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An electronically excited state 'D, obtained when a molecule D absorbs a photon of suitahle energy (eqn. (I)), is
Dthu-*D

(1)

virtually a new chemical species with its own chemical and
physical properties different from those of the corresponding
ground state molecule ( I ) . A distinctive feature of an electronically excited state is its potential to transfer energy to
another species
*D+A-D+*A

(2)

This simultaneous deactivation of the originally excited
molecule to its ground state and the promotion of the acceptor
molecule to an electronically excited state' is called electronic
enerev-transfer
or. more simolv, enerm transfer (2-5). What
.
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replacement by the emission or photochemistry characteristic
of *A. Energy transfer is a process of crucial importance in
photochemistry. It is a powerful tool for ohtaining information
ahout molecular excited states as well as a practical device for
solving concrete photochemical problems. It should also he
recalled that enerav
-.transfer is of the areatest importance in
photosynthesis, where many molecuies of chl&ophyll act
collectively as a light-harvesting unit (6).
Energy transfer may occur via radiative or nonradiative
mechanisms (2).Rad~alrueenergy transfer is often described

'

It should be noted that the acceptor can itself be in an electronically
excited state. In such a case, it can be promoted to an upper electronically excited state.
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as the "trivial" mechanism because of its conceptual simplicity. It consists of the emission of a quantum of light by the
donor excited state which is followed by absorption of the
emitted photon by the acceptor (eqns. (3) and (4)).
*D--Dthv'
h"'

+A

-

(3)

*A

(4)

Clearly, such an energy transfer can occur over any donoracceptor distance. Photochemical processes induced on the
Earth by sunlight are extreme examples of long-range radiative energy transfer. In this "trivial" mechanism, the acceptor
molecule has no way to influence the emission ability of the
donor, hut merely intercepts the emitted photon before the
latter can he observed. The "trivial" energy-transfer processes
can he readily explained in terms of the laws of optics and of
light absorption and emission and will not he discussed in this
article.
Nonradiatiue energy transfer occurs when there is some
interaction, described by a perturbation Hamiltonian HDA,
between *D and A. In such a case, the system ('D + A) is not
a stationary state of the total Hamiltonian (H.D + H A HDA).
If there is an isoenergetic system (D *A), in which the excitation now resides in the acceptor, then time-dependent
perturbation theory shows that the interaction HDAcauses
evolution of the system from (*D A) to (D *A) and vice
versa. If HDAis sufficiently small, the rate of energy transfer
will he smaller than the rate of vibrational relaxation. This is
generally the case for energy transfer between molecules in
solution or condensed phase. It follows (Fig. 1) that (1) *D will
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Figure 3. Schematic representation of the competition between unimolecular
and himolecular deactivation of an electronically excited molecule.
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hitals. The exchange interaction is by far the most important
energy transfer mechanism for transition metal complexes in
fluid solution. Thus, we will only deal with this phenomenon,
discussing first its fundamental principles and then illustrating examples and applications.

I

Kinetics of Bimolecular Processes Involving Excited States
Figure 1. Schematic representationof nonradiative energy transfer: ' v r " indicates vibrational relaxation.
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Stern-Volmer Kinetics

Exchange energy transfer is a himolecular process which
competes with the unimolecular decay pathways of the excited
donor molecule (Fig. 3). The so-called Stern-Volmer kinetics
(7) is the peculiar kinetic pattern arising from this competition, which accounts in particular for the quenching of the
excited donor by the acceptor. It should he noted that several
himolecular processes other than energy transfer can lead to
quenching of the excited donor. Among these, electron
transfer is a very common phenomenon in the photochemistry of coordination compounds (8,9). Other processes, such
as catalyzed deactivation and exciplex formation are much
less frequent or not observed a t all in this field.
If energy transfer is considered as the only quenching process, the competition for the excited donor is represented by
eqns. (5)-(8) which include radiative (eqn. (5)),nonradiative
(eqn. (6)),and reactive (eqn. (7)) paths for the unimolecular
deactivation of the excited donor
k?

