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A model describing the radiative processes occurring in concentrated solutions of a donor able 
to transfer its electronic energy to an acceptor is presented. It was found that both radiative 
transport over donors and transfer to the acceptor modify the decay curves of the donor, the 
effect being more pronounced at low acceptor concentrations owing to a small absorption of 
the donor emission by the acceptor and an inefficient donor-acceptor nonradiative energy 
transfer process. Fitting or decay curves influenced by radiative transport can lead to incorrect 
evaluation of nonradiative energy transfer parameters if the radiative processes are not 
accounted for. The true nonradiative parameters can be evaluated using the theoretical decay 
law predicted by the model. 

I. INTRODUCTION 

The transfer of electronic energy between an excited 
molecule (donor) and another one in its ground state (ac
ceptor) has been observed in solid and fluid solutions. 1 The 
energy can be transferred by a radiative mechanism (trivial 
process) i.e., absorption of the donor emission by the accep
tor and nonradiatively due to coulombic or exchange inter
actions. The nonradiative energy transfer rate between a da
nor-acceptor pair was obtained by Forster2 for a dipole
dipole interaction mechanism and by Dexter3 who consid
ered the influence of short range multipole-multipole and 
exchange terms. In solid solutions the transfer occurs be
tween donor-acceptor pairs at several distances leading the
oretically to a nonexponential decay of the donor fluores
cence intensity,2b,4 and this was experimentally confirmed5 

for several pairs of donors and acceptors. In fluid solutions 
material diffusion contributes to approach acceptors from 
excited donors, increasing in this way the transfer efficiency. 
This problem was considered by Yokota and Tanimot06 and 
more recently by other authors,7 namely, Gosele et al s that 
developed a simpler approach. 

In many fields where energy transfer is important, like 
photosynthesis,9 other biological 10 and polymer systems, 11 
the fluorescence spectrum of the donor overlaps its absorp
tion spectrum, creating the possibility of energy transport 
over the donors. The transport can occur by a radiative 
mechanism when the emission of the donor is successively 
absorbed and reemitted, or nonradiatively by a resonant 
mechanism as described by Forster2 and Dexter. 3 Two dif
ferent cases of nonradiative transport were considered by 
Burshtein 12 and Huber13 depending on the ratio ofthe do
nor-acceptor and donor-donor transfer rates. When the do
nor-acceptor transfer rate is much higher than the donor
donor transfer rate the diffusion model of Yokota and Tani
mot06 is adequate. Otherwise, when the donor-acceptor 
transfer rate is lower or of the same order of magnitude of the 
donor-donor transfer rate the hopping model of Burhstein 12 
is appropriate. Recently a model due to Loring, Anderson, 
and Fayer (LAF)14 based on diagrammatic expansions of 
Green's function solutions of the master equation seems to 
be a reasonable approach for both cases. However, the use of 

the so called two- and three-body approximations limits this 
approach to cases already covered by the hopping model. 15 

Radiative processes (transport and transfer) modify the 
fluorescence spectra and decay curves of the donor. The ef
fect of radiative transport on the fluorescence spectrum and 
decay in unitary systems was studied in Ref. 16. Neverthe
less, as far as we know, a model to describe the combined 
effect of radiative transport and transfer is not available. 
This work presents a detailed analysis of the influence of 
radiative transport on the decay curve of a donor able to 
transfer its energy to another donor or to an acceptor. Ex
perimental results are not analyzed but an effort has been 
made to provide useful information to the experimentalist 
using simulated decay curves. In Sec. II the expressions for 
the decay curve are obtained and some limiting cases dis
cussed. In Sec. III simulated decay curves are presented 
showing the influence of radiative transport in conditions 
that can be experimentally observable. The main conclu
sions are summarized at the end. In particular it is found that 
for higher acceptor concentrations the radiative transport is 
unimportant and from the analysis of the decay curves the 
true parameters of the nonradiative transport and transfer 
can be recovered. For low concentrations of acceptor the 
radiative transport becomes important and fallacious con
clusions about the mechanism of the nonradiative transport 
can be extracted from the analysis of the decay curves if the 
radiative mechanism is not accounted for. 

