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Summary

Intermolecular and intramolecular singlet—singlet electronic energy
transfer in solution is discussed. Special attention is given to novel develop-
ments such as temperature-dependent long-range dipole-dipole interactions,
dual fluorescence resulting from short-range intramolecular transfer,
structure determination by studies of energy transfer, the involvement of
high-lying electronic states and dye laser operation using donor—acceptor
pairs.

1. Introduction

Energy transfer (ET) processes play a major role in determining the
dynamics of excited molecular systems. Our present understanding of these
processes enables us to elucidate the mechanisms of photochemical reactions
and the photophysical properties of complex molecular systems.

In the gas phase vibration—vibration, vibration—rotation and vibration—-
translation ET processes are of major importance. In addition, electronic
to vibrational ET and electronic to electronic excitation ET are observed.
ET in the gas phase is usually studied under collisionally dominated condi-
tions. In contrast, in condensed media and especially in fluid and solid
solutions intramolecular vibrational and rotational relaxation processes are
extremely fast and therefore only electronic ET processes can be studied;
in many cases long-range collisionless interactions promote these transfer
processes.

In this review, in addition to covering the major aspects of the theory
of ET in solution, we emphasize the following recent developments in this
field: temperature-dependent ET, intensity-induced ET, involvement of high-
lying electronic states in ET, determination of molecular structure and
conformational change in macromolecules, dual fluorescence in small
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molecules resulting from intramolecular ET and utilization of ET in dye
laser operation. No attempt is made, however, to give a thorough literature
survey of ET in photochemistry or to review its basic theory.

The fate of an electronically excited polyatomic molecule is determined
by the various decay routes open to it. These include several photochemical
processes such as unimolecular decomposition, isomerization or ionization,
Photophysical processes such as radiative and non-radiative transitions
involving electronic and vibrational relaxation often accompany photo-
chemistry or may be the sole means for relaxation of the excited species.
A non-decomposing excited molecule will decay back to its electronic
ground state at a typical rate expressed in terms of its lifetime 7 which can
generally be written as

R S
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whete T..q4(7T) and 7,,(T) are the temperature-dependent radiative and non-
radiative lifetimes respectively. The lifetimes 7(T') can easily be measured
down to picosecond time scales using laser excitation. Although the non-
radiative decay times can sometimes be determined directly, in most cases
they are obtained from measurements of the temperature-dependent
quantum yield ¢(7) for the radiative process (fluorescence or phosphores-
cence) which is related to 7,,4 and 7,, by

oy = 1) (2)

Trad(T)

Many molecules have fluorescence quantum yields of less than unity, which
in many cases are independent of the molecular physical state, thus indicat-
ing a significant irreversible intramolecular relaxation. The various aspects
of the radiationless transitions of molecules were the subject of a recent
review by Freed [1].

In this review we are concerned with systems composed of at least two
molecular species. Here, in addition to intramolecular radiative and non-
radiative decay channels, excitation energy can be exchanged between
molecules in an intermolecular electronic ET (inter-EET) process. In some
molecular species intramolecular relaxation involves, in addition to vibration-
al and electronic transitions, a separate step of intramolecular electronic ET
(intra-EET) between two molecular moieties incorporated in one molecule.
ET processes can thus be described as a bimolecular quenching process

(1)

D* + A—2s D + A* , (3)

where excitation energy is transferred from an excited donor molecule D* to
a ground state acceptor molecule A, resulting in quenching of D* and sensi-
tization of A. For D*, process (3) adds another non-radiative decay channel
to its existing decay routes and thus its overall decay rate k(T') is given by
the Stern—Volmer relation [2]
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1
R(T)Y= —— + ko(T)HIA 4
()T(T) o(T)[A] | (4)
where, as will be discussed below, the bimolecular quenching rate constant
kq may depend on temperature.

1.1. Electronic energy transfer in solution

In all EET processes to be discussed a resonance condition between the
initial state of the system D* + A is required (Fig. 1). In solution EET is
slow compared with vibrational relaxation in D* so that the initial and final
states are vibrationally relaxed and the ET transitions are determined by the
Franck—Condon principle at the common overlap frequency of D and A
(Fig. 1). Since lasers are now employed in photophysical studies [3], it
should be noted that the donor-acceptor relation may be reversed under
the influence of an intense radiation field [4]. In addition, transfer from
highly excited electronic states is also possible [5]. These points are
discussed below in more detail.
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Fig. 1. Schematic energy level diagram for a typical donor—acceptor pair and associated
absorption and emission spectra showing the region of spectral overlap.