*D + D + hv'

'A

(5)

Figure 2. Simplified orbital representation of nonradiative energy transfer by
Coulornbic and electron exchange interactions.

k;

*A andlor D are formed, as is usually the case, in an excited
vibrational level.
The perturbation HDAcontains the electrostatic (coulombic) interaction and the electron exchanxe interaction.
Figure 2 chmpares, in a simplified orbital representation, the
coulomhic and exchange energy transfer mechanisms. Energy
transfer by coulomhic interaction may he visualized as a
transmitter-antenna mechanism. The electron motions of
electron 1in :D cause perturbation of the electron motions
of electron 2 in A. If resonance occurs, energy transfer may
take place with excitation of electron 2 and relaxation of
electron 1. The interaction takes place via the electromagnetic
field, and no physical contact between the interactingpartners
is requited. It can he shown that the most important term of
the coulomhic interaction is the dipole-dipole term, which
obeys the same selection rules as the corresponding electric
dipole transitions (i.e., light emission and light absorption in
the separated partners). For coordination compounds, in most
oractical cases the transitions involved are soin- and. in several
cases, also symmetry-forbidden. Thus, for coordination
compounds, the coulomhic mechanism is seldom an important
one and it will no longer he discussed in this article.
The exchange interaction requires collision between the
partners because it involves orbital overlap, as is the case for
acy chemical reaction. It can be visualized (Fig. 2) as an exchange of two electrons which can only take place when there
is simultaneous and favorable overlap of the appropriate or-

*D + products

The lifetime of *D in the absence of A is given by
1
"7

k p + k:,

(9)

+ k;

In the presence of A, the lifetime of *D, T
(quenched) by an amount given by

~ is, shortened

Equation (10) is the Stern-Volmer equation for lifetime
quenching. Because of the lifetime quenching, all the unimolecular pathways of *D become less efficient in the presence
of A according to

where
and
are the quantum yields of any unimolecular
process of *D (eqns. (5)-(7)) in the absence and in the presence
of A, respectively. Commonly observed unimolecular processes
are luminescence (eqn. (5))and photoreaction (eqn. ( I ) ) ,and
eqn. (11) is the Stern-Volmer equation for luminescence and
photoreaction quenching. Typical Stern-Volmer plots acVolume 60
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Figure 5.Stern-Volmerplot for sensitization

Figure 4. Stern-Volmer quenching plot.

cording to eqns. (10) and (11) are as shown in Figure 4. These
plots offer a straightforward way to obtain the bimolecular
rate constant of the quenching process.
Following the energy-transfer step (eqn. (811, the quencher
becomes electronically excited and will eventually decay to
its ground state via its own unimolecular deactivation pathways
a:

*A+
a*

A + h""

*A + A

+ heat

(12)
(13)

The observation of any unimolecular process of the excited
quencher following light absorption by the donor is called
senritization, and is the only direct proof of the involvement
of energy transfer in the quenching process. The quantum
yield of a sensitized process is given by

where kd and k - d are the rate constants for the formation and
the dissociation of the encounter, which are taken for he equal
for reactants and products in the limit of purely physical (very
weak interaction) encounters. In eqn. (161, k,, and k-,, are
the unimolecular rate constants for forward and back energy
transfer within the encounter. Assuming that lhff>> k d [ D ]
(a situation met by most experimental systems) and using
steady state approximations, the experimental bimolecular
rate constant (eqn. (8)) is given by (12)
k, =

Bimolecular Rate Constants and Elementary Steps
Since the himolecular rate constants of collisional energy
transfer (eqn. (8)) span a very wide range going from undetectahly small to diffusion-controlled, it is worthwhile to write
the himolecular rate constant h , in terms of diffusional and
unimolecular steps. This may be done using the following
kinetic scheme
816
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(17)
Len
ken

Since in condensed phase excited states are thermalized
species, eqn. (17) becomes
kd

k, =

where ?f is the efficiency of the ith process from *A (i.e., 11:
= kfr;). Equation (15) is the Stern-Volmer equation for
sensitization. The corresponding plots (Fig. 5) give a further
means of obtaining the bimolecular rate constant k,, in addition to the ?! parameter, which may be of some mechanistic
value.
Experimental complications with respect to this simple
kinetic scheme may arise for several reasons, such as the
presence of other quenching mechanisms (for example, electron transfer) or the occurrence of the so-called static
quenching (4). If additional bimolecular quenching mechanisms are present, eqns. (10) and (11) are still valid, provided
that h , is replaced by the sum of the rate constants of the
various bimolecular processes, whereas the Stern-Volmer
equation for sensitization has a form slightly different from
eqn. (15) (4). In the presence of static quenching, deviations
from the linearity in the Stern-Volmer plots for emission and
photoreaction quenching and sensitization are expected.
Other more complex causes of complication are discussed in
refs (2,4,1O, 11).

kd
k-d
I+-+k,"

(18)

k-d
1 -+ exp!AGon/RT)
ken

+

where AGDAis the standard free energy change of the energy
transfer sten. Since we are dealing- with vurelv
l
. . .~ h.v s i c aencounters, this free energy change is equal to the difference in
free enerw chances between mound and excited states of the
isolated reactants
AGDA= -AG(*D,D)

+ AG(*A,A)

(19)

which can he expanded in terms of entropy and enthalpy
changes

the same &lecule is practically equal to the zero-zero spectroscopic energy (&~') ofthe excited state (12). Entropy differences between ground and excited states (which can arise
because of changes in dipole moment, internal degrees of
freedom, orbital and spin degeneracyrcan he shown (13)to
he negligible (TAS less than 0.1 kcallmol) for most practical
systems: Thus, the free energy change for the energy transfer
step can he easily evaluated on the basis of the zero-zero
spectroscopic energies of the excited stetes involved
Equations (18) and (21) are the basis for the discussion of
experimental bimolecular energy transfer rate constants in

nuclear coordinates
Figure 6. Potential energy surfaces of the initial and final states for an energy
transfer process.

