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Reversible electron transfer in photochemistry and electrochemistry
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A complete set of integral equations is used to describe the kinetics of reversible photoionization
after instantaneous excitation, including geminate and bimolecular charge recombination, to either
the ground or excited states of neutral products. The normalized distribution of ionization products,
calculated taking into account reverse electron transfer, differs from that for irreversible
photoionization. At low reorganization energy and slow diffusion, the reversibility of the
quasiresonant ionization reduces its quantum yield, but does not affect the charge separation
quantum yield. The excitations restored by bimolecular recombination of ions produce the delayed
fluorescence which goes to zero as a second power of time. The quantum yield of the
electroluminescence detected after injection of ions into solution has a sharp free energy
dependence, like that observed experimentally. ©2001 American Institute of Physics.
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I. INTRODUCTION

The vast majority of works which study the impurit
ionization of excited molecules are confined to highly ex
gonic electron transfer. Under such conditions the reve
electron transfer regenerating the excited state can be fo
ten. All photogenerated ions recombine uniquely into
ground state of the neutral products. An important excep
to this rule was demonstrated in a pioneering work of Re
and Weller.1 They studied the Stern–Volmer ionization co
stant as a function of the free energy of transfer at the con
distances, DGi5DGI(s). This experimental study cover
a wide range of free energies including positive values of
quantity, wherein the rate of reverse transfer to the exc
state,WB(r ), is not negligible. In fact, atDGi.0 it is even
larger than the forward one,WI(r ), since they are related t
each other via the detailed balance principle,

WB~r !5WI~r !exp@DGI~r !/T#. ~1.1!

Here and below the Boltzmann constantkB51, so thatT is
the absolute temperature, measured in units of ene
(1 eV.1.163104 K). In the Rehm–Weller work the revers
ibility of ionization was accounted for by means of eleme
tary ~Markovian! chemical kinetics, assuming that all the r
action constants are time independent. The ini
nonstationary development of the process was later ta
into account, but only for irreversible ionization.2,3 This was
done in the framework of non-Markovian differential e
2650021-9606/2001/115(6)/2652/12/$18.00
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counter theory,4,5 which is of no use when the reversibility o
photoionization is an essential part of the phenomenon.

The more general integral encounter theory~IET! de-
rived from first principles6 was first applied to reversible
ionization only recently.7 IET is perfect for highly diluted
solutions, but for higher reactant concentration its modifi
version should be better used.8,9 Unlike their differential ana-
logs, integral theories were recently recognized as a uni
sal approach to reversible bimolecular reactions of me
stable particles.7,10–12

In the present article IET is applied to photoionizatio
resulting in accumulation and separation of counterio
Their subsequent bimolecular recombination in the bulk
stores the excited state population. The latter is respons
for the delayed fluorescence, lasting longer than the ini
decay of excitation with lifetimet. A similar effect was
obtained by injecting a large number of ions into soluti
and detecting the fluorescence produced by th
recombination.13–17

In Ref. 17 both fluorescence quenching and electrolu
nescence were studied. The excited triplet state
tris~2,28-bipyridine!ruthenium~II ! complex 3Ru(bypy)3

21

was used as an electron donor,3D* , and quinone or some
radicals were electron acceptors,A. The triplet quenching
after photoexcitation, followed by radical ion separation a
recombination to either the excited or ground state ofD is
represented by the following reaction scheme:
3D* 1A �
WB

WI

@D1 . . . A2# →
w̄

D11A2 �
WI

WB

@3D* . . . A# → 3D* 1A

I 0↑↓t ⇓WR ⇓WR ↓t ↓t

D @D . . . A# D1A @D . . . A# D. ~1.2!

a!Author to whom all correspondence should be addressed.
Electronic mail: anatoly.burshtein@weizmann.ac.il
2 © 2001 American Institute of Physics
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2653J. Chem. Phys., Vol. 115, No. 6, 8 August 2001 Reversible electron transfer
The excitation of triplets by charge recombination is a
possible when ions are produced from the singlet exc
state.18 However, the participation of both singlet and tripl
donor states in electron transfer makes the reaction sch
more complex and we shall defer such a generalization u
a later time.

