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Integral encounter theories of the multistage reactions.
III. Reversible intramolecular energy transfer
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The matrix Integral Encounter Theory~IET! and its modified version~MET! developed earlier are
used to study the kinetics of the reversible transitions between two metastable~as singlet and triplet!
states of the fluorescent particle. Induced by binary encounters with inert catalysts, these transitions
result in either~a! energy quenching or~b! energy conservation, depending on what lifetime of these
two states is longer. Integral encounter theory describes adequately the kinetics of energy
conservation followed by delayed fluorescence while differential or Markovian versions of the same
theory fail. Another advantage of the IET is the natural accounting for arbitrary strong light
pumping which makes the Stern–Volmer constant dependent on light intensity, differently for cases
~a! and ~b!. © 2001 American Institute of Physics.@DOI: 10.1063/1.1353546#
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I. INTRODUCTION

The general matrix formalism of integral and modifie
encounter theories~IET and MET! developed in part I of this
work1 was applied in part II to a quasiresonant intermole
lar energy transfer.2 Here we consider an important applic
tion of the same formalism to the intramolecular ener
transfer between metastable statesA to B, induced by en-
counters with inert particlesC. This reaction can be repre
sented by a following formal scheme:

A1C ⇔ B1C

tA↓ ↓tB

G G ~1.1!

which describes, for instance, the singlet–triplet convers
in excited dyes stimulated by encounters with particles c
taining heavy atoms like iodine or bromine.3 The study of the
fluorescence quenching of dyes in liquid solutions has a l
story starting from experimental evidence of diffusion
quenching obtained in Refs. 4,5 and reviewed in Ref.
Since theC particles do not change when induced by t
interconversionA⇔B, their concentrationc5@C# remains
constant in principle. In contrast, both excitations disapp
with time; they decay to the ground stateG with the rates
1/tA and 1/tB , respectively. Besides, one can account for
light induced transition from the ground to fluorescent~sin-
glet! stateA running with a rateI 0 ;

a!Author to whom correspondence should be addressed. Electronic
anatoly.burshtein@weizmann.ac.il
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I 0

A. ~1.2!

After excitation, the energy transfers fromA to B and back-
ward during diffusional encounters withC. Usually the en-
counter diffusion coefficient is assumed to be independen
the level of excitation,D5DA1DC5DB1DC . This coeffi-
cient determines the encounter timetd5s2/D, wheres is
the closest approach distance.

Recently, it was shown that the reversible reaction
such kind is beyond the reach of either superposition
proximation ~SA! or differential encounter theory~DET!.7

Not a rate concept, but an integrodifferential formalism, e
ployed by IET and MET, is the only one able to cope wi
such a problem. Hence, the analysis of this reaction wit
this formalism is the main goal of this paper as well as a ti
comparison with the approach of Yang, Lee, and Shin~YLS!
~Ref. 8! reduced to the differential version of the theory. T
approximate reduction of integral equations to different
~rate! equations is incorrect when decay times of excit
states are different. It was demonstrated a few times by
example of reversible intermolecular energy transfer9–11 that
such a reduction makes the fluorescence quantum yield
culation impossible. The same is true for the reversible
tramolecular transfer. IfB ~presumably triplet! has longer
lifetime thanA, not only the quantum yield but the kinetic
of fluorescence is qualitatively distorted as well.9–11 We will
show that non-Markovian kinetics of long-lived state co
sists of a short geminate stage and a long bimolecular en
quenching accompanied by delayed fluorescence. Neithe
these effects are properly described within the rate conc
il:
2 © 2001 American Institute of Physics
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We will also confirm the Stern–Volmer Law and specify t
light intensity dependence of its constant for reversible
ergy transfer like it was done for a similar irreversible rea
tion in Refs. 12 and 13.

II. IET AND MET KINETIC EQUATIONS

From the general formalism of part I~Ref. 1! it is easy to
get the integrodifferential equations for intermolecular tra
fer which are simpler than for intramolecular transfer~see
part II, Ref. 2! because ofC particles conservation. The IET
equation takes the following form:

]s~ t !

]t
5 Q̂̂s~ t !2cE

0

t

R̂̂~ t2t!s~t!dt, ~2.1!

where the vector

s5S NA

NB

NG

D ~2.2!

is composed from the populations of excited and grou
states of an active particle,NA(t)5@A#, NB(t)5@B#,
NG(t)5@G#. Because the structurelessCs conserve in the
course of Eq.~2.1! are linear in time variable densities whic
are components ofs.