I

nuclear coordinates

Figure 7.Detailed picture of the avoided crossing between zero order initial and
final States.

terms of diffusional properties of the system, energies of the
excited states involved, and the kinetics of the key step, i.e.,
the unimolecular transfer of excitation energy within the
encounter.
Exchange Energy Transfer as an Elementary Chemical
Reaction
Model

classical (12) or quantum mechanical (14) models. The two
types of approach originate from treatments previously developed by Marcus ( 1 5 ) and Jortner (Ifi), respectively, for
electron-transfer processes (171. In view of its conceptual
simplicity, we will mainly make use of the classical model.
The rate constant of the unimolecular energy-transfer step
can be expressed in an absolute reaction rate formalism as
ken = hL exp(AC&IRT1 = ~

exp(-AC&lRT)

N K

I221

where k , is the pre-exponential factor made up of an appropriate nuclear frequency, UN, and an electronic transmission
coefficient, K, while AG& is the free energy of activation of
the energy-transfer step. In order to understand the meaning
of UN,K , and AG& in eqn. (221, consider the potential energy
surfaces of the initial (*D . . . A) and final (D . . . *A) states of
the energy-transfer process as a function of the nuclear configuration of the system (Fig. 6). The initial and final potential
energy curves will generally have different minimum energies
(if ES--(*D,D)is different from ES~'(*A,A))and different
equilibrium nuclear configurations (if D andlor A differ in
their ground versus excited state equilibrium molecular geometry andlor solvation shells). Since the energy-transfer
process must obey the Franck-Condon principle, the initial
system must adjust the nuclear coordinates to the nonequilibrium configuration of the crossing point prior to energy
transfer. The energy, AE&, needed to achieve this reorganization corresponds (neglecting entropy contributions) to the
free energy of activation, AG&, of the energy transfer step
(eqn. (22)). In this model, U N is the frequency of motion of the
initial system along the reorganizational coordinate (reaction
coordinate) of Figure 6. Its detailed expression would he a
weighted mean of the vibrational freauencies of the molecular

order for the energy-transfer process to have a finite prohability. In other words, the potential energy curves of Figure
6 respresent zero-order electronic states of the system, and

the alleged crossinr is actuallv an auoided crossine" .(Fie. 7 ) .
The actual probabiky of energy transfer is thus related to the
magnitude of the electronic interaction energy HDAbetween
the initial (*D . . .A) and final (D . . . *A) zero-order states of
the system. If HDAis large, the system will proceed smoothly
with unit probahility over the lowest first-order surface from
the initial to the final minimum, and the process will be called
adiabatic. If HDA is small, thesystem has a chance to pass
through the avoided crossing region by remaining on its
original zero-order surface. In this case, the probability of
energy transfer drops below unity, and the process is said to
he nonadiabatic. The probability of energy transfer in the
avoided crossing region is represented in eqn. (22) by the
transmission coefficient, K . Its value is 1 for adiabatic processes and lower than 1 for nonadiabatic ones. Its detailed
expression (17) is constructed so that, for highly nonadiabatic
processes, the product h,, = UNX,, goes into an effective
electronic frequency. This corresponds to the physical view
that the maximum rate of adiabatic processes is limited by
nuclear frequencies, while that of nonadiabatic ones is limited
hy electronic factors.
Quantum mechanical models for the enerev-transfer
sten
u,
consider the process as a radiationless transition between two
locallv excited electronic states of the "sunermolecule" consisting of the donor, the acceptor, and the solvent (16). he
system is described in terms of discrete vihroniclevels of the
two zero-order states, and single transitions between levels
of the initial and final zero-order states are considered. Each
transition is given a probability according to Fermi's golden
rule, and the individual prohahilities are thermally averaged
over the initial vibronic level manifold to obtain the overall
unimolecular rate constant. Conceptually, the main difference
with respect to the classical description of Figure 6 is that in
the quantum model the intersection region is de-emphasized
and nuclear tunneling through the barrier is allowed (17). The
complete quantum mechanical exoression (14)
. . for the unimolecular energy-transfer rate constant cannot he simply
recast into a form similar to eqn. (22). It consists of an electronic and a nuclear part
~