The left half of reaction scheme~1.2! describes revers
ible photoionization and separation of those ions which
cape geminate recombination. This part of the reaction
usually the subject of a picosecond study of charge sep
tion whose quantum yieldw̄ is a source of information abou
the recombination rate.19 The right half of the same schem
is related to the further evolution of the free ions which
combine in binary encounters, either to the ground state
back to the excited donor state. The latter is responsible f
delayed fluorescence which occurs with a characteristic t
of bimolecular charge recombination. The whole scheme
lows one to consider jointly both short time geminate a
long time bimolecular recombination, as well as the to
quantum yield of stationary fluorescence.7

In Sec. II we will present the closed set of IET equatio
which constitute the formal basis for the kinetic descripti
of the whole multistage reaction. In Sec. III the short tim
evolution of the system~geminate stage! is described with
special attention paid to the distribution of charge produ
and the quantum yield of reversible ionization. In Sec. IV
analyze the long time asymptotic behavior and the free
ergy dependence of delayed fluorescence. In Sec. V we
culate the free energy dependence of the electroluminesc
quantum yield in the contact approximation and account
the space dispersion of transfer rates, essential for diffusi
effects. It is shown that ionization, which is reverse trans
regarding recombination to the excited state, cannot be
nored here especially in nonpolar solutions. All calculatio
are performed with an original program that allows us
solve numerically integral equations and reproduce
whole kinetics of energy dissipation and ion relaxation.
conclusion, we emphasize once again the advantages o
integral theory in solving all kinetic problems of photochem
istry and electrochemistry regardless of their complexity.

II. REVERSIBLE IONIZATION FOLLOWED BY
RADICAL ION RECOMBINATION

A. General form of IET equations

We restrict our consideration to the particular case wh
the neutral acceptors are in such a great excess that the
not essentially expended due to ionization. Then their c
centration is not changed (@A#5c5const) and the genera
equations obtained recently by regular means7,12 can be sim-
plified to the following set:

Ṅ* ~ t !52cE
0

t

R* ~t!N* ~ t2t!dt

1E
0

t

R]~t!@N1~ t2t!#2dt2
N* ~ t !

t
1I 0~ t !N,

~2.1a!
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Ṅ1~ t !5cE
0

t

R†~t!N* ~ t2t!dt

2E
0

t

R‡~t!@N1~ t2t!#2dt. ~2.1b!

Here N* is the density of the excited molecules whileN1

5@D1#5@A2# is the total concentration of radical ions i
solution, in pairs and in the bulk. The equations include lig
pumping with rateI 0 and the excited state decay with timet.
It is also assumed that the light pumping is too weak to aff
the kernels of integral equations as it does at higher li
power.20 Even more so, the pumping is so weak that it do
not exhaust the ground state whose populationN remains the
same~equilibrium! all the time.

The kernelsR* andR†, given by their Laplace transfor
mationsR̃(s)5*0

‘R(t)e2st dt, are different:

R̃* ~s!5S s1
1

t D E @WI~r !ñ~r ;s!2WB~r !m̃~r ;s!#d3r ,

~2.2a!

R̃†~s!5S s1
1

t D E @WI~r !ñ~r ;s!2WB~r !m̃~r ;s!

2WR~r !m̃~r ;s!#d3r . ~2.2b!

The former accounts for only reversible ionization, with t
forward and reverse transfer rates,WI(r ) andWB(r ), while
the latter in addition accounts for irreversible recombinat
to the ground state with a rateWR(r ). Both kernels are ex-
pressed via the Laplace transformation of pair correlat
functionsn andm. They obey the auxiliary equations:

Fs1
1

t
1WI1Lr G ñ~r ;s!2WBm̃~r ;s!51, ~2.3a!

@s1WB1WR1L r
c#m̃~r ;s!2WI ñ~r ;s!50, ~2.3b!

with reflecting boundary conditions at the distance of clos
approachr 5s. The linear operators

Lr5
1

r 2

]

]r
r 2D~r !

]

]r
, ~2.4a!

L r
c5

1

r 2

]

]r
r 2D̃~r !F ]

]r
1

1

T

dU~r !

dr G , ~2.4b!

define the relative diffusive motion of neutral reactants a
ions, respectively, with the corresponding diffusion coe
cientsD andD̃ that may be different and distance depende
The diffusional operator for ions also differs from those f
neutral reactants. It accounts for the Coulomb attract
within a well of Onsager radiusr c , which is represented by
the electrostatic potentialU(r ).