II. MODEL 

Consider the kinetic scheme I, where the energy donor 
D* is able to transfer its energy to an acceptor A. The energy 
can be transferred by the absorption of a photon emitted by 
D* (trivial process) or by a nonradiative process with rate 
coefficient kQ (t). The trivial process does not modify the 
decay curves of dilute solutions of D since the absorption by 
A occurs after the emission of D*. However, when the flu
orescence and absorption of D overlap, the decay curves of 
concentrated solutions of D are affected not only by the con
secutive processes of reabsorption of the fluorescence of D* 
(radiative transport) 16 but also by the radiative transfer to 
the acceptor of several generations of donor molecules. 
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Scheme I 

In the scheme Dr is the donor directly excited by the 
incoming beam fa (I), Df is D indirectly excited by reab
sorption of photons emitted by Dr, and so on kr and knr are, 
respectively, the radiative and nonradiative rate constants of 
deactivation D*, and an' /3 n are the average probabilities of a 
photon emitted by a nth-generation molecule D~ being ab
sorbed by a molecule D or A, respectively. The nonradiative 
transport over donors, not included in the scheme, "ap
proaches" the donors from the acceptors, increasing the do
nor-acceptor transfer rate constant kQ (I), via the increment 
of the diffusion coefficient. 

Consider first the absorption probability a; (A,n) 
which is the probability ofthe photons emitted by the mole
cules D~ for a certain wavelength A and direction n being 
absorbed by D. The primarily excited molecules Dr are gen
erated within the cell with a distribution given by the Lam
bert-Beer law. The reabsorption of the emission of Dr, gen
erates new excited molecules Df with a new distribution and 
so forth. So a; (A,n) is already an average over the distribu
tion function of excited donors D~ within the cell, that can 
be written as 

a;(A.,n) 

= f f ILD (A)CD exp{ - [ILD (A)CD + ILA (A)CA ] 

Xr'(r,n)}/n(r)drdr' (1) 

wherein (r) is the normalized distribution of the nth-genera
tion of excited donor molecules, ILD (A) and ILA (A) are mo
lar absorption coefficients at wavelength A 
IL(A) = 2.303E(A) and E(A) is the molar extinction coeffi
cient. CD and C A are the concentrations of the donor and 
acceptor, respectively, and r'(r,n) is the length of the path 
followed by photons emitted by the nth-generation of donors 
in direction n. 

Integrating a; (A,n) in dn one obtains the absorption 
probability a~ (A) which is an average absorption probabili
ty for a given wavelength A: 

a~(A)= f a" (A,n)dn. (2) 

The average probability of absorption an is given by 

(3) 

where F D (A) is the molecular emission of D normalized to 

unity. It is assumed that the excited donors have a globally 
isotropic emission F D (A), independently of n, which is a 
reasonable assumption as long as a fast rotational and deacti
vation relaxation occurs, and a rapid thermal eqUilibrium in 
the excited state is attained prior to emission, being this true 
in fluid media. 

The an values are dependent on both concentrations of 
donor and acceptor, decreasing with the increase of the ac
ceptor concentration, since the light emitted by donors is 
absorbed by donors and acceptors with probabilities that 
increase with concentration. This probabilities can be evalu
ated from Eqs. (1 )-( 3) using numerical integration meth
ods or Monte Carlo simulation. 

The D-pulse excitation response function ofD is given by 

/(I) = exp{i' - (;, + kQ(u)CA )dU}; (4) 

'To being the intrinsic lifetime ofD and kQ (I) the nonradia
tive energy transfer rate coefficient. The transfer rate coeffi
cient is usually time dependent and an expression of the form 

kQ{I) = a + bt -1/2 (5) 

is a reasonable approximation l7 when the nonradiative 
transport between the donors is diffusive. 18,19 In this equa
tion, a represents the stationary part of the rate coefficient 
and b the transient contribution due to the time evolution of 
the distribution function of donor-acceptor pairs until at
taining the steady state. In dilute rigid solutions the steady 
state is never achieved and the stationary contribution to 
kQ (t) is zero. Only when material diffusion or nonradiative 
energy migration occurs, is the stationary part of kQ (t) dif
ferent from zero. When nonradiative migration over donors 
occurs, kQ (I) reflects not only the dependence on the criti
cal transfer distance, R ~A, for the donor-acceptor transfer 
but also the dependence on the donor critical transfer dis
tance R ~D for the donor-donor transfer process. The decay 
curve ofthe donor molecules created by a pulse la (I) is given 
by 

