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Abstract—A proper calculation of the quantum yield of sensitized luminescence of acceptors is carried out in
the case of nonradiative energy transfer from high excited states of donor molecules. Processes of excitation
migration and backward energy transfer from acceptors to lower-lying donor states are taken into account. The
calculated concentration dependences are compared with available experimental results. An analogy with

reversible electron transfer is noted.

INTRODUCTION

Nonradiative energy transfer from high excited
states of molecules is of great interest for photochemis-
try, radiation chemistry, and photobiology. The exist-
ence of this process is established in [1-11].

In papers [3, 8~11], it is noted that, for the correct
estimation of the irreversible energy transfer rate, the
backward excitation transfer from an acceptor mole-
cule (A) to lower-lying levels of a donor molecule (D)
must be taken into account. The reverse transfer signif-
icantly lowers the efficiency of irreversible energy
transfer to acceptors. To increase the efficiency of irre-
versible energy transfer, it is necessary to increase the
acceptor concentration. The migration of excitations
over acceptors, which increases in this case, results in a
decrease in the probability of reverse energy transfer.

In papers [3-6, 8], the concentration dependence of the
sensitized luminescence quanturn yield of acceptors 1,
was measured in the case of energy transfer from highly
excited states of donors. A linear dependence was found in
[4-6], and a nonlinear one was found in [3, 6, 8]. The
authors of [8] showed that in the system chosen by them
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where n, is the acceptor concentration. Such a depen-

dence is caused by competition between processes of

migration and forward and backward energy transfer.

The probabilities of these processes increase with

increasing 114, because the average distance between

molecules decreases. A quantitative description of the
above concentration dependence is absent in {8].

Note that the nonlinear dependence of 1, on 1, was
also found in [12].

The aim of this work is a proper consideration of
energy migration and backward transfer in the calcula-
tion of the probability of irreversible energy transfer

from high excited states. The expressions obtained can
be used for quantitative interpretation of experimental
results [3-12].

Note that the forward and backward excitation
transfer are similar to the photoinduced electron trans-
fer in geminal recombination [13~18]. Indeed, after the
pulse excitation of a molecule (an electron donor), the
forward transfer of an electron to an acceptor takes
place. Within the ion pair produced, a back electron
transfer occurs, and the system returns to the ground
state with a neutral donor and an acceptor. The rates of
forward and backward electron transfer depend expo-
nentially on the distance between molecules. If these
processes occur in liquid solutions, it is necessary to
take into account both the diffusion of particles
described by the diffusion equation and the Coulomb
interaction between ions.

Contrary to the electron transfer, the excitation
transfer is frequently caused by the dipole—dipole inter-
action, when the transfer rate is proportional to the
inverse sixth power of the distance between a donor and
an acceptor. If the acceptor concentration is great, it is
necessary to take into account the excitation migration
over acceptors, which is not described by the diffusion
equation (at least for small times [19, 20]). The finite
lifetime of the excited state of the acceptor also influ-
ences the reversible energy transfer, because it shortens
the time during which backward excitation transfer
from the acceptor to the lower-lying donor level is pos-
sible.

DIAGRAM OF THE PROCESS
AND BASIC NOTATIONS

Figure 1 presents the diagram of the electronic lev-
els of molecules involved in the energy transfer from
the high-lying states.
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CONCENTRATION DEPENDENCE

At the initial instant of tigne, kve? 2 of the donor
molecule is excited. Exc:}anon is either tran;ferred
with the rate wi(rps), which depends on the distance
rn, between molecules, to the nearest acceptor A,
(which undergoes transition to the excited state 3), or
the donor molecule undergoes transition to the lower-
lying state / with the rate 1/7, (1, is the lifetime of state
7 in the absence of acceptors).

From level 3, excitation is either transferred back to
jevel 1 of the donor with the rate w;(rp,) or to another
acceptor A, with the rate wy3(rg4), or the rr_lolecule A,
undergoes transition to the ground state with the rate
1/t, (14 is the lifetime of the excited state of the accep-
tor in the absence of migration and quenching by the
donor). Level 3 can be also occupied as a result of back-
ward energy transfer from A, with the rate wa(r, )

(Wig = Wga).

According to the diagram presented in Fig. I, we
calculate the sensitization quantum yield 1, of accep-
tors using two methods: the Ore method [21] and the

GAF method [19].

In numerical calculations, we will assume that the
energy transfer occurs via dipole—dipole interaction, so
that

Here, R4y, R;3, and R, are the critical transfer radii for
the corresponding processes, and rp, and ry, are dis-
tances between corresponding molecules.

A generalization of the results obtained below to
other mechanisms of the interparticle interaction pre-
sents no problems.