The intramolecular relaxation is given by an operator

Q̂̂5S 21/tA 0 I 0

0 21/tB 0

1/tA 1/tB 2I 0

D , ~2.3!

which includes the natural decay of the excited states w
the lifetimestA and tB and light pumping with a rateI 0 .
Another important operator is the kernel~memory function!

of the IET,R̂̂(t), which is represented via the Green functi

of the reactant pairĜ̂ and reactivity matrixŴ̂ ~the Liouvil-
lian of the bimolecular reactions!1

R̂̂~ t !52E drŴ̂~r!Fd~ t !1E dr0Ĝ̂~rur0 ,t !Ŵ̂~r0!G . ~2.4!

Restricting ourselves to contact approximation employed
preceding article2 we obtain the reactivity matrix,

Ŵ̂5S 2wf~r ! wr~r ! 0

wf~r ! 2wr~r ! 0

0 0 0
D

5
d~r 2s!

4ps2 S 2kf kr 0

kf 2kr 0

0 0 0
D , ~2.5!

which is expressed through kinetic rate constants of forw
and reverse transfer between excited states,kf5*wf(r )d3r
andkr5*wr(r )d3r . The equation for the Green function
as follows:1

~] t2L̂r2Ŵ̂~r!2 Q̂̂!Ĝ̂~rur0 ,t2t0!5d~ t2t0!d~r2r0! Î̂ ,
~2.6!
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where L̂r is the operator of the encounter diffusion of th

reactants, andÎ̂ is the unity operator.
The matrix-form equations of MET are also of the int

grodifferential type,

ds~ t !

dt
5 Q̂̂s~ t !2cE

0

t

Ŝ̂~ t2t!s~t!dt , ~2.7!

but with concentration-corrected kernelŜ̂,1

Ŝ̂~ t !5E drŴ̂~r!Fd~ t !1E dr0Ĝ̂eff~rur0 ,t !Ŵ̂~r0!G . ~2.8!

It is expressed through the auxiliary Green functionĜ̂eff

which obeys the matrix equation,1

@] t2L̂r1R̂̂2 Q̂̂2Ŵ̂~r!#Ĝ̂eff~rur0 ,t2t0!

5d~ t2t0!d~r2r0! Î̂ , ~2.9!

with the concentration-dependent modifying operatorR̂̂,
which tends to zero at infinite dilution. This operator acts

the Green functionĜ̂eff as follows:1

R̂̂Ĝ̂eff~r ur 0 ,t2t0!5cE
0

t

R̂̂~ t2t8!Ĝ̂eff~r ur 0 ,t82t0!dt8.

~2.10!

Being much simpler than its analog for intermolecular e
ergy transfer studied in Ref. 2, this equation contains a sin
term in the right-hand side. Another one turns identically
zero. As a result, not only IET, but also MET of intramo
lecular energy transfer is greatly simplified and easier av
able for precise investigation and comparison with other
proaches.

III. WEAK PUMPING IN IET

A. Kernels

We have to first specify the IET kernels for our partic
lar problem. Since the ground stateG is not involved in
bimolecular reactions that appeared in operator~2.5!, the
same is true for a kernel whose shape is the same. In o
words, the kernel elementsR13, R23, R31, R32, R33 are
equal to zero. Therefore the ground state may be exclu
from consideration when solving Eq.~2.6! provided I 0 is

also omitted in the relaxation operatorQ̂̂. Thus, the rank of
the operators is reduced to 232 and the problem become
very similar to that considered in part II of this article.2 To
solve it we have to use the same method of introducing

Green function of free diffusionû̂ in the reduced basis o
only two states,A andB. Its Laplace-transformation denote

with û̂̃ obeys the equation,

~s2 q̂̂2DD r ! û̂̃~r ur 0 ,s!5
d~r 2r 0!

4pr 0
2

Î̂ , ~3.1!

where q̂̂ is the reduced relaxation matrix with pumping n
glected,
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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q̂̂5S 21/tA 0

0 21/tB
D . ~3.2!

The contact value ofû̂̃ found from Eq.~3.1! is

û̂̃~sus,s!5
1

kD S 1

11Atd~s11/tA!
0

0
1

11Atd~s11/tB!