(6) 

where I8i means convolution integral. In concentrated solu
tions, part of the emitted light by Dr is absorbed in the cell 
originating new excited molecules Df (see scheme I) by a 
pulse alkrDI • The time evolution ofDf is thus given by 

D 2 (t) = DI (t)alkr 18i/(t) = alkJa (t) 18i/l8if (7) 

Repeated application of the above procedure yields 

Dn (t) = a la 2 •• ·an _ I (kr)n - If a (t) 18i/18i/18i .... I8if 
~ 

n 
(8) 

Defining 
n-I 

lan_II = II a j (ao = 1.0), (9) 
;=1 

Eq. (8) becomes 
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If one observes the intensity due to the molecules D~ in a 
certain direction and solid angle, this intensity will depend 
not only on the number of excited molecules D~ but also on 
the probability of photon escape within that solid angle, 

In (A.,t) = GnSn (A.)krDn (t) (11) 

where G n is a geometric factor accounting for the solid angle 
of observation and also for "dilution effects" due to emission 
from different regions of the cell, and Sn (A.) is the escape 
probability for photons of wavelength A. in the observation 
direction and is given by 

Sn(A.) = f [l-a;(A.,O) -P;(A.,O)]g(O)dO (12) 

where P ; (.1.,0) is the analogous of a; (.1.,0) for the absorp
tion by A, and g( 0) defines the angle of observation. If one 
had an observation apparatus such that the distance of the 
detector to the cell is much larger than the cell dimensions, 
"dilution effects" can be minimized and one has Gn = G. In 
this case, and since the detected intensity I(A.,t) is the sum of 
all the intensities In (A.,t), one can write 

(13) 

The decay is affected by radiative transport over donors, 
taken into account by an and by the escape probability 
Sn (A.) that includes the absorption probability P; ( . .1.,0) 
due to the radiative transfer to the acceptor. However, 10 the 
absence of transport over donors the radiative transfer to the 
acceptor does not influence the donor decay curve. Other
wise, in the presence of transport the·donor decay curve is 
modified by radiative transfer even if the donor does not 
absorb [a; (.1.,0) = 0] at the emission wavelength, since 
P ; (.1.,0) increases with n, owing to a deeper penetration of 
the radiation into the cell for the successive reabsorption 
processes. 

III. RAPIDLY MOVING MOLECULES 

When material diffusion and/or energy migration is fast 
an efficient "mixing" of donors and acceptors occurs during 
the donor lifetime. The transient part of the rate coefficient 
turns out to be very small and the transfer rate coefficient 
kQ (t) can be considered time independent. The successive 
convolution products can then be evaluated, as 

tn - I 

j®f.®'" ®j= j 
~ (n-l)! 

(14) 

and Eq. (13) rewritten as 

This equation reduces to the one obtained for the radiative 
transport of fluorescence emission 16 in the absence of accep
tor. If all the absorption and escape probabilities are equal 
[an = a and Sn (A.) = S(A.)], Eq. (15) can be simplified to 

( t) 00 (ak t) n - I 

I(A.,t) = GkrS(A.)Ia (t) ® exp - -:-Q nL= I r 
, (n - I)! 

(16) 

or 

I(A.,t) = GkrS(A. )Ia (t) ® exp( - t 17), 

with 

(17) 

(18) 

<I> Q and 7 Q being, respectively, the fluorescence quantum 
yield and lifetime in the presence of the acceptor, 

_1_ = J... + kQCA , <l>Q = <1>0 , (19) 
7 Q 70 1 + k Q7 0CA 

and <1>0 = kr 70 the intrinsic quantum yield. In this case the 
decay becomes single exponential, but with a lifetime 7 dif
ferent from 7 Q' This particular result was obtained before by 
Birks.I,20 The experimentally observable lifetime is depen
dent on the acceptor concentration via 7 Q and a. For effi
cient quenching and high values of the acceptor concentra
tion, <I> Q and a become very low and the experimental 
lifetime equals 7 Q' In these conditions a usual Stern-Volmer 
plot of the reciprocal oflifetimes versus acceptor concentra
tion gives the true energy transfer rate constant. 