THE ORE METHOD

The main idea of the Ore method [21] is that the
excitation is transferred from level 3 of an acceptor
back to a donor (on level 7) only if the rate of this pro-
cess wy3(rpy) is greater than the rate wys(ry,) of energy
transfer to the acceptor A, that is nearest to A, (Fig. 1)

Wi3(rpa) > waz(744)- (3)
This is possible if there are no other acceptors within
the volume V(rp,), which is part of a sphere of radius
rAA - FDAR43/R13 (4)
around the acceptor A, and which is beyond a sphere of
radius rp, around a donor D (the dashed area in Fig. 2).
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Fig. 1. Energy diagram of molecules participating in energy
transfer.
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Fig. 2. Volume V(rp,) (dashed area) around acceptor 4,
where other acceptors are absent. X axis passes through A,
and D. The origin coincides with the position of donor D.
The parameters correspond to the case rpg <ras < 2rpa.

The volume of the dashed area can be easily calcu-
lated. It is equal to

Virps) = 41Cri,4/3 —n[2ri,,/3 ——rDA(riA - "ZDA)

2 2 2 (5)

~X(TFga=2rpa) +rpaX ], rasS<2rpy,
V(rps) = 4T(ras—rpa)/3, ras22rps0  (6)
x = rpl0.5(Reu/Rp3)’ = 11. )

In formulas (5) and (6), radii r.4 and rp, are related by
equation (4).

The probability that no acceptors are present within
the volume V(rp,) is equal to exp[—mn, V(rp,)].

At the initial instant of time, level 2 is excited. The
excitation relaxes on the donor with the probability

S
R V2 e

P, ®

The excitation will be on level 3 with the probability

_ Wi
/T, +wqy

P, &)
Backward energy transfer to level / will occur with the
probability

“713

BT, W (10)

exp -, V(rp,)].
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The exponential factor in formula (10) takes into
account that the backward transfer is possible if, near
molecule Ay, there are only such molecules A, for which
condition (3) is satisfied.

Because the total probability of all the processes is
equal to unity, the excitation will be irreversibly trans-
ferred to acceptors with the probability

Plrpg) = 1-P,~ PPy

ke Tati3 , . (h
funcd It . / B V '
I '*"‘:2”’32[J i +TAWU€XP( T4 (rDA))]

The probability density of finding the acceptor A,
niearest to the donor D at the distance ry, is

(12)

Therefore, the quantum yield 1, of acceptor sensitiza-
tion is obtained by averaging the probability P, with
the distribution density (12)

Arry n exp[—(4T0/ )i r o).

I 2 4 3
My = Jd’n”ArDAPA(rDA)Cxp(—?’lAr;A)(erA' (13)
0

(It has been noted repeatedly [15, 22], that the nearest'

neighbor approximation gives sufficiently exact
results).

Let us change the variables of integration in (13):
(14)

Let us also introduce the dimensionless acceptor con-
centration c:

3
)7 - 47UIAI’DA/3.

¢ = 4TRLn,/3. 15)
Denote by z;3 and z4; the following quantities:
2is = (Ria/Ryy)'. 243 = (Ryy/Ryp)’. (16)
Then expression (13} is transformed:
K e ’z
Ny = jdye“»‘ ; 2[1_ LT exp(—-é’;)} (17)
o y +c ¥ +C iy
i()’szm z43) = m,V(rps). (18)

Formula (17) allows one to calculate the concentra-
tion dependence of acceptor sensitization quantum
yield at different ratios between the rates of migration
(z43) and forward and backward (z;5) energy transfer.

The results of such calculations for the dipole—
dipole interaction of molecules (2) are discussed below.

THE GAF METHOD
Using the GAF method, the migration of excitations
over donors can be taken into account more correctly.

Let at 1 = 0 the donor D (Fig. 1) be in the excited
state 2. During the time 1, relaxation of the excited
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state will occur with the probability (8) and or energy
transfer to level 3 of an acceptor will occur with the prob-
ability (9). After reaching level 3, the excitation partici-
pates in migration and in backward energy transfer.

The probability P; of backward energy transfer can
be written in the form

Wiz

Poy= 1
B L/ T +wy (19)

where T, is the excited state lifetime of acceptor 4,
(Fig. I). This lifetime is determined by relaxation pro-
cesses in acceptor A; (occurring with the probability 1/1,)
and by migration of excitation over acceptors. It is
expressed in terms of luminescence decay kinetics
G A1) of the initially excited molecule (acceptor A,) [23]
(it is assumed that at the initial instant of time G{0) = 1)

d
JFB;GJ(I)df
Ty = &2 = de(t)dt

T2 . (20)
[5Gt
(4]

= Gu(p)|, ., = Ga(0).