D .

~3.3!

The relationship betweenû̂ and the IET kernel in the reduce

basis of two states,r̂̂ , was established in part II.2 In contact
approximation it has the following form:

r̃̂̂ ~s!5 k̂̂@ Î̂ 1 û̂̃~sus,s! k̂̂#21 , ~3.4!

where k̂̂ is defined through the kinetic rate constants of f
ward and backward transfer,2

k̂̂5S kf 2kr

2kf kr
D . ~3.5!

In the reduced basis one can obtainr̃̂̂ (s) from Eq. ~3.4! by

exactly the same way as in part II because the shape ofû̂̃ and

k̂̂ remains the same. Thus, using the results of part II2 we
easily deduce the kernel for the present problem,

R̂̂~ t !5S kf 2kf 0

2kf kr 0

0 0 0
D F~ t ! , ~3.6!

whereF is given by its Laplace transform,

F̃~s!5F11
kf /kD

11Atd~s11/tA!
1

kr /kD

11Atd~s11/tB!
G21

.

~3.7!

The latter result coincides with that obtained many tim
earlier for the intermolecular energy transfer and was c
firmed for the present problem in Ref. 7.

B. Integral equations

The corresponding IET equations take the linear form
the excited state concentrationsNA andNB ,

dNA

dt
52

NA

tA
2kfcE

0

t

F~ t2t!NA~t!dt

1krcE
0

t

F~ t2t!NB~t!dt ,

~3.8!
dNB

dt
52

NB

tB
1kfcE

0

t

F~ t2t!NA~t!dt

2krcE
0

t

F~ t2t!NB~t!dt .
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Numerical solution of these equations after instan
neous (d-pulse! excitation of stateA has to be obtained with
initial conditions NA(0)5N0 , NB(0)50. The results are
shown in Fig. 1. The intramolecular energy transfer toB first
facilitates the decay ofA in comparison with a spontaneou
monomolecular process in the absence ofC @solid line in Fig.
1~a!#. If the transfer is irreversible (kr50) this is a pure
quenching process which lasts up to the end@dashed line in
Fig. 1~a!#. Otherwise the energy comes back due to collisio
with C and supports the delayed fluorescence from stateA.
Initially the density of this state also decreases due to
ward energy transfer, but later on crosses the solid line
goes down much slower than the exponential curve with
lifetime tA . The smallerkr the later, weaker and slowe
should be delayed fluorescence. This qualitative picture
supplemented with a corresponding kinetics ofB particles
accumulation during quenching and their decay even attB

5` through the bimolecular backward transfer toA @Fig.
1~b!#. Such a decay is absent only atkr50 and is the faster
the higher kr . In general, at anytA,tBÞ0 the energy
comes back to the short living excited stateA from a more

FIG. 1. Relaxation of state populations after instantaneous excitation ofA at
tB5`, kf55.0kD, andckftd51.0. ~a! Spontaneous~exponential! decay of
A with the lifetimetA52td ~thick straight line! and its dissipation accom-
panied by intersystem crossing with backward rateskr55.0kD ~dotted line!,
kr5kD ~dashed–dotted line!, andkr50 ~dashed line!. ~b! Accumulation and
dissipation of initially e‘mpty stateB which decays throughA the faster the
higher iskr or does not decay at all ifkr50.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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stableB, causing the delayed fluorescence ofA. This is an
additional channel ofB decay which competes with its own
given bytB .

C. Reduction to the rate equations

In fact, the integral equations of the same kind were fi
obtained with the ‘‘fully renormalized’’ kinetic theory o
Yang, Lee, and Shin~YLS!.8 This theory correctly repro-
duces the binary kinetics and has the same accuracy a
MET for a number of simple problems.17,18 However, the
authors had not confined themselves to original integ
equations, but reduced them to a differential form conven
for comparison with some earlier theories and intuitive r
equations. Such a reduction is reasonable to some exten
this particular one is not the best because of inappropr
transformation of the integral terms. The population densi
NA andNB were factored outside the integral signs witho
making an account for excited states decay,

kfE
0

t

FYLS~ t2t!NA~t!dt'kfNA~ t !E
0

t

FYLS~t!dt

5kf
ph~ t !NA~ t !,

~3.9!
krE

0

t

FYLS~ t2t!NB~t!dt'krNB~ t !E
0

t

FYLS~t!dt

5kr
ph~ t !NB~ t !,

whereFYLS is the kernel of the YLS-theory. By this mean
the authors really got the usual kinetic equations,