ET processes are due to weak interactions between donor and acceptor
molecules. The initial state of the system can be described by the wavefunc-
tion.

1
Vi = 172 (Wp*PYa® — Yp @y, 1) (5)
and its final state by

1
Ve = o153 (Y Yar® — YpPyP ) (6)

21/
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The interaction leading to ET can be described by an interaction hamiltonian
H' and an interaction matrix element f3:

B=[w:H'Y, dr

= —l-f!lln*(”l//A‘z)H'kbn“)WA*(” dr — lf\(/n*“)IPA‘”H'IPD(”\UA*“’ dr
The first term in eqn. (7) is the coulombic interaction and the second term
is the exchange interaction. When this expression is expanded in series, the
first term iIn the coulombic contribution is the dipole-dipole interaction
which is given by

Ba-a =~ 3 (8)

where M, and M, are the transition dipole moments of the D* - D and
A — A* transitions respectively. The exchange interaction is a guantum
mechanical effect arising from the symmetry properties of the wavefunctions
with respect to exchange of spin and space coordinates of two electrons
separated by a distance r(; in the D—A system. The space part of this inter-
action is given by
2

Bex = [ 30+ VoD —— ppDp, s dr- 9)

F12
where ¢, and ¢p are the contributions of the spatial wavefunction to the
total wavefunctions y/, and Jyp which include the spin functions. Integration
over the spin coordinates yields the following spin selection rules (Wigner
rules) for allowed ET by exchange interaction (these are the only selection
rules for this type of interaction):

ID* + 1A — ID 4+ 1A%
3D*+3A - 1D+ 5A*
3p* + 34 - ID + 34
3D* 4+ 3A — 1D+ 1A*
3p* + 1A > 1D 4+ 3A*

The transfer rate kgt is given by the Golden Rule
27
ker = ry B%e (10)

where p is a measure of the density of the initial and final states which can
interact, as determined by the Franck—Condon factors, and is related to the
overlap integral .J:

J= [ Fp(P)es(p) dP (11)
0
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where Fp(?) and €,(V) are the normalized emission spectrum of D and the
extinction coefficient of A respectively, and

f Fp(P) do = f e (@) di =1 (12)
0

Substitut(i)on of eqns. (8) and (9) in eqn. (10) yields the Forster {6 - 8]
relation for the long-range dipole-dipole ET rate kg9 ¢ and the Dexter
relation [9] for the short-range exchange interaction ET rate kgp®*. ki ¢ is
given by

6
kgrd—d =TD_1(EB) (13)
R

where R is the critical transfer radius and

9000(ln 10)x%p I
= F V) — 14
To8r N, of b(P)al®) — (14)

Here x is an orientation factor for A and D dipoles (x2 = 2/3 for random

distribution) and n is the refractive index of the medium. The exchange
interaction ET rate is given by [9]

6
0

horts = 2 RJ (_ZR) 15
ET T exp A (15)

where R is the distance between the D and the A molecules, L is the average
orbital radius involved in {; and Y, and K is a constant which is not related
to any spectroscopic experimental parameter and thus, unlike R,, has only
a qualitative value. However, from a comparison of eqns. (13) and (15)
we can conclude that unless R is less than 20 A energy will be transferred
mainly by the Forster mechanism.

In solution molecular diffusion may play a role in the ET process. In
the limiting case where Ry < 20 A exchange interaction is noticeable and the
ET rate may become diffusion controlled [10]:

_ 8RT 16
" 30009 (16)
where 7 is the viscosity of the medium. In other words the rate-determining
step in the transfer process is the rate of molecular encounters; the transfer
itself is fast and is governed by eqn. (15). In general the transfer kinetics
in solution do not follow the simple Forster formula and various modifica-
tions have been suggested [10]. However, when D and A are embedded in
a rigid medium, such as a polymer matrix, diffusion processes are excluded
and the only transfer route possible is the long-range dipole—dipole interac-
tion. In rigid media the normalized fluorescence signal P(¢) is no longer
exponential and the expression obtained for P(t) after averaging over a
random distribution of Rs is given by [8, 10]