The Laplace transformations of the kernels, represen
the bimolecular recombination to the ground and exci
states, are
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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R̃‡~s!5sE @WR~r ! f̃ ~r ;s!1WB~r ! f̃ ~r ;s!

2WI~r !g̃~r ;s!# d3r , ~2.5a!

R̃]~s!5sE @WB~r ! f̃ ~r ;s!2WI~r !g̃~r ;s!#d3r , ~2.5b!

where the auxiliary pair distributions obey the following s
of equations:

Fs1
1

t
1WI1Lr G g̃~r ;s!2WBf̃ ~r ;s!50, ~2.6a!

@s1WB1WR1L r
c# f̃ ~r ;s!2WIg̃~r ;s!51. ~2.6b!

For particular calculations, based on the IET equations,
need information about spatial shape and the strength o
reaction ratesWI ,B,R which depend on several paramete
e.g., reaction exergonicities, reorganization energies, pr
ponential factors, and the length of tunneling.

B. Spatial dispersion of reaction rates

As can be seen, the input data for the theory are
kinematic parameters (D, D̃, r c , ands) and distance depen
dent rates of remote electron transfer between reactants
duced using the ‘‘golden rule’’ of conventional perturbatio
theory19 all of them have the same general shape conform
to the Marcus free energy gap~FEG! law:

W~r !5wA lc

l~r !
e22(r 2s)/L expF2

@DG~r !1l~r !#2

4l~r !T G ,
~2.7!

where the pre-exponential factor

w5
ApV0

2

AlcT
. ~2.8!

HereV0 andL are matrix elements and the space decrem
of electron tunneling, whereas

l~r !5l i1l0S 22
s

r D ~2.9!

is the distance dependent reorganization energy of elec
transfer, composed from the intramolecular (l i) and ‘‘outer-
sphere’’ contribution from the continuum media.

All the rates crucially depend on the free energy of io
ization,

DGI~r !5DGi1TS r c

s
2

r c

r D . ~2.10!

Although there are three free energies, only one of them
actually independent, let’s say,DGI . The rest can be ex
pressed through it, because

DGB~r !52DGI~r !,

while the sum of the ionization and recombination free e
ergies is fixed by a value of the excitation energyE of 3D* ,
see Fig. 1,

2DGI~r !2DGR~r !5E . ~2.11!
t
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irreversible (!5



cu
o

cs
de

ou

el
.

ta
s
ta

e

ta-

of

ue

ch-

d

ace
an intermediate stage between the geminate and bimole
stages~Fig. 2!. Hence, the geminate stage ends by creation
a limited number of free ions, constituting this plateau:

N1~‘!5N0* f. ~3.1!

Heref is the quantum yield of free ions. The whole kineti
of geminate ion accumulation and recombination is
scribed by the reduced equations~2.1!, omitting those terms
related to bimolecular recombination:

Ṅ* ~ t !52cE
0

t

R* ~t!N* ~ t2t!dt2
N* ~ t !

t
, ~3.2a!

Ṅ1~ t !5cE
0

t

R†~t!N* ~ t2t!dt. ~3.2b!

The initial conditions for them are created by instantane
excitation att50:

N* ~0!5N0* , N1~0!50.

From Eq.~3.2! one can find the short-range kinetics, as w
as the quantum yields of ionization and charge separation
particular, one can obtain the survival probability of exci
tion P* (t)5N* (t)/N0* , which tends toward zero in thi
time interval provided the bimolecular restoration of exci
tions is negligible. The measurable quantityP* (t) can be
used to calculate another one,

h05
1

tE0

‘

P* ~ t !dt5
Ñ* ~0!

N0* t
5

1

11ck0t
, ~3.3!

which enables finding the quenching constant

k05R̃* ~0!, ~3.4!

if t is known. However,h0 should not be confused with th
true quantum yield of stationary fluorescence
lar
f

-

s

l
In
-

-

h5
Ns* ~c!

Ns* ~c50!
5

1

11ckt
, ~3.5!

where Ns* is the stationary solution of Eq.~2.1! at I 0

5const. This is the true Stern–Volmer relationship for s
tionary quantum yield of fluorescence, whose constant12,7

k5k0F12
R̃]~0!R̃†~0!