.~

(231

h,, = E.N

where the electronic factor E contains the electronic interaction energy HDA,while the nuclear factor N is a complex,
thermally averaged Franck-Condon factor. They can be
viewed as the quantum mechanical counterparts of the electronic transmission coefficient and the activation term of eqn.
(221, respectively.
In terms of the classical model, the free energy of activation
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AGgAof the energytransfer step is determined by the height
of the intersection point in Figure 6 over the minimum of the
*D . . . A reactant curve. This, in turn, depends on both the
degree of distortion the donor-acceptor system undergoes
upon energy transfer and on the energetics of the process. In
fact, increasing the distortion (curves a and h in Fig. 8) causes
an increase in AG&, while an increase in the exoergonicity of
the process (curves a and b in Fig. 9) causes (at least for
moderate exoergonicities, see below) a decrease in AGgA.The
combined effect of these two variables is usually expressed in
the form of a free-energy relationshcp (FER)

states can he described by the same harmonic function and
that the zero-point energy can he neglected (Fig. 10). A collision between *A and A when both are in their zero vibrational
levels cannot result in energy transfer because of FranckCondon restrictions. The "vertical" enernv available in the
excited state (HI in Fig. 10) is in fact muchsmaller than that
needed for the vertical excitation of the nronnd state (FG).

in which the free energy of activation AG& is related to the
ergonicity of the process, AGDA,by a function containing the
so-called lntrinsic barrier, AG&(O), as a parameter. This
parameter represents the intrinsic degree of distortion present
in the system, and corresponds (curve c in Fig. 9) to the free
energy of activation the specific reaction would have if, all
other factors remaining constant, the reaction were isoergonic.

is effective in reducing the energy required for vertical excitation. In particular, in a case like that of Firure 10, the energy
needed f i r energy transfer is SSf2 if only the donor or the
acceptor is vibrationally excited. If both *A and A are vibrationally excited to the level corresponding to the intersection
L in Figure 10, the activation energy needed for energy
transfer is equal to SSI4. It can easily he shown that, for a
general case in which the ground and excited states are represented by different harmonic functions, the activation energy has to be lower than SSf4.
The free energy profile for a self-exchange energy-transfer
process (eqn. (25)) can be represented (in the simple parabolic
case) as in Figure 11.For each reactant in an energy-transfer

Intrinsic Barriers
I n order to obtain a deeper insight into the meaning of
AGgA(0)for an energy-transfer process, consider a self-exchange energy-transfer process (12),for example

vibrational excitation of *A a h f o r A. a he extra energyneeded
is actuallv much less than that correspondina to the Stokes

between an excited state and the ground state of the same
molecule having minima a t different values of the nuclear
coordinates. For the sake of simplicity, suppose that both

Figure 8. Effect of distortion on the activation free energy.
Figure 10. Relationship between Stokes shin and activation free energy for a
self-exchange energy transfer process. (Adapted from ref. (12)).

D...:A

nuclear coordinates
Figure 9.Effect of exoergonicity on the activation free energy
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I
nuclear configuration

Figure 11. Free energy profile for a self-exchange energy transfer reaction.

reaction, we can define a harrier for the self-exchange process
which is hardly measurable as such, but is related to the
spectroscopic Stokes shift of the reactant by
AG '-

< SSl4

(26)

Generally speaking, AG# for a self-exchange energy transfer
reaction receives contributions from changes in the internal
nuclear coordinates of the molecules ("inner sphere" reorganizational energy) as well as from changes in the solvent arrangement around the molecules ("outer sphere" reorganizational enerev). Since in an enercv transfer process (unlike
polarizahility changes and is, in most practical cases, negligible. Thus, the harrier for a self-exchange energy-transfer
process is essentially determined by the inner-sphere reorganizational energy.
If an actual energy-transfer process (e.g., eqn. (2)) is considered (which may be called "cross"-energy-transfer process,
as opposed to the self-exchange ones), the intrinsic harrier of
the process, AG&(O), can be thought as receiving contribntions from distortions in both the *D, D and *A. A couples.
Along this line, one can take as the intrinsic harrier of the cross
reaction the arithmetic mean of the harriers of the two selfexchange reactions