172
P(t) =exp (- T—t) exp % — —3-1r3"2[A]RO3'(i ) % a7

D o
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or

t 4 t\!"?
5(t) = P(¢) exp (——) = exp % ——m32[A]R3 (———) % (18)
ATD 3 D

Equation (18) shows that R, can be obtained from a plot of In ¢ versus ¢'/2.
A number of D—A pairs that follow Forster kinetics (eqns. (17) and (18))
have been studied [11 - 14]. Typical R, values are summarized in Table 1
and a typical case of Forster kinetics is shown in Fig. 2 [12, 14]. A hand-
book of calculated R values for numerous D—A pairs is available [16].

Critical radii obtained from eqns. (17) and (18) can be related to
ker? ¢ by [10]

TABLE 1

Calculated and measured Férster ET radii

Donor Acceptor Calculated Rq Measured Rq  Reference
(&) (&)
Anthracene Perylene 31 33 [15]
Perylene Rubrene 38 41 [15]
9,10-dichloroanthracene Perylene 40 45 [15]
Anthracene Rubrene 23 28 [15]
Coronene Rhodamine 6G 30 32 [14]
Coronene Acridine yellow 38 38 [14]
Benzperylene Acridine yellow 35 37 [14]
1.0
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Fig. 2. Forster kinetics exhibited by coronene (donor) and rhodamine 6G (acceptor)
[12, 14] in poly(methyl methacrylate) matrices at 295 K: curve a, coronene + 0.72 x
103 M rhodamine 6G; curve b, coronene + 1.08 x 103 M rhodamine 6G; curve c,
coronene + 1.26 X 1073 M rhodamine 6G. 6(¢) was determined for each temperature
from similar non-exponential fluorescence decay measurements (egqns. (17) and (18)) and
temperature-dependent lifetimes (Fig. 3).



201

A
kerd ? = ko[A]l = ———— 19
=T Q[ ] mplAJo (19)
where [ A], is the critical acceptor concentration for which
[Alo = (Tpkq)™! = (4mRP/3)! (19a)

In less viscous media than polymer matrices it is possible that molecules
will be displaced during the transfer process owing to thermal diffusion. This
motion will distort the simple Forster picture and incorporation of the
diffusion equation into the treatment will be required.

In what follows we shall focus on ET studies which exclude diffusion
so that this point will not be discussed in more detail. The reader is referred
to the original papers [17 - 21] in which treatments of energy transfer via
dipole—-dipole and exchange interaction to moving acceptors are given.

2. Recent examples and novel aspects of energy transfer studies

Most studies of EET have been concerned with the verification of
Forster’s and Dexter’s relations [3, 10 - 14]. Here we shall concentrate on
some novel effects in EET processes. In recent years modifications to the
simple Forster picture to include the thermal activation involved in the
transfer process have been investigated. These effects are studied in detail
in Section 2.1. The use of intra-ET in studies of molecular conformation
is discussed in Section 2.3. The approach to the experimental verification
of Dexter’s relation (egn. (15)) is described in Section 2.2. ET from high-
lying excited electronic states is discussed in Section 2.4. Finally, the use
of EET in dye laser operation is analysed in Section 2.5.