IV. SLOWLY MOVING MOLECULES 

When both diffusion and migration are slow, the "mix
ing" of donors and acceptors is inefficient and the quenching 
rate coefficient is time dependent. The donor decay curve is a 
complex function given by Eq. (13) that can be written as 

I(A.,t) = GkrSI (A. )Ia (t) 

® [j(t) + a l kr S2 (A.) j(t) ®j(t) + ... ]. 
SI (A.) 

(20) 

In this case the convolution products do not have analytical 
solution and its numerical evaluation is time consuming. 
Fortunately, the donors with a substantial fluorescence-ab
sorption spectra overlap have small intrinsic lifetimes 
(70 < 10 ns) and for the acceptor concentrations used in or
der to observe efficient energy transfer only the first terms of 
Eq. (20) contribute to the overall decay (an decreases with 
acceptor concentration). The small contribution to the de
cay of higher terms is still enhanced by the decrease of the 
ratios Sn (A.)/SI (A.) with n, when using front-face viewing, 
because of a deeper penetration of the radiation into the cell 
for the successive reabsorption processes. 16 For short times 
the convolution product j(t) ®j(t) can be expanded as a 
power series of terms in time (see Appendix), whose trunca
tion after the 2nd term yields 

j(t) ®j(t);:::t exp( - t 17) 1 - -_·t 1/2 
[ 

b-rr1/2 

rcn 
(-rr+4)b

2 
] (21) + 4r(3) t, 

where r(z) is the gamma function. The del,;ay curve can be 
written as 
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(22) 

which is a reasonable approximation since the contribution 
of radiative transport to the decay can be described by a 
unique term (a4>o < 5E - 2), being Eq. (21) a reasonable 
approximation for the convolution product (see Appendix). 

III. SIMULATED DECAY CURVES 

In order to evaluate the influence of radiation transport 
simulated decay curves of the donor emission were genera
ted according to Eq. (13). The calculated decays were con
voluted with an experimental lamp profile with 10 000 
counts in the maximum and FWHM ~ 2 ns obtained in a 
conventional single-photon-counting apparatus and Pois
sonian synthetic noise was added, following the recommend
ed procedure.21 The energy transfer rate coefficient was 
evaluated assuming that the nonradiative transport between 
donors is diffusive and using the expression of G6sele et al. 8 

k (t) = 1 +--41TDeNRetr ( Retr ) 
Q 1000 J1TDe l 

(23) 

with 

( 
R 6 )114 

Retr = 0.676 __ 0_ , 

70 De 
(24) 

where N is the Avogadro's number, 70 the donor intrinsic 
lifetime, Ro the critical transfer distance, and the diffusion 
coefficient De takes into account the material diffusion and 
the nonradiative transport of energy over donors. In the ab
sence of radiative transport the donor decay curve reduces to 

ID(t)a:exp[ - (At+Bt Il2
)] (25) 

with 

(26) 

The absorption probabilities an = a were considered inde
pendent of the acceptor concentration and n and the ratios 
Sn (A)IS1(.~·) constant and equal to 1.22 The number of 
terms necessary to describe the decay curves depend on the 
concentration of acceptor, and was chosen in such a way that 
the contribution of the last term to the overall decay was less 
than 0.1 %. The parameters 70 = 5 ns; 4>0 = 0.9; 
De = 1.0E-6cm2 s- 1 ;Ro=40A.;a =0.15 were used to 
generate the first set of decays. The simulated decay curve in 
the absence of energy transfer ( C A = OM) is well fitted with 
a single exponential with a lifetime of 5.8 ns, longer than the 
intrinsic lifetime, this being due to radiative transport. 16.23 

