceeding 10 A in 
intramolecular systems. Studies of photoinduced 
electron transfer in these systems will undoubtedly 
continue. One of the remaining major questions in- 
volves the nature of nuclear and electronic barriers in 
intramolecular electron transfer. If nuclear organization 
is important, can the rate of electron transfer be made 
to slow down by “freezing” nuclear motion? Also, little 
is known about the effects of mutual orientation of the 
donor and acceptor on electronic coupling. Answers to 
these questions will be useful in unraveling the com- 
plexities of electron transfer in biological systems.23 
Future work will most certainly involve reactions in 
micelles and other microheterogeneous systems359s360 
and in novel intramolecular donor-acceptor pairs.361 
Already there is fluorishing activity on the effects of 
distance in membranes and proteins using photochem- 
ical means of generating excited states.362 Studies on 
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these systems will help to unravel the complexities of 
the effects of electrostatic control of electron transfer.@ 

The utilization of currently available techniques to 
support photochemical electron transfer was surveyed 
with attention to selected reactions. These examples 
are only suggestive of the enormous potential which 
photosensitized electron transfer will have in the hands 
of the organic chemist. The search for novel photo- 
sensitizers should greatly help in this effort.363 The 
application of these sensitizers to synthetic organic 
chemistry is another area of great potential.364 

In conclusion, we can predict that a sustained effort 
to study photosensitized electron transfer in novel and 
unconventional systems promises to help solve the 
complex issues raised in this article. 
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