Thus, the intrinsic barrier for a cross-energy-transfer process
can be estimated (eqns. (26) and (271, at least as an upper limit
value) from independent spectroscopic information about the
reaction partners (12).
Free Energy Relationships
The choice of the specific function (eqn. (24)) to be used as
a FER for energy-transfer processes presents problems. Two
main types of FERs are available from the literature for
electron transfer processes (78):1)the "quadratic" FER from
the classical Marcus theory (151, and 2) empirical "asymptotic" FERs such as those proposed by Rehm and Weller (19)
and Agmon and Levine (20). Figure 1 2 shows the aspect of
these two types of FER for two values of the intrinsic barrier
parameter. Both types of FER involve 1) a steep (although
somewhat different) increase in AGf^hin the endoergonic region (AGDA> 0). 2) values of AGf^ which are essentially determined by AG&(O) in the isoergonic region (AGDA= 01, and
3) a decrease in AG& towards zero in the weakly exoergonic
region (-4AGRA(0)
< A G..~. <A0). Where the main difference
, ,
hc-iween i l l c nvi I V ~ I - , I 1-T.K - n i , n s up i - 111 ilie liixhly e x iivr.,,mii ri 1,1,111 11,
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,x I
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I l l i n I I I N h..vii,rt. w l i i l ~ llu.
i i i i i l Y K K - pitili.i i i i , i : v n i [ ~t.i..il
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t -i AIJ{4
iuy
.,w.tril. /cr., 'I'h, invt-rir.1Ix-li,ivini'li.i. iiwc-r heen <il,.-.ervt-d
for highly exoergonic electron transfer reactions, and this
negative result has led to the proposal and to the widespread
use of the empirical FERs
In the quantum mechanical model (16), the FER problem
is embodied in the dependence of the nuclear term (eqn. (23))
on the energy gap Although such dependence is complex and
cannot be put into the simple form of a FER, sample calcnlations are available (16b) which indicate the general patterns
expected from this model Figure 13 shows schematically
typical results of such calculations The quantum mechanical
&alogue of the free energy of activationincreases in the endoerconic region, goes to an activationless regime in the
weakly exoerionic region, and then increases smoothly in the
highly exoergonic region. This last effect is definitely less
pronounced here than predicted by the Marcus FER; a t high
exoergonicities, the quantum mechanical behavior corresponds to that predicted by the energy gap law (21) of radiationless transitions (linear dependence of AGf^ on AGDA).
I t should he noted that lcurves a and h in Fig. 13) the decree
(.I .i.\n.iiu-ir\ i n the u ~ r w . i h t - v ~ l i iilit-irt-oe-nc-r:v
~
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l\
. - \'.md
.
the process becomes activationless all depend on (increase
with) the number, frequency, and distortion of the vibrational
modes taken into consideration (16b).
Unfortunately, the quantum mode! is of limited practical
use, since realistic calculations are often impossible due to the
unavailability of the relevant molecular parameters. If some
simple FER is to he used, the empirical asymptotic ones
should he preferred to the Marcus anadratic one. Although
-5

Figure 12 Quadratic (a) and asymptotic (b) free energy relationships for two
v a l u e of the intrinsic barrier parameter

will be used in the next section

r

e 2 than for curve 1

Distinctive Role of the Nuclear and Electronic Factors
The above discussed model allows to some extent the rationalization of experimental energy-transfer kinetic data and
the order-of-magnitudeprediction of new results. Two classical "selection rule" (7) predictions are obviously contained
in the model. The "rule" that substantially endoergonic energy-transfer processes are "forbidden" is accounted for hy
the steep increase in activation free energy of the process in
theendoergonic region predicted by all FERs and by the
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quantum model The spin selection rules (22) for colhsional
energy-transfer processes can be stated as

where S is the spin quantum number, and the equation
implies that a t least one of the terms on both sides must he
equal for the process to he allowed. If this spin conservation
rule is violated, the electronic matrix element HT)Awill vanish,
causing a vanishingly small electronic factor in the quantum
mechanical rate expression (eqn. (23)) and a vanishingly small
transmission coefficient in the classical expression (eqn.
(22)).
Beyond these "selection rule" aspects, the above-outlined
approach allows for a wide variation in rate constants for
"allowed" energy transfer processes, depending on the interplay of: 1) the degree of nonadiahaticity, 2) the intrinsic
barrier, 3) the ergonicity. In order to discuss this point,
consider the plots of log k n versus A G m which can he obtained from eqns. (18) and (22), using an asymptoticFER. A
number of typical plots of this kind are shown in Figures 14
and 15. The various plots differ in the values of the transmission coefficient K (Fig. 14) and of the intrinsic harrier
AG&(O) (Fig. 15). All the plots have a number of commonfeatures, including, 1) an Arrhenius type linear region for
sufficiently endoergnnic reactions; 2) a more or less wide intermediate region (depending on AGf^(O)) in which log k n
increases in a complex hut monotonic way as A G m decreases;
3) a plateau region for sufficiently exoergonic reactions. The
intermediate region is centered a t A G m = 0, where the slope
of the curve is 0.5/(2.3RT). As shown in Figure 15, the value
of AG&(O) strongly influences the values of the rate constant
in the intermediate nonlinear region. However, this parameter
does not affect the plateau value, which is given by