2.1. Temperature-dependent Férster kinetics

Temperature-dependent Forster kinetics are discussed in ref. 14. As
implied by eqgns, (1) and (2), in general we expect to observe temperature-
dependent lifetimes and fluorescence (or phosphorescence) quantum yields.
Of particular interest are those molecules in which, owing to high symmetry,
the lowest electronic transition is forbidden. Aromatic molecules serve as
a good example [22]. In these circumstances studies of radiative and non-
radiative vibronic coupling, temperature-dependent fluorescence decay,
involvement of higher electronic states in the fluorescence decay and pump
intensity effects may yield useful information about the various decay
channels of the molecule. In particular the temperature dependence of the
fluorescence quantum yield and of the fluorescence lifetime is important
for the elucidation of the mechanism by which excitation energy in large
molecules is dissipated. Both radiative and non-radiative decay channels
may depend on temperature. Albrecht [23] has shown that a temperature
dependence associated with the Boltzmann distribution of active low fre-
quency vibrations is observed when Herzberg—Teller vibronic coupling
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between two electronic states determines the transition intensity. This
mechanism affects the radiative decay rate which will obey an Arrhenius-
type temperature dependence [23]. In the absence of temperature-depen-
dent non-radiative transitions the reciprocal fluorescence lifetime 1/7(T)
still follows an Arrhenius behaviour, but the fluorescence quantum yield
@(T) does not. However, non-radiative processes such as intersystem crossing
[24] and internal conversion are usually temperature dependent [22, 25].
Thus, egns. (1) and (2) generally hold, showing that for a temperature-
independent radiative decay ¢(T') is proportional to 7(7"). Since the coupling
mechanisms that are responsible for radiative decay are also involved in
EET [10], it seems worthwhile to study temperature effects on the ET rate.
Good candidates for studies of temperature-dependent inter-ET are
systems in which the photophysical properties of the acceptor are temper-
ature independent while those of the donor show a strong dependence on
temperature. In particular we should look for donor molecules whose
radiative properties exhibit an increase in ¢ as a function of temperature
with a corresponding decrease in 7(T"). Such behaviour is usually indicative
of a larger radiative vibronic coupling at higher temperatures which increases
the rate of a forbidden S;—~ S, transition due to thermal population of
higher vibrational modes [23, 26]. In this case we expect an Arrhenius-type
dependence for 1/7. An analysis of an appropriate kinetic scheme yields [14]

ol 2] ;
P(T)  2(0) P\ Rr (20)

Coronene and 1,12-benzperylene meet these conditions [14], and
indeed their fluorescence lifetimes exhibit the behaviour predicted by
eqn. (20). Figure 3 shows the Arrhenius plots for the fluorescence lifetimes
of coronene and 1,12-benzperylene. The activation energies and the kinetic
parameters extracted from these plots are summarized in Table 2. Carter et
al. [27] obtained a similar temperature dependence with the same value of
AE for 1,12-benzperylene. The activation energies obtained can be asso-
ciated with the frequencies of low-lying vibrational levels in S,. In coronene
AE =415+ 80 cm™! corresponding to two e,, modes at 370 and 570 cm™’
[28] which allow the forbidden !B,, - 'A,, (S, > S,) transition. In 1,12-
benzperylene AE = 710 + 50 cm™! which fits the antisymmetric v, mode at
764 cm™! [29].

Lin [30] has derived an expression for a temperature-dependent EET
rate kgr(T'). The derivation involved calculation of the enhancement of the
ET rate as a result of the thermal population of high vibrational states in
D* which will have a higher ¢ and which will also increase the overlap with
the coupled acceptor states. In its simplest form the result for kg (7T) is [30]

AE

ker(T) = kgr(0) 3 1+ p° exp ('— -——)g (21)
RT

Comparison of egns, (20) and (21) shows that the same functional depen-

dence on 7 is maintained since the same photophysical properties, i.e.
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Fig. 3. Arrhenius plots for the fluorescence lifetimes of coronene (0) and 1,12-benz-
perylene (®).

TABLE 2
Temperature-dependent energy transfer parameters for some donor—acceptor pairs

Coronene— Coronene— 1,12-benz-
rhodamine 6G acridine yellow perylene—
acridine yellow

7p(0) (ns) 321 321 133
R(0) (experimental) (A) 32 38 37

RB (calculated) (A) 30 38 35

a 1 1 8

gP 26 10 80

kg(0) = kgt(0)/[A) (1 mol~1 s71) 1.4 X 1010 2.4 x 101° 5.2 x 1010
AE from eqn. (21) (em™1) 473 510 705

AE from eqn. (20) (em™1) 415 415 710

radiative coupling of the donor, are involved. The only difference lies in the
fact that while o involves donor properties ° might in general also depend
on the acceptor properties through the overlap integral J.
Temperature-dependent inter-EET has been demonstrated for coronene
and 1,12-benzperylene with suitable dye acceptors incorporated in a poly-
(methyl methacrylate) matrix [12, 14]. Typical Arrhenius plots of kgy for
these D~A pairs are shown in Fig. 4. The kinetic parameters obtained and
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Fig. 4. Arrhenius plots of the temperature-dependent energy transfer rates for coronene—
rhodamine 6G (®) and benzperylene—acridine yellow (0) [14]. Each rate constant is de-
termined from the corresponding temperature-dependent R, (Fig. 2 and eqns. (17) and
(18)) using eqn. (19).