dNA

dt
52

NA

tA
2kf

ph~ t !cNA1kr
ph~ t !cNB ,

~3.10!
dNB

dt
52

NB

tB
1kf

ph~ t !cNA2kr
ph~ t !cNB ,

but with wrong time-dependent~‘‘phenomenological’’! rate
constants,

kf
ph5kfE

0

t

FYLS~t!dt, kr
ph5krE

0

t

FYLS~t!dt. ~3.11!

Unfortunately, such a reduction of integral equations
their differential analogs is incorrect even in a short tim
domain. The conventional way of doing the same is w
known from a number of works14–16 which recommend ex-
cluding first the decay ofA andB by making the substitution

NA~ t !5A~ t !e2t/tA, NB~ t !5B~ t !e2t/tB . ~3.12!

Only then the slowly changing variablesA(t) andB(t) can
be factored outside the integral signs in IET equations,

kfE
0

t

F~ t2t!NA~t!dt5kfe
2t/tAE

0

t

F~ t8!et8/tAA~ t2t8!dt8

'kf~ t !NA~ t !,
~3.13!

krE
0

t

F~ t2t!NB~t!dt5kre
2t/tBE

0

t

F~ t8!et8/tBB~ t2t8!dt8

'kr~ t !NB~ t ! ,
Downloaded 02 Apr 2001 to 132.76.33.15. Redistribution subject
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where the true reaction constants of the DET are tim
dependent quantities,

kf~ t !5kfE
0

t

F~t!et/tAdt and kr~ t !5krE
0

t

F~t!et/tBdt .

~3.14!

As a result, we come to the same differential equatio
~3.10!, but with proper rate constantskf(t) andkr(t) substi-
tuted for kf

ph(t) and kr
ph(t). The time evolution of the true

rate constants is identical to that described in Ref. 10, wh
the intermolecular energy transfer was studied betweeA
and B. In Figs. 4 and 5 of this work, the time behavior o
kf(t) is shown for the case when an initially excited mo
ecule decays much faster than the transfer product. In
application to a problem in handsA may be a short living
~say singlet! excitation while B ~say triplet! lives much
longer or even infinitely long. InitiallyA is quenched by
interconversion withkf.0 as long as energy flues from sin
glet to triplet. Then, after singlet decay is accomplished
energy goes back from triplet to singlet, resulting in a d
layed fluorescence from the latter. At this last stagekf(t)
changes the sign~becomes negative! as well as the energy
flux, that changed the direction. This physically clear effe
is lost in the YLS theory due to its reduction to the differe
tial form. The ‘‘phenomenological’’ constants are alwa
positive and approach their stationary values att.td as in
classical Smoluchowski theory.

The same is true for a backward DET constantkr(t)
@Fig. 2~b!#, but its forward analog,kf(t), is sign-alternating
and diverges ast→` @Fig. 2~a!#. This effect, peculiar to the
intermolecular transfer as well, indicates that even a pro
DET description is seriously restricted in time whentA

ÞtB . As was always stressed in our previous works9–11 the
long time ~quasistationary! or Markovian rate constants,

kf
s5 lim

t→`

kf~ t !5kfF̃~21/tA!

5kfF11
kf

kD
1

kr

kD@11A2tdd#
G21

,

~3.15!
kr

s5 lim
t→`

kr~ t !5krF̃~21/tB!

5krF11
kr

kD
1

kf

kD@11Atdd#
G21

,

do not exist simultaneously ifd51/tA21/tBÞ0. One of
them, which describes transfer from a short living state
more stable, becomes complex making the Markovian~rate!
approach inapplicable.

D. Comparison with IET ‘‘effective constants’’

To the contrary, there are no such troubles in IET. T
effective rate constants, introduced by the relationships

kf
eff~ t ! NA~ t ! 5 kfE

0

t

F~ t2t!NA~t!dt, ~3.16!
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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kr
eff~ t ! NB~ t ! 5 krE

0

t

F~ t2t!NB~t!dt,

and calculated from IET equations~3.8!, are real and finite.
When tB.tA , kf

eff(t) changes the sign with time, but the
levels off, while corresponding DET constant diverge
limt→`kf(t)52` @Fig. 2~b!#.