The AGna scale refers to the process leading to ' A

Plot of log ka versus E" ('D D)for quenching of aromatic inplets
ferrocenebased ondata from refs [23-25) (Adapted from ref ( 12))

Figure 17
by

I

-

AGDA

o

+

I

Figure 14 Effectof the pre-exponential factor on the log knversus AGDAplots
(see text)

-

A<-DA

o

+

Figure 15 Effect of the intrinsic barrier (increasingfrom curve 1 to curve3)On
the log kn versus AGQA plots (see text1
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which is equal to either kd or kdk'Jk-.f depending on whether
k ; ismnch larger or much smaller than k-d (Fig. 14).
It is clear that the roughly isoergonic region of energy
transfer processes is suited to give information about the
distortional barriers involved, while the highly exoergonic
region contains information on the degree of adiabaticity.
Energy transfer processes with high distortional barriers will
give low k n values in the isoergonic region, with definite dependence on the driving force (this type of hehavior has been
known for some time in organic photochemistry as ';nonvertical energy transfer" (12)). Processes involving energy
transfer between essentially undistorted states will give a
sharp change from a plateau region to an Arrhenius one a t
AGDA= 0 (this is the hehavior commonly observed in the socalled "vertical energy transfer" processes of organic photochemistry (12)). Nonadiahaticity in energy-transfer processes
can show up as lower than diffusional plateaus only if the
process is highly nonadiabatic. For common systems ( U N in
the 1014-10'2 s-1 range, k-.f in the 1010-108 s-1 range), nonadiabatic reactions can be detected using the plateau method
only if K < lo-".
It should also be noted that, owing to the relatively close
spacing of the excited states in the acceptor molecule, new
energy transfer channels are expected to come into play a t
some point in the exoergonic region, leading to the formation
of higher excited states of the acceptor. In the case of strongly
nonadiabatic processes (Fig. 16) these new channels may show
up as successive steps in the log kn versus AGDAplots (12).

Wilkmson and 'hiamis (27) have recentlv measured the

18). Prominent features of the curves in ~ i i u r 18
e a;- 1);
sharp change from an Arrhenms to a plateau region a t an E m

E~-~(*D,D),IO~C~-'
Figure 18 Plot of log An versus fÂ¡('D.D for the quenchingof aromatic triplets
by Cr(aca~)~
(Ãˆand C r ( d ~ m (0)
) ~ (Adapted from ref (27))

Figure 19 Identification of the reactive excited stale of Cr(CN$via sensrtization
and quenching methods (see text)

Analysis of Experimental Resuits
The treatment discussed above can be used to rationalize
the experimental results of exchange energy-transfer processes
in fluid solution and it can also be used for obtaining information about molecular excited states not obtainable by ordinarv s~ectroscopicmethods. Some examples will now be
briefly reported. .
Ferrocene has long been known as an efficient wencher of
ent-r" ~ [ ~ e s ~<if
t iit:m l i ~ v r ~ t
~ r g a n ntripli i s . hut i n r i-in-c~ive
x c n e d ~ x i l1.1~
i iitily lu-en e-itiihli.-'ht-dvery reirntl\ rrom thr
analpi. ,!I cntrgy-ir'ti'i-ier esperinieiiis 1111.Fi6iirt- 1"shuw.i
I hc- d.~tiiohiaiticd I n iltree diiK-rt-ntre+ar<.h grinips .'2.S-2,5 I
concerning the quenching of organic triplets by ferrocene.
Using eqns. (18) and (221, the empirical Agmon-Levine FER
and reasonable values for the other parameters, the values
= 9,000 cm-I and AG-'(O) = 3,500 cm-I were obtained by
curve fitting for the zero-zero spectroscopic energy and the
intrinsic barrier of the ferrocene excited state (12). From these
data it follows that the Stokes shift is 14.000 cm-I and that
I I
v t i . 3 l " ribwrpiKfii VI itrrocene i. exptcted i n
ccur rfruiind 1 lsniir l.i.uuiirin '1'nt-n-results indiviite that
ilie ' i ~ i e t ~ r < . ~ ~ p i iuit~.h'-.erv-'ilik,
-n.ly
l n ~ e i ti-xi itt-d m i e of
i;r(iuna Â¥'IdIe
i e u c c ~ ' i tis( -t-xirrmrlv disu rted cuinnired Ti^ tin "
The same type of analysis carried out on the results available
for the quenching of organic tnplete by ruthenocene (26) has
lead to spectroscopic data which are in fair agreement with
those previously obtained from direct spectroscopic experiments (12).
~