the calculated values for R, are summarized in Table 2. It is evident that the
AF obtained from fluorescence decay data are in agreement with those
obtained from ET data. Moreover, when the same D—A pairs are in fluid
solution the ET is governed by diffusion-controlled kinetics (eqn. (16))
which results in a completely different AE which is related to the temper-
ature-dependent viscosity of the medium [12, 14]. Thus AFE is not associated
with the acceptor employed nor is it a property of the polymer. It must be
a molecular property of the donor, i.e. the same vibronic levels are involved
in both photophysical processes, This statement is supported indirectly by
the results obtained for pyrene in which 7 is a strong function of temper-
ature owing to the occurrence of temperature-dependent non-radiative
decay. 7, for this molecule is temperature independent [31] and it is not
surprising that R, is also independent of temperature [13]. This indicates
that those molecules which exhibit the effects of radiative vibronic coupling
in the features of their fluorescence decay also undergo temperature-depen-
dent inter-EET.

2.2. Short-range intramolecular electronic energy transfer in small bichromo-
phoric molecules

Short-range intramolecular EET in small bichromophoric molecules is
discussed in ref. 32. So far we have discussed inter-EET processes in which
D and A constitute different molecular systems. In solution ET proceeds
by a combination of long-range dipole—-dipole interaction and diffusion
processes involving collisions and ET of the short-range exchange interaction
type. A situation can be envisaged in which D and A molecules are forced
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to stay in close proximity at distances in which the short-range transfer is
the dominant route for the ET process. The easiest way to realize these
situations is when D and A are two moieties of the same bichromophoric
molecule.

Interaction between the excited and the ground states of bichromo-
phoric molecules has been a subject of considerable interest [33]. It is
manifested in chemical reactions, complex formation [34, 35], biological
systems [36], dye laser operation [37] (see below) and photophysical
processes such as EET [38].

In these cases control of the spatial relation between donor and accep-
tor groups exists without the randomness characteristic of intermolecular
interactions. Further, intra-EET can be observed in rigid or viscous media
where encounters between separated molecules leading to short-range inter-
EET are not possible.

The first investigations of intra-ET were reported by Weber and co-
workers [39] and Schnepp and Levy [40]. Schnepp and Levy [40] observed
anthracene fluorescence irrespective of the exciting wavelength in com-
pounds containing naphthalene and anthracene moieties joined by a variable
number of —CH,— groups. The quantum yield was independent of the
number of methylene groups separating the two chromophores. Other
workers [38] have examined similar systems involving isolated chromo-
phores. In some cases the donor and acceptor were attached to a rigid
system so that their spatial relation was known to a considerable degree
(unfortunately, geometrical variations in such rigid systems were not
feasible). The occurrence of intra-EET could be readily evaluated from a
knowledge of the excitation and emission spectra of each moiety alone and
comparison with spectra of the bichromophoric species.

In all these cases complete quenching of donor moiety fluorescence
was observed with concomitant emission solely from the acceptor moiety.
This was true even for donor chromophores with high fluorescence quantum
yvields. However, observed yields of emission from A* were less than the
theoretical maximum implying that D* in the bichromophoric molecule
decayed non-radiatively to the ground electronic state through channels
unavailable to the separate D chromophore. Residual D* emission might
be anticipated in systems where non-radiative decay is not enhanced in the
bichromophoric molecule and/or where the rate of intra-EET is similar to
the fluorescence decay of D*. Moreover, this residual emission is necessary
to distinguish between a mere fast non-radiative decay of the composite
D—A molecule and a genuine case of intra-EET.

The ideal bichromophoric molecule for studies of intra-EET should
have absorption and emission which can be described by a superposition of
the corresponding spectra of its constituent moieties. This condition is
met by 1,8-(6',7'-dioxododecamethylene)phenanthrene [32, 41]:

Was'
5o
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The important property of this molecule is the fact that the energy
absorbed by the phenanthrene chromophore is transferred in part to the
o-diketone and both chromophores emit their characteristic fluorescence
spectra. This dual fluorescence due to the intra-EET process in solution
has been extensively studied as a function of the excitation frequency and
the sample temperature [42]. It was demonstrated that energy is transferred
efficiently to the a-diketone moiety from a thermally activated state of the
bichromophoric molecule [42]. The rate of this ET is comparable with the
relaxation rate of the activated state. In contrast, the transfer process from
the ground vibrational level of the first excited state of the phenanthrene
moiety is rather slow (about 107 s7!). This study has shown that, in general,
the dynamics of the intra-EET process can be described by the following
kinetic scheme [32]:

D*-A 210, 1y 4.