This is the expected result, since the decay curve was genera
ted with equal an values and constant ratios Sn (A)/S1(A) 
[see Eqs. (14)-(17)]. The decay curves for acceptor con
centrations higher than 1.0E - 3M are well fitted with Eq. 
(25) being the recovered parameters summarized in Table I. 
Figure 1 shows a typical simulated decay curve with accep-

TABLE I. Recovered parameters from the simulated decay curves obtained 
from Eq. (13) with kQ(t) given by Eq. (23) and To=5 ns; <1>0=0.9; 
De = 1.0E - 6 cm2 s - I; Ro = 40 A; a = 0.15, fitted with Eq. (25). In par
enthesis are the expected values without the influence of radiative transport. 

Acceptor concentration 

Parameters 1.0E- 3M 5.0E- 3M 1.0E- 2 M 

A 2.0E8 2.2E8 2.5E8 
(s -I) (2.0E8) (2.2E8) (2.5E8) 

B 2.1 E3 1.7 E4 3.4E4 
(s - 112) (3.5 E3) (1.8E4) (3.5 E4) 

tor concentration, C A = 1.0E - 2M. A reasonable agree
ment between the recovered and the expected values in the 
absence of radiative transport (a = 0) was found for accep
tor concentrations higher than 5.0E - 3 M. The deviations 
observed for lower acceptor concentrations are due to the 
influence of radiative transport that can be avoided using the 
appropriate expression for the decay [Eq. (13)] in the pres
ence of radiative processes. With the increase of a the radia
tive transport becomes more important and only for higher 
concentrations of acceptor are the recovered parameters in 
the presence and absence of radiative transport identical. 
This is shown in Table II that summarizes the recovered 
parameters, obtained from simulated decay curves with 
a = 0.25, maintaining constant the other parameters. Simu
lated decay curves with different an values for the successive 
reabsorption processes are, for low concentrations of accep
tor, not well fitted with the decay law obtained in the absence 
of radiative processes. However, analysis of these decays 
with Eq. (13) allows the evaluation of the true nonradiative 
parameters and the an values since no more than two reab
sorption terms are significant to the decay curve. 

5 
L 
0 
G 

3 
C 
0 
U 

" T 1 
S 

8 5 18 15 28 2S 
Tillie (ns) 

3.3 
8 

-3.3 als 
8.1 
8 

-8.1 
8 e.51 814 

FIG. I. Simulated decay curve (1) obtained from Eq. (13) with kQ (t) giv
en by Eq. (23) and To = 5 ns; <1>0 = 0.9; De = 1.0E - 6 cm2 s - I; Ro = 40 
A; a = 0.15; C A = 1.0E - 2M, convoluted with a lamp profile (2) being 
added Poissonian synthetic noise. The decay was fitted with Eq. (25), with 
the recovered parameters, A = 2.SE8 s - I and B = 3.4E4 s - 112. 
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TABLE II. Recovered parameters from the simulated decay curves ob
tained from Eq. (13) with kQ (t) given byEq. (23) and To 5 ns; <1>0 = 0.9; 
De = 1.0E 6 cm2 s - I; Ro = 40 A; a = 0.25, fitted with Eq. (25). In 
parenthesis are the expected values without the influence of radiative trans
port. 

Acceptor concentration 

Parameters J.OE- 3M 5.0E- 3M 1.0E-2M 

A I.S ES 2.2ES 2.5ES 
(S-1 ) (2.1 ES) (2.2ES) (2.5 ES) 

B 1.9 E3 1.6E4 3.4E4 
(s·· 112 ) (3.5 E3) (I.SE4) (3.5E4) 