On the other hand, the IET is also not ideal as it is se
from Fig. 2~b!. The kernel of the IET has power dependen
on time resulting from diffusional separation of the reacti
pair. This property is passed on to the long time asympto
of NA(t) or NB(t) when the corresponding lifetime i
infinite.10 In this case the backward constants of DET a
YLS exactly coincide and approach the asymptotic Mark
ian value att→`, while the effective constant of the IET
declines from this limit downwards. This difference is in
tially not pronounced, but then increases with time. This i
principle demerit of the IET which does not account for
binary terms of concentration expansion and predicts
false asymptotic behavior for a long time decay.1 The non-
exponential behavior of the time-dependent rate coefficie
was also revealed for the case of the intermolecu
transfer.10 As a matter of fact, the real asymptotics should
exponential in a proper binary theory due to intervention
the third particles~‘‘bachelors’’! to the pair events.2 This

FIG. 2. Time evolution of the YLS ‘‘phenomenological rate constant
~dotted lines! approaching their stationary values~thin horizontal lines! and
‘‘true rate constants’’ of DET~thick solid lines! in comparison with the
‘‘effective rate constants’’ of IET~dashed lines! for forward ~a! and back-
ward transfer~b!. kf5kr55kD ; kfctd50.1; tA52td , tB5`.
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drawback has been overcome when the MET~Refs. 17, 19–
21! or equivalent theories8,22 are used instead of the IET.

E. Geminate and bimolecular backward transfer

One more feature of the kinetic behavior, which is co
pletely lost in the YLS rate approach is represented in Fig
The descending branches of the kinetics become expone
at long times representing the backward transfer in the b
They have the same slope in both IET and YLS-theory a
are shown by parallel thin lines in Fig. 3. However, the IE
curve approaches this asymptotics from above, after a hu
demonstrating the geminate backward transfer to stateA. The
geminate stage, which arises immediately after accumula
of some population in stateB was studied with the IET in
Ref. 11 for the intermolecular energy transfer. Such a p
nomenon is completely lost in the YLS rate theory who
curve reaches the exponential asymptotics from below,
noring the backward geminate transfer. This evident dra
back demonstrates that the reduction to the rate descrip
made in Eq.~3.11! is inappropriate when the lifetimes of th
excited states are different.

IV. IET FOR A STRONG LIGHT PUMPING

In the presence of strong pumping light one should
count for I 0 in the relaxation operators. It is impossible
this case to calculate the IET kernel in the reduced basis.
specifying the shape of a total IET kernel one should u

instead ofû̂(r ur 0 ,t2t0) the general ‘‘free Green function’

Ĝ̂0(r ur 0 ,t2t0) in the complete three state basis. The lat
obeys the kinetic equation similar to Eq.~3.1!,

~] t2DD r2 Q̂̂!Ĝ̂0~r ur 0 ,t2t0!5
d~r 2r 0!

4pr 0
2

d~ t2t0! Î̂ . ~4.1!

The solution to this equation can be easily found. Its cont
value may be represented as follows:

FIG. 3. The same as in Fig. 1~b! but in a wider dynamic region and fo
kr5kf55kD . The solid line represents the results of the IET which a
counts for an initial geminate process and bimolecular quasiexponentia
ymptotics~thin straight line! approached from above. The dashed line is t
same kinetics obtained from the phenomenological YLS theory~dotted
lines! which also approaches the bimolecular asympotics~thin line!, but
from below.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Ĝ̂0~sus,t !5G~ t !exp~ Q̂̂t !/kD , ~4.2!

whereG̃(s)5@11Astd#21. Making the Laplace transformation of this equation we obtain

Ĝ̂̃0~sus,s!5
1

kD S I 0g01g1 /tA

I 011/tA
I 0

~g02g1!/tB

~ I 011/tA!~ I 011/tA21/tB!
I 0

g02g1

I 011/tA

0 g2 0

~g02g1!/tA

I 011/tA

g0

tA
S I 01

1

tA
2

1

tB
D2

g1I 0

tB
2g2S 1

tA
2

1

tB
D S I 01

1

tA
D

~ I 011/tA!~ I 011/tA21/tB!