plateau which extends for 4,000 cm-1; 3) a stepwise increase
of log ka for E"" (*D,D) values close to the energies of the next,
higher excited states; 4) lower values of kn for Cr(dpm)a in the
whole energy range explored. These results can he accounted
for by the above discussed model in terms of: 1) the undistorted nature of the lowest ^Es excited state of the Cr(II1)
complexes (28,29); 2) the small overlap between donor and
acceptor (metal-centered) orbital caused by the shielding
effect of the brands, which results in a nonadiahatic behavior,
3) the coming into play of upper, presumably more delocalized, metal-centered excited states; 4) the further steric reduction in the transmission coefficient on replacing the methyl
groups in the ligands by t-butyl groups. Other interesting
aspects of energy-transfer experiments, such as the role of spin
statistics, are discussed in Wilkinson's papers (27,301.
Evidence has been accumulated (27,30-37) that overlap
problems often arise when metal-centered excited states are
involved. It should be noted that the ligands do not have a
merelv ~hvsicalshielding effect on the metal orbitals as these
favor the interaction between the metal orbitals and the orbitals of the reaction partner, is also related to the spectroscopic nephelauxeticeffect (38). Thus, it can be expected that
the electronic transmission coefficient of energy-transfer
processes, K is related to the spectroscopic nephelauxetic
ratio, 6. Such a relation has indeed been found for the
quenching of aromatic triplets by Cr(II1) complexes (32), for
the quenching of ( ^ C T ) R U ( ~ ~ ~ ~ ^by/ C
complexes
N)~
of the
trans-Cr(en)zXY+family (X = NCS, Cl, ONO, F; Y = NCS,
CI, F) (33), and more recently for the quenching of
(zEJCr(bpy)p by Co(1II) complexes (35). Evidence has also
been obtained that the electronic factors in these systems are
very sensitive to size (341, electric charge (35, 361, and
geometrical configuration (35, 37) as expected in the nonadiabatic regime.
Applications to Mechanistic and Practical Problems
Energy transfer experiments can allow us to 1)elucidate the
mechanisms of photochemical reactions and 2) intervene in
photochemical systems so as to obtain the desired results. For
space reasons, only some specific cases will be discussed in
detail, with examples taken from coordination chemistry.
Identification of the Reactive Excited State
Sensitization and auenchme bv enerw transfer can lead to

tion of CrtCN),!" (eqn. (30)) has clearlybeen identified

~

by means of sensitization and quenching experiments. In dimethylformamide (DMF) solution a t room temperature, direct excitation of this complex to its quartet excited states
(Fig. 19) causes a photosolvation reaction (eqn. (30))and the
^Ea ^Ain phosphorescence emission. From these results it
is not possible to say whether reaction (30) originates from
^Tzuor 2Ea.Sensitization with high energy donors (e.g., triplet
xanthone, Fig. 19A) which can populate both the ^TT and ^E.

-
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excited states by energy-transfer causes, as expected, both the
solvation reaction and the phosphorescence emission (39).
However, sensitization with low energy donors (e.g., triplet
Rutbpy)?, Fig. 19A), which are only able to transfer energy
to the ^Egstate, causes the phosphorescence emission, hut not
the solvation reactions (39). This demonstrates that the state
responsible for the reaction must be 4T28.The same conclusion was reached by quenching experiments since it was found
that the phosphorescence emission in DMF is strongly
quenched by oxygen, whereas the photoreaction is not
quenched at all (40) (Fig. 19B). By the way, these results also
show that the 'Ec -IT;, hack intersystem crossing (28,29)
does not take place in Cr(CN)H-.
Excited State Lifetimes

The lifetime of an excited state can be evaluated by
steady-state quenching or sensitization experiments using
eqn. (11) or (15) when all the other quantities which appear
in such equations are measured or known. As far as kq is
concerned, its upper limiting value, kd, can be used which, of
course, leads to a lower limiting value for T. In some cases, one
may have good reasons to believe that kq * kd and thus that
the value obtained for T is a fair estimate of the real, excited
state lifetime.
A rather striking aspect of this type of approach is that by
using eqn. (15) one can evaluate the lifetime of an excited state
without relying on directly observable properties (such as light
emission or absorption) of the excited state itself. For example
(41), when Rh(phen)p (phen = L10-phenanthroline) was
excited in DMF solution in the presence of Cr(CN)g, the
C r ( C N ) jphosphorescence was sensitized and a Stern-Volmer
plot of the type of that shown in Figure 5 yielded a value of 3.0
X 103 M 1 for kq 7" Assuming that energy transfer occurs at
the diffusion-controlled rate (10l0 M-l s s l ) , which is reasonable in view of the expected exoergonic and adiabatic
character of the process, a value of -0.3 ys for the lifetime of
the excited state of Rhtphen)^ was obtained (41I. More recently, a similar value (150 ns) was directly measured in
CH&N by pulsed techniques (42).
Intersystem Crossing Efficiency

The efficiency of intersystem crossing from the lowest spin
allowed (SA) to the lowest spin forbidden (SF) excited state
can be evaluated using the compound of interest either as a
donor or as an acceptor (43). On the basis of the scheme of
Figure 20, one can see that the intensities of the direct and
donor-sensitized luminescence emission of the acceptor are
given by
EtÃ£e = KIA&rif

(31)

E?,n, = K ' m h l ?