IV. CONCLUSIONS 

The treatment proposed describes the radiative pro
cesses occurring in concentrated solutions of a donor able to 
transfer its electronic energy to an acceptor. Both radiative 
transport over donors and transfer to the acceptor influence 
the expected donor decay curve in the absence of radiative 
processes. Simulated donor decays with a significant contri
bution owing to the radiative transport can be fitted with the 
decay law in the absence of radiative processes [Eq. (25)], 
in many cases. However, the recovered parameters of the 
nonradiative transfer can be substantially different from the 
ones used in the simulation procedure. This difference is 
more pronounced at low concentrations of acceptor and can 
explain anomalous Ro values obtained from the analysis of 
the decay curves recovered with samples of varying concen
trations of acceptor,24 as was already pointed out by Millar 
et al. l1(a) The spurious influence ofthe radiative processes in 
nonradiative energy transfer studies can be minimized for 
front-face viewing using thin samples, since the probabilities 
a" decrease with the optical path length [see Eq. (1)]. 
Struve and co-workers25 showed that for milimolar solu
tions of xanthene and carbocyanine dyes the effect of self
absorption is virtually eliminated using cells <2 /lm thick. 
The thickness of the cell necessary to "eliminate" the self
absorption depends on the system being studied,26.27 name
ly, its fluorescence-absorption overlap integral and concen
tration. The use of very thin cells reduces the fluorescence 
intensity and hardly allow the degassing of the samples. 
These limitations are important since the energy donor has 
low quantum yield and intrinsic lifetime longer enough to 
allow significant quenching by oxygen. When the use of thin 
cells is inappropriate the decay curves should be analysed 
following the formalism developed in Sec. II in order to ex
tract the true nonradiative parameters. If the influence of 
radiative transport can be taken into account only by the first 
reabsorption term (n = 2), (thin samples or high concen
trations of acceptor) the analysis of the decay curve with Eq. 
(20) or the simplified expression (22) allows the evaluation 
of the nonradiative parameters and [S2(A)/Sl(A) lat. 
These values can then be compared with the theoretical ones 
obtainable from Eqs. (1)-(3) and Eq. (12) once known the 
concentrations, geometrical conditions and the fluorescence 
spectrum of donor and the absorption spectra of donor and 
acceptor. The analysis of decays strongly influenced by the 
radiative transport become more difficult since several reab-

sorption terms contribute to the decay. When more than two 
reabsorption terms are significant to the overall decay is ad
visable the numerical calculation of the reabsorption param
eters to be introduced as constants in the fitting procedure, 
being then the nonradiative constants the unique adjustable 
parameters to be evaluated. If the decays are single exponen
tial (see Sec. III) and iteration procedure based on Eqs. 
(17)-(18) can be used28 to evaluate a and kQ once known 
the intrinsic lifetime, 'To and quantum yield ct>o. 

The model presented gives an appropriate framework 
for the study of systems where both radiative and nonradia
tive processes are important. In practical systems like lumi
nescent solar concentrators and photosynthesis both pro
cesses occur and should be considered for the full 
understanding of the global phenomena. Nevertheless, in 
many circumstances the main interest is the study of the 
nonradiative processes. In this case the decay curves must be 
analysed with the expressions developed in Sec. II since the 
radiative contribution to the overall decay can not be elimin
ated using thin samples. 
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APPENDIX 

The convolution integral 

!(t) ®!(t) =exp[ (at + bt 1/2)] ®exp[ - (at + bt 1/2)] 
(Al) 

can be written as 

!(t) ®!(t) = exp( at) [exp( - bt 112) ® exp( - bt 1/2)]. 

(A2) 

Applying the Laplace transform to the convolution integral 
in Eq. (A2) gives 

y = ,2" [exp( bt 1/2) ® exp( bt 112)] 

= [L" exp( - bt 1/2)exp( - st)dt r (A3) 

or 

1 Y = Sl [1 - 1T1/2X exp(x2 )erfc(x) F, (A4) 

where x is given by 

x = b /2s112
• (AS) 

Expanding the function exp(x2
) and erfc(x) in series of 

powers in x and retaining only the first two terms (small x, 
or small t) in these expansions, 

y::::;(1/Sl)(l 1T112x+2x2)2 

::::;(1/Sl)[1 21TI12X+ (4+1T)X2]. (A6) 

Performing the Laplace inversion, the convolution can be 
written as 
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f(t) ®f(t) z,t exp( at) 

x[t- b1T1/2 [1/2+ (4+1T)b
2 t] (A7) 

r(5/2) 4r(3) 

which was shown to be a reasonable approximation (accura
cy better than 5%) in the time region of interest (t < 20 ns) 
since b is lower than 3.0E 3 s - 112 • 
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