(intra-EET from the ground vibrational state of D*)
1/7'0

kgt
(intra-EET from an excited vibrational state D** of D*)

D**-A D-A*

1
D*~A Ao, D-A

(fluorescence decay of the donor moiety)

1
A~D A poA

(fluorescence decay of the acceptor moiety)

k(T),

~v

D*-A D**-A

(thermal population of D** states)

where D** is an excited vibrational state of the donor excited electronic
state D*. ET may be enhanced by thermal population of excited vibrational
states which are better coupled to A than the ground vibrational state is.
This may involve symmetry correlations or genuine conformation changes
of D*, A temperature-dependent intra-EET rate (similar to eqn. (21)) is thus
expected. In addition, intensity-dependent two-photon excited intra-EET
from a highly excited state (not included in this kinetic scheme) is possible
[32].

Another bichromophoric system in which dual fluorescence and intra-
EET are observed was extensively studied by Zimmerman et al. [43]. Here
the exchange interaction leading to a Dexter-type intra-EET rate (egn. (15))
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was established by changing the distance between the A and D moieties of
the so-called ‘“‘rod-like” molecule. 1t is expected that studies of this nature
will clarify the relative importance of exchange interactions and dipole—
dipole interactions in intra-EET.

2.3. Structural studies of macromolecules by long-range intramolecular
electronic energy transfer

In small bichromophoric molecules short-range exchange interaction
prevails and Dexter’s eqn. (15) holds. A situation characteristic of polymers
and biopolymers is where two or more interacting chromophores are
attached to the polymeric ‘‘backbone’. If the sequence of D and A mole-
cules along the polymeric chain is regular and the distance R from D to A
is larger than 15 A then energy will be transferred from the donor moiety
to the acceptor chromophore by dipole—dipole interaction at a rate governed
by eqn. (13). Thus structural information regarding the macromolecule can
be gained [44, 45]. Equation (13) provides a chemical ruler for determining
R from measurements of k379,

A beautiful demonstration of the practical use of eqns. (13) and (14)
for the structural analysis of macromolecules has been given in a series of
studies performed by Steinberg and coworkers [46, 47]. They used solutions
of oligopeptides of various chain lengths with N3-(2-hydroxyethyl)-L-
glutamine as the repeating unit and naphthalene and dansyl as the D and A
moieties respectively. These chromophores were attached to the far ends of
peptides composed of four, five, six, seven, eight and nine repeating units.
Dual fluorescence due to long-range intra-ET (R, = 22 A) was observed and
the observed fluorescence lifetime of the donor and the fluorescence
quantum yield were utilized to determine kgr®™? which in turn yielded the
desired distribution of end-to-end distances in the peptide chain.

In addition the results could be used to determine the effect of the
relative orientation of the donor and the acceptor on the probability of ET.
The brownian motion of the ends of the chain was investigated by varying
the viscosity of the solvent.

2.4. Intermolecular electronic energy transfer from an upper singlet state of
a polyatomic molecule

The Forster-Dexter EET processes discussed so far pertain to resonance
transfer from the lowest electronically excited state of the donor which is
usually long enough to allow kinetic investigation of the transfer process.
The advent of picosecond laser pulse excitation has enabled EET from
short-lived upper singlet states to be followed. Such an experiment has been
performed with rhodamine 6G as the donor and 2,5-bis(5'-tert-butyl-2-
benzoxazolyl)thiophene (BBOT) as the energy acceptor [5]. The S, state
of the rhodamine 6G molecule was excited by consecutive absorption of the
first and second harmonics of a mode-locked Nd3* glass laser. The ET was
manifested by enhancement of the BBOT fluorescence. The intensity depen-
dence of the EET yield was found to follow an extension of Forster—Dexter
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predictions. In addition the results provided a value of 3 X 107!% s for the
lifetime of the S, state of rhodamine 6G,

2.5. Dye lasers based on electronic energy transfer

Dye lasers based on EET are discussed in refs. 48 and 49. ET dye lasers
(ETDLs) serve as an excellent example of the practical use of ET processes.
In a typical ETDL system energy pumped into a donor—absorber is trans-
ferred either intermolecularly or intramolecularly to a lasing acceptor. The
EET process can serve three purposes.