I 0g11g0 /tA

I 011/tA

D , ~4.3!
g

nt

-

E

ith

s-
where

g05G̃~s!, g15G̃~s1I 011/tA!, g25G̃~s11/tB!.

The IET kernel can be calculated from the followin
relationship in the three state basis,

R̂̂̃~s!5 K̂̂@ Î̂ 1 Ĝ̂̃0~sus,s!K̂̂#21, ~4.4!

whereK̂̂ is the matrix composed of the kinetic rate consta
in the complete basis

K̂̂5S kf 2kr 0

2kf kr 0

0 0 0
D . ~4.5!

The relationship~4.4! is a generalization of Eq.~3.4! for the
case of strong pumping.

The rather straightforward calculations yield the follow

ing expression forR̂̂:

R̂̂~ t !5S kf 2kf 0

2kf kr 0

0 0 0
D M ~ t ! , ~4.6!

whereM is given by its Laplace transform,

M̃ ~s!

5
I 011/tA21/tB

~1/tA21/tB!~11kfg11krg2!1I 0~11kfg21krg2!
.

~4.7!

In fact Eq. ~4.6! follows from Eq. ~3.6! if there is a substi-
tution M (t) for F(t) in the latter.

As a result, we obtain a complete set of generalized I
equations instead of reduced Eqs.~3.8!,

dNA

dt
52

NA

tA
2kfcE

0

t

M ~ t2t!NA~t!dt

1krcE
0

t

M ~ t2t!NB~t!dt1I 0NG , ~4.8a!
Downloaded 02 Apr 2001 to 132.76.33.15. Redistribution subject
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T

dNB

dt
52

NB

tB
1kfcE

0

t

M ~ t2t!NA~t!dt

2krcE
0

t

M ~ t2t!NB~t!dt, ~4.8b!

dNG

dt
5

NA

tA
1

NB

tB
2I 0NG . ~4.8c!

The great advantage of IET equations in comparison w

FIG. 4. The field dependence ofkF in the diffusion control limit (kf5kr

55kD) at a different ratio of encounter time to the lifetimes of the fluore
cent state:td /tA50 ~solid line!, 1 ~dashed line!, 5 ~dashed–dotted line! at
~a! td /tB510 and~b! tB5`.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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similar non-Markovian equations of differential or unifie
theories is that they incorporate the pumping termI 0NG ad-
ditively with others. This makes possible their stationary
lution at dNA /dt 5 dNB /dt 5 dNG /dt 50.

This solution can be used to specify the relative fluor
cence quantum yield which is given by general formula,12,21

h5
NA

st

I 0tANG
st

, ~4.9!

whereNA
st andNG

st are the stationary populations of fluore
cent and ground states at permanent light pumping. Find
them from Eqs.~4.8! and using in Eq.~4.9! we generalize the
famous Stern–Volmer Law,

h21511tAck. ~4.10!
e
-

e
h
e

nt

to
t

nc
at
gh
llin
in
s

th
el
n

e-
te

n

n

n
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The IET holds at relatively low concentration and within i
limits the quenching constant

k5
kF

11tBckR
~4.11!

is expressed via stationary constants of forward and ba
ward transfer,

kF5kfM̃ ~0! and kR5krM̃ ~0!.

This expression has essentially the same structure as
Stern–Volmer constant for reversible intermolecu
transfer,9,10 but both forward and reverse transfer consta
are corrected by a factorM̃ (0) which substitutesF̃(0) from
Eq. ~3.7!. A new factor is field dependent,
M̃ ~0!5
I 011/tA21/tB

~1/tA21/tB!~11akf /kD1bkr /kD!1I 0~11bkf /kD1bkr /kD!
, ~4.12!
n.

or-
f
di-
where a21511Atd(I 011/tA), b21511Atd /tB. In the
kinetic controlled limit this dependence is insignificant b
cause the termskf /kD and kr /kD are small and can be ne
glected together with the light dependent coefficientsa and
b. However, in the opposite, diffusion control limit th
Stern–Volmer constant is significantly affected at high lig
intensity. For illustration of this statement we will analyz
the field dependence of forward energy transfer represe
by kF(I 0).

At zero field only the non-Markovian effect inherent
M̃ (0) is seen;k increases with reduction of lifetime. A
shorttA the irreversible transfer (tB→0) is interrupted long
before a large dip near the energy acceptor is formed. He
the distribution of donors remains more uniform and the r
constant is not much less than the kinetic one. The li
pumping serves the same goal as the donor decay by fi
out the dip with free excitations. The stronger the pump
the more homogeneous is the reactant distribution and fa
the quenching@Fig. 4~a!#.