R̃* ~0!R̃‡~0!
G . ~3.6!

The same result also follows from the dynamic definition
the quantum yield~3.3!, providedP* (t) is calculated from
the net set of Eq.~2.1!, which accounts not only for the
geminate but also for the bulk recombination. The tr
Stern–Volmer constantk differs essentially fromk0, which
is available from the short-range kinetics of energy quen
ing.

A. Quantum yields of ionization and charge
separation

Making the Laplace transformation for Eq.~3.2!, one
can find the height of the plateau

N1~‘!5 lim
s→0

sÑ1~s!5cR̃†~0!Ñ* ~0!5
ctR̃†~0! N0*

11ctR̃* ~0!
.

~3.7!

As follows from comparison of Eqs.~3.1! and~3.7!, the free
ion quantum yield is

f5c0w̄, ~3.8!

wherec0 is the quantum yield of bimolecular ionization an
w̄ is the charge separation quantum yield:

c05
ck0t

11ck0t
512h0 , w̄5

R̃†~0!

R̃* ~0!
. ~3.9!

The general solution of Eq.~2.3b!,

m̃~r ;s!5E G̃~r ,r 0 ;s!WI~r 0!ñ~r 0 ;s! d3r 0 , ~3.10!

is expressed through the Green function, whose Lapl
transformation obeys the following equation:

@s1WB1WR1L r
c#G̃~r ,r 0 ;s!5

d~r 2r 0!

4prr 0
. ~3.11!

Although this equation involves the rateWB of backward
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Here

wa~r 0!512E WB~r !G̃~r ,r 0 ;0!d3r ~3.15!

is the quantum yield of particles which start from distancer 0

and are separated or irreversibly recombine to the gro
state. In other words, this is the probability of avoiding r
verse electron transfer into the excited state for ions initia
separated by distancer 0. In Eq. ~3.14! this quantity is aver-
aged over the normalized initial distribution of interion di
tances in photogenerated pairs. In IET this distribution
given the following definition:22

f ~r 0!5
WI~r 0!ñ~r 0 ;0!

*WI~r !ñ~r ;0!d3r
. ~3.16!

If ionization is irreversible (WB50), then w̄a[1 and k0

[Q is the production rate of radical ion pairs~RIPs! which
can only recombine to the ground state or separate. In c
trast, in the case of reversible ionization (WBÞ0) there is a
fraction of RIPs subjected to backward electron transfe
the excited state andk0 is reduced by a multiplierw̄a,1,
which is the averaged quantum yield of irrevocable produ
of ionization.

The RIP separation quantum yieldw̄ is expressed in Eq
~3.9! through two kernels. One of them already has be
specified in Eq.~3.12!. Another can be represented in th
same way using Eqs.~2.2b! and ~3.10!:

R̃†~0!5Qw̄b , ~3.17!

where

w̄b5E wb~r 0! f ~r 0!d3r 0 ~3.18!

and

wb~r 0!512E @WR~r !1WB~r !#G̃~r ,r 0 ;0!d3r . ~3.19!

Substituting Eqs.~3.18! and ~3.12! into Eq. ~3.9! we can
express the RIP separation quantum yield as the ratio of
others:

w̄5
w̄b

w̄a

. ~3.20!

When the ionization is irreversible,w̄a51, the charge sepa
ration quantum yield is equal tow̄b , which is the share of
RIPs which escaped geminate recombination. On the o
hand, when the reverse electron transfer into the excited s
cannot be neglected, this is only a fraction of the ions wh
became free after primary ionization. Since ionization is
peated a number of times after restoration of the excited s
by reverse transfer, each time a new portion of free ions
neutral products of recombination will be added to the p
vious ones. Therefore, the total charge separation quan
yield is given by the ratio ofw̄b to w̄a , which is the fraction
of free ions from all irrevocable products of forward electr
transfer. To clarify this point let us illustrate it by an examp
of contact electron transfer.
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B. Charge separation quantum yield in
contact approximation

Assuming that all transfer reactions occur at contact d
tances, we should set

W~r !5k
d~r 2s!

4prs
,

where

k5E W~r !d3r . ~3.21!

The different contact constants will be labeled by cor
sponding lower case subscripts:

ki5E WI~r !d3r , kb5E WB~r !d3r ,

~3.22!

kr5E WR~r !d3r .