(1) The frequency range of dye laser operation can be increased
(towards the IR) by using one pumping source (e.g. a nitrogen laser). A wide
range of dyes may be excited even when the dyes do not directly absorb
the laser frequency [19, 50 - 611].

(2) The dye laser performance can be improved by increasing its gain
for a given pump power [65). This can be achieved by a judicious choice of
a DA pair for which losses due to photoquenching [62] and other effects,
which are not so pronounced in an ETDL configuration, are minimized.
A complete computer simulation of such an ETDL has been performed [48].
For example, in the anthracene—perylene ETDL [54, 63], perylene is made
to lase although perylene alone is a very poor lasing medium, Figure 5 shows
the results for this ETDL system. The experimental points for the gain G
obey the relation [48, 54]

_ 0.7Aa[D][A]
BIA] + 7aaID]

for the dependence of G on [D] and [A]. Here &, is the stimulated emission
cross section for the lasing acceptor dye and « and 8 are quantities propor-
tional to the pumping and ET rates.

(22)
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Fig. 5. Gain (at 474 nm) of the anthracene—~perylene ETDL as a function of the anthra-

cene concentration for a fixed ratio of anthracene to perylene concentrations ([D}/[A] =
1). The nitrogen laser pump intensity was 100 MW ecm 2,
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(3) Intra-EET in specially constructed bichromophoric dyes has been
shown to improve the overall efficiency of flash-lamp-pumped dye lasers
[41]. In this case the pump energy which is not efficiently absorbed by
the acceptor dye molecule is very efficiently absorbed by the donor moiety
and transferred to the acceptor dye moiety. This also serves to reduce the
heat generated by competing non-radiative transitions.

Table 3 summarizes some useful ETDL systems, their tuning ranges
and their optimum concentration ratios.

TABLE 3
Systems of energy transfer dye lasers

Donor absorber Acceptor laser [D]/[A] Tuning range Reference
(nm)

Coumarine Acriflavine 50 470 - 500 {52]

Coumarine Rhodamine B 35 600 - 6560 [(652]

2,5-diphenyloxazole Perylene 1.3 450 - 490 [50]

2,5-diphenyloxazole 9,10-diphenylanthracene 120 400 - 440 [50]

p-bis(o-methylstyryl)-  Perylene 70 450 - 490 [60]

benzene

Anthracene Perylene 3 450 - 490 {50, 54]

Coumarine - Rhodamine 6G 1 560 - 620 [57]

Rhodamine 6G Cresyl violet 1 630 - 690 [51]

Rhodamine 6G 3,3'-diethyloxadicarbo- 1 602 - 660 [64]
cyanine

Rhodamine B 3,3'-diethyloxadicarbo- 1 615 -676 [64]
cyanine

Rhodamine B Cresyl violet 1 612 - 695 [64]

Rhodamine B DTDCH? 1 682 - 758 [64]

Rhodamine 6G Safaranin T 1 590 - 620 [65]

apTDC, 3-ethyl-2-[5-(3-ethyl-2-benzothiazolinylidene-1,3-pentadienyl]benzothiazollium
iodide,

3. Concluding remarks

As is often the case, this review reflects the author’s view of a develop-
ing field. Thermally enhanced ET rates are shown to play a role in inter-EET
and intra-EET processes. For inter-EET processes a modification of Forster
kinetics as a function of temperature is required which may involve vibronic
interactions which are also manifested in other radiative and non-radiative
photophysical processes. A complete ET theory incorporating these effects
is still missing.

A Dexter-type exchange interaction can be examined in small bichro-
mophoric molecular systems in which the rigid chemical link between the
moieties is changed. Dual fluorescence is expected to be an inherent ingre-
dient of an intra-EET process. ET due to long-range dipole-dipole
interaction can be applied to the determination of the conformation of and
conformational changes in macromolecules.
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ET-based dye lasers are practical devices which make use of the ET

process and serve as good model systems for further studies of inter-EET
and intra-EET.

The use of high intensity lasers extends ET studies to cases in which

high-lying electronic states are involved.

All these novel aspects of ET emphasize the major role that this process

plays in biology, photochemistry and photophysics in solutions.
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