Roughly speaking, the strong pumping switches off
decay ofA. As a result, it removes the non-Markovian acc
eration of forward transfer, making it slower. In case of e
ergy conservation (tB.tA) this changes the relationship b
tween the forward and reverse transfer in favor of the lat
The quenching is damped by strong light@Fig. 4~b!#. The
same was with irreversible intermolecular transfer at lo
tB , although the reason was different.13 The field depen-
dence disappears attA→`5tB because the non-Markovia
effect in quenching is completely removed.

V. THE INTRAMOLECULAR ENERGY TRANSFER IN
THE MET

Let us now take into account the 3-particle correlatio
of the reactants. From the general formula~2.10! we can

deduce the expression for the modifying operatorR̂̂,
-

t

ed

e,
e
t
g

g
ter

e
-
-

r.

g

s

R̂̂̃5cF̃~s!S kf 2kf 0

2kf kr 0

0 0 0
D . ~5.1!

We suggest the following explanation of such a modificatio
The pair @A . . . C# can be converted into@B . . . C# and
backward due to the reaction with ‘‘bachelors,’’C particles
belonging to the ‘‘background.’’ These processes are prop
tional to the rates ofA⇔B transitions and concentration o
C. The product of them constitutes the elements of the mo

fying operatorR̂̂̃.
The modified kinetic equations forNA andNB are

dNA

dt
52

NA

tA
2ckfE

0

t

F~t!NA~ t2t!dt

1ckrE
0

t

F~t!NB~ t2t!dt, ~5.2!

dNB

dt
52

NB

tB
1ckfE

0

t

F~t!NA~ t2t!dt

2ckrE
0

t

F~t!NB~ t2t!dt ,

where the modified kernelF(t) is obtained in the Appendix
and represented by its Laplace transformation,F̃(s).

In case of infinite lifetimestA5tB5` the expression
for F is much simpler,

F̃~s!5@11~kf1kr !U1#21

5F 11
~kf1kr !/kD

11AtdS s1
~kf1kr !kD

kf1kr1kD

cD G
21

. ~5.3!
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This formula coincides with the known result.17 Here we
took into account that in the binary approximation t
Laplace variables can be omitted in the ‘‘modifying’’
terms,17,19,20that is F̃(s) in Eqs. ~A9!, ~A10! has been sub
stituted byF̃(0)5 kD /(kf1kr1kD). The analysis of these
results will be made elsewhere.

The result~5.3! was also obtained in Ref. 18 from th
hierarchical set of evolution equations in a rather transpa
though semi-intuitive way. From our point of view, while th
same result was derived here and in Ref. 17 in a more g
eral and consistent manner. However, Sung and Lee be
that their MPK1 theory18 is more accurate than the MET
This is hardly true, although in a particular case of immob
A/B particles MPK1 reproduces the exact result23 valid for
only this case. In fact, MPK1 is essentially a binary theo
which operates only with encounter diffusion of the reacta
D5DA/B1DC . It was shown earlier by diagrammat
summation19 that the MET reproduces only that part of th
kinetics, which universally depends onD, but not separately
on DA/B andDC . Any theory, which pretends to correct th
MET should be expressed via these absolute mobilities
stead of their relative value. This is definitely not MPK
which does not provide such a nonbinary corrections to
MET in any case except the single one, when the abso
and encounter diffusion coefficients coincide.

VI. CONCLUSION

We successfully applied the new method suggested
parts I and II to the impurity catalyzed intersystem crossi
The essential feature of intra- as well as of intermolecu
transfer is that the Markovian or ‘‘rate equations’’ formalis
using permanent or time dependent rate constants is in
sistent when reactants are metastable particles. To the
trary, the integral formalism employed by IET, MET o
equivalent theories provides much better treatment of bim
lecular reactions using memory functions obtained in bin
approximation with respect to reactants. Our newly dev
oped method allows us to regularly specify the IET and M
integral equations and examine the conditions of their red
tion to differential rate equations providing an approxima
description of the same phenomena. The difference betw
exact results and their approximate analogs based on the
concept is illustrated here by an example of catalyzed in
conversion between two states with different lifetimes. W
calculatedab initio the kernels~memory functions! of the
IET and MET equations, obtained numerically for their s
lutions of energy quenching or conservation kinetics a
analyzed the non-Markovian effects originated by finite li
Downloaded 02 Apr 2001 to 132.76.33.15. Redistribution subject
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times and strong light pumping. The comparison of our
sults with those obtained with other methods demonstra
the great advantage of the new photochemistry that is v
beyond the rate concept.
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APPENDIX: DERIVATION OF THE MET KERNEL