Here, G4(0) is the luminescence decay kinetics in the
Laplace representation (the Laplace parameter p = 0).
In the theory of nonradiative energy transfer of local-
ized excitations, the function G (1) presents a diagonal
part of the Green function [19, 20], which describes the
migration of excitations. Using a relation between T,,
and G (1), we can rewrite equation (19) in the form

e
P, = w3 Ga(0)

= —B7E 1
1+w;3G4(0)

The function Gy (0) was calculated using the self-
consistent diagrammatic GAF method [19]. In the two-
particle approximation, we have [20]

~ T
Gu(0) = —E—s,
(a+Ja*+1 )
a= T 4%
4.2 3
In the three-particle approximation, the function

G4(0) is obtained from (22) by the substitution a? —»
0.38824% [20}:

(22)

3
n Ry

pt T
Ga(0) = . (23)
(a+4038824° + 1)
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CONCENTRATION DEPENDENCE

At the fixed distance rp, between D and A, the
robability Py of irreversible energy transfer to accep-
tors is [see formula (]

Pulrps) = 1= Py— P3Py (24)
The substitution of (8), (9), and (21) into (24) gives
TyWa 1

_ - . (25)
T+ 1wl +wi;Ga(0)

Py

To obtain the quantum yield 1, it is necessary to
average P, using the nearest neighbor distribution den-
sity (12). The change of integration variables and intro-
duction of parameters (15) and (16) finally gives

2
c -3
Ny = |dy e
§ j y2+c2
° (26)
2
X ) s
2.2 2 P
y +z53¢ /(a+ 0.3882a" + 1)

a = =———ZxC. (27)

n
4.2
From (26) it follows that, at very low concentrations
of molecules (¢ < 10, the quantum yield 1, depends
linearly on ny :

(28)

At high concentrations (¢ > 1, a > 1), the quantum
yield m, becomes independent of concentration and
reaches its maximum value

T 1.2308(z5/243)
M = 1= [dye 2 k)
o y + 1.2308(213/243)

(29)

RESULTS OF NUMERICAL CALCULATIONS
AND DISCUSSION

Concentration dependences of the sensitization
quantum yield 11, at different values of parameters z;;
and z,; calculated from (17) (dashed lines) and (20)
(solid lines) are presented in Figs. 3 and 4 (the points
correspond to calculation in the two-particle GAF
approximation).

At moderate concentrations, formulas (17) and (26)
give coinciding results. At high concentrations, the
deviation does not exceed 15%, the Ore method giving
higher values of 1.

The two-particle GAF approximation also gives
higher values of 1, than the three-particle approxima-
tion, because the excitation diffusion coefficient is
overestimated in this approximation [19].

At low concentrations, linear dependence (28) is
observed. In the absence of migration (z43 = 0, Fig. 3),
Vol. 83 1997
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Fig. 3. The concentration dependence of the sensitization
quantum yield in the absence of energy migration over
acceptors (243 = 0). Curves obtained by the Ore and GAF
methods coincide in this case. The quantum yield decreases
with an increase in the backward energy transfer rate: z;3 = 1
H01@2,03.
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Fig. 4. The concentration dependence of the sensitization
quantum vield in the presence of energy migration over
acceptors (z43 # 0). The quantum yield increases with
increasing energy migration: z;3= Lizia =01 (I, i3 = 1,
3= 101D, 213201, 243=0.1 (@), 2132 0.1, 243 = 1(2). The
dashed lines correspond to the Ore method, poinis corre-
spond to the two-particle approximation of the GAF
method, solid curves correspond to the three-particle GAF
approximation.

the quantum yield 1, initially increases, then (with fur-
ther increasing concentration) reaches its maximum
and begins to decrease. The position of the maximum
(indicated by the arrow at the curves) depends on the
rate 7,5 of the backward energy transfer. The quantum
yield 1, decreases with increasing z;3, and the maxi-
mum shifts to lower concentrations.
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Fig. 5. The concentration dependence of the sensitization
quantum yield at low concentrations and at z;3 = 3= 100.
For ¢ < 5 x 107, the dependence is nonlinear, and for ¢ <
107%, the dependence is linear.

Consideration of excitation diffusion (z4,#0, Fig. 4)
leads to increase in 1, and a shift of the maxima of the
curves to higher concentrations (a maxima are absent
on curves /' and 2').

Possibly, these results partially account for the
experiments [12], where it was found that the energy
transfer efficiency decreased with increasing acceptor
concentration.

The experimental dependence n, ~ ni obtained in

[8] can be explained within the framework of the devel-
oped theory if one supposes that the maximum concen-
tration used in [8] satisfies the condition

4n
3

and z;3 = z43 2 100 (Fig. 5). Because of the lack of nec-
essary data for the estimate of parameters c, z,3, and Z43
in [8], a more comprehensive comparison of the theory
with the experiment is not possible.

¢ = =R, <0.05 (30)

CONCLUSION

Therefore, upon reversible energy transfer from
high excited states, three types of the concentration
dependence of the sensitized luminescence quantum
yield can be observed. At low acceptor concentrations,
the quantum yield initially rises linearly, and then this
dependence becomes approximately quadratic. At high
concentrations, the quantum yield, passing through a
maximum, can begin to decrease, approaching a sta-
tionary value (29). The difference between the maxi-
mum and stationary values of the quantum yield
depends on the relationship between the rates of excita-

tion migration and backward energy transfer.
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Due to the analogy noted in the Introduction, similar
features should be observed in the case of reversible
electron transfer.
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