(32)

where K and K' are parameters reflecting the instrumental
conditions, I is the absorbed light intensity

C.= *k,/(kk+ k?tI
and

l)Sr = *ScA*St + *S)
are the intersystem crossing efficiencies
is the emission efficiency of the donor, and
qÃ = ko[Al/(k,[Al + k?

+ hk)

is the quenching efficiency of SF (D) hy ground state A. When
the experiments are carried out under the same instrumental
conditions (K = K'), on solutions having the same optical
density at the excitation wavelength (IA = I"), and under
complete quenching conditions (qq "Â¥I), from eqns. (31) and
(32) one gets

EL*
-=A.
Ettn, A

(331

so that q& can be obtained if ~ 1 %is known, and vice versa (for
a more complete treatment, see ref. (43)). The intersystem
crossing efficiencies of several Cr(II1) complexes have been
measured in this way (43,441, using Ru(bpy)^"1,which has net
= 1 ( 4 5 ) ,as a donor.
Quenching of Undesired Photoreactions

Protection against photosensitivity is an important problem
both in nature and technoloev.
-" Transition metal comwlexes,
with their low-lying energy levels, can easily act as acceptors
in enerev-transfer wrocesses and can thus auench whotodeeradati&"reactions.~i(~~)
chelates are usedto quench singlet
oxveen which is responsible for a great variety of whotoxidaIncreasing Quantum Yield of Useful Reactions

When a photoreaction originates from a spin-forbidden
excited state which cannot be populated efficiently because
of a low value of the intersystem crossing efficiency one can
which possesses a high intersystem crossingefficiency and
which is able to give an efficient transfer to the reactive excited
state of the acceptor. This happens, for example, for Co(CN)iwhose reactive lowest triplet is populated with qicr ==: 0.4.
Sensitization via triplet biacetyl (fl,= = 1) leads to a (limiting)
increase in the quantum yield by 2.5 times (48).
Increasing Range of Useful Exciting Light Wavelength

The same biacetyl-Co(CN)j system discussed above can
also offer an example of increasing the range of wavelength
of useful excitation light through sensitization. The cobalt
complex does not absorb appreciably above 370 nm (the
maximum of its lower-enerev snin-allowed
band is at -313
.
i
i rherc-'i.-sbiaceiy! a t ~ i r b .up to :iltinn 1511nm U.31.Asa
mnst-oucuce. direct nhnitii.~cii~~itiott
d C \ . C N i ; ' can only Incarried out with UV radiation, whereas its sensitized i h o toaquation can also be obtained with visible light.
Evaluation of Association Constants

In some systems the luminescence quenching, besides being
due to a dynamic process, may also occur through the association between the ground state donor and acceptor (static
quenching)
h"
+A
D +A 4 *D 4 dynamic quenching
DONOR

ACCEPTOR

Figure 20. Kinetic scheme for the evaluation of intersystem crossing efficiencies
from quenching and sensitization(see text), (Adapted from ref. (43)).
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h"

DA Ã‘* *DAÃ‘Ã static quenching

(34)

where K is the a s s o c i a t i o n constant

When the dynamic quenching is diffusion controlled, each DA
species which is excited undergoes deactivation before having
a chance to dissociate. Thus, since the incident light is shared
between D and DA, the latter species plays the role of an inner
filter with respect to the intensity of the absorbed light which
can lead to emission. Thus. the static quenching decreases the
emission intensity, while it does not affect the emission lifetime since the latter is an intrinsic property of the *D molecules, regardless of their concentration. Under such conditions, it can be shown (4) that the following relation holds

so that the association constant can he evaluated hy c o m b i n i n g
static and dynamic quenching experiments. Association
constants of 1X 1 0 3 M-',3 X 1 0 2 M - 1 , and 270 M-' have been
o b t a i n e d by t h i s method for Ru(hpy)p-PtCli" in DMF (49),
for R U ( ~ ~ Y ) ~ - M ~ ( C N
i n ) ;water
(491, and for Ru( h p y ) ~ ( C N ) 2w i t h C u 2 + i n water (50).
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