To obtain the expression for the MET kernel we w
employ the same method as previously used for calculat
of the IET kernel in the case of weak pumping. As pre
ously, this problem can be solved in the reduced basis of
statesA andB. To do it we should first calculate the conta

value of the ‘‘free’’ Green functionÛ̂ which is the solution
of the following equation:

~s2 Q̂̂82DD r ! Û̂̃~r ur 0 ,s!5
d~r 2r 0!

4pr 0
2

Î̂ , ~A1!

whereQ̂̂8 is the ‘‘relaxation’’ matrix of the reaction pair in
the reduced basis,

Q̂̂85S 21/tA2kfcF̃~s! krcF̃~s!

kfcF̃~s! 21/tB2krcF̃~s!
D . ~A2!

This Green function describes the free evolution of the re
tion pair accompanied by relaxation and reactions ofA andB
with the ‘‘bachelors.’’ To solve this problem we have t

change the basis making operatorsQ̂̂8 and Û̂ diagonal,

Q̂̂85TQ̂̂dT21, Û̂̃~r ur 0 ,s!5TÛ̂̃d~r ur 0 ,s!T21, ~A3!

where the matrixT is composed from the eigenvectors

Q̂̂8. In the new basisQ̂̂d is the diagonal matrix of the form

Q̂̂d5S l1 0

0 l2
D , ~A4!

where

l1,25@1/tA11/tB1cF̃~s!~kf1kr !6N#/2

are the eigenvalues ofQ̂̂8 and
e are
N5A~1/tA21/tB!21F̃2~s!@B#2~kf1kr !
212F̃~s!@B#~kf2kr !~1/tA21/tB!.

In the new basis the equation forÛ̂d contains only diagonal matrices and can be easily solved analytically. Again, w
interested only in the contact value of this Green function,

Û̂̃d~sus,s!5
1

kD
S G̃~s1l1! 0

0 G̃~s1l2!
D 5S U1 0

0 U2
D . ~A5!
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Substituting this result into formulaÛ̂̃5T21Û̂dT allows us to calculate the contact value of the ‘‘free’’ Green function,

Û̂̃~sus,s!5S @1/tA21/tB1~kf2kr !cF̃~s!#@U12U2#1N@U11U2#

2N

krcF̃~s!@U22U1#

N

kfcF̃~s!@U22U1#

N

@1/tA21/tB1~kf2kr !cF̃~s!#@U22U1#1N@U11U2#

2N

D . ~A6!

The relationship between the kernel of the MET in the reduced basisŜ̂8 and this Green function is essentially the same as
~3.4!,

Ŝ̂̃8~s!5S S11 S12

S21 S22
D 5 k̂̂@ Î̂ 1 Û̂̃~sus,s! k̂̂#21. ~A7!

Substitution ofÛ̂̃(sus,s) from Eq. ~A6! into Eq. ~A7! leads to the following expression for the MET kernel in the full ba
of three states:

Ŝ̂~ t !5S kf 2kf 0

2kf kr 0

0 0 0
D F~ t !, ~A8!

where the functionF is given by its Laplace-transform,

F̃~s!5
2N

~U12U2!@~kf2kr !~1/tA21/tB!1cF̃~s!~kf1kr !
2#1N@21~U11U2!~kf1kr !#

. ~A9!

Here we introduced

N5A~1/tA21/tB!21c2F̃2~s!~kf1kr !
212cF̃~s!~kf2kr !~1/tA21/tB!,

~A10!
U1,25G̃~s1l1,2!/kD , l1,25

1
2@1/tA11/tB1cF̃~s!~kf1kr !6N#.
.

.

es

.

tt.
This result was first obtained by Sung and Lee.18 One should
note that at infinite dilution (c→0) F(t) certainly reduces to
the IET kernelF(t) given by Eq.~3.7!.
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