Obviously, the RIP distribution~3.16! in the contact approxi-
mation has the trivial form:

f ~r 0!5
d~r 02s!

4pr 0s
. ~3.23!

As follows from the equation pairs~3.14!, ~3.15! and~3.18!,
~3.19! the contact quantum yields,

w̄a5wa~s!512kbG̃~s,s;0!,
~3.24!

w̄b5wb~s!512~kb1kr !G̃~s,s;0!,

are expressed via the single Green functionG̃(s,s;0). This
is the contact value of a more general Green function, t
can be found from the integral representation of Eq.~3.11!:

G̃~r ,r 0 ;s!5G̃0~r ,r 0 ;s!2E G̃0~r ,r 8;s!

3@WB~r 8!1WR~r 8!#G̃~r 8,r 0 ;s!d3r 8.

~3.25!

Here G̃0(r ,r 0 ;s) is the Green function of nonreacting ion
obeying a simpler equation:

@s1L r
c#G̃0~r ,r 0 ;s!5

d~r 2r 0!

4prr 0
. ~3.26!

Using the contact rates~3.21! in Eq. ~3.25!, we transform it
into an algebraic equation leading to the following relatio
ship between the contact Green functions:

G̃~s,s;s!5
G̃0~s,s;s!

11@kb1kr #G̃0~s,s;s!
. ~3.27!

For ions, freely diffusing in highly polar solvents (r c→0),
the Green function is well known:23
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



tu

n

ble

ce

a
r
u

es

c
n

se
no

-

r:

ct
ue
by
pair

tate

er.

ally
s
re-
ute

bulk
por-
ntil
me
bi-
of

em.

us
be
n
ion
o-
he
ly

2657J. Chem. Phys., Vol. 115, No. 6, 8 August 2001 Reversible electron transfer
G̃0~s,s;s!5
1

kD
�

1

11Astd

. ~3.28!

Here kD54psD̃ is the diffusional rate constant andtd

5s2/D̃ is the encounter time.
Using these results it is easy to estimate all the quan

yields:

w̄a5
kD1kr

kD1kr1kb
, w̄b5

kD

kD1kr1kb
~3.29!

including the main one, first obtained in Ref. 11:

w̄5w̄b /w̄a5
1

11kr /kD
. ~3.30!

In the same work the contact values ofh0512c0 were
expressed through the constant

k05
k irr

11
k irr

K~kD1kr !

, ~3.31!

where K is the equilibrium constant of reversible electro
transfer,

K5
ki

kb
’e2DGi /T, ~3.32!

andk irr is the genuine Stern–Volmer constant of irreversi
energy quenching:24

k irr5
ki

11
ki /kD

11Atd /t

. ~3.33!

Unlike k0 the true constant of stationary fluorescen
calculated in a recently published work,7 turns to zero as
kr→0:

k5
k irr

11k irr /~Kkr !
. ~3.34!

If there is no recombination to the ground state, then
generated ions earlier or later recombine through reve
transfer to the excited state. Therefore, all of them contrib
to stationary fluorescence whose quantum yield becom
and k50. Such dramatic changes do not happen tok0,
which remains finite even atkr50. Over a short time range
after instantaneous excitation, the electron transfer produ
temporary quenching which looks irreversible with a qua
tum yield h0,1. Calculating this quantity throughP* (t)
one cuts off the delayed fluorescence that will be discus
separately in Sec. IV. In fact, the initial energy quenching
only looks irreversible, but also its quenching constantk0

only slightly differs fromk irr in a limited range of free en
ergies. The correction factor in the denominator of Eq.~3.31!
is small for large exergonicity diffusion controlled transfe

k irr

K~kD1kr !
,

kD~11Atd /t!

kD1kr
eDGi /T→0 at DGi!2T,

but under kinetic control, atDGi.lc@T it is also small:
Downloaded 10 Aug 2001 to 132.76.33.15. Redistribution subject to AI
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k irr

K~kD1kr !
’

ki exp~DGi /T!

K~kD1kr !
;e2(DGi2lc)2/4lcT.

Hence, the difference betweenk0 andk irr ~see Fig. 2 in Ref.
11! is confined to the interval:

0,DGi,lc . ~3.35!

The smallerlc is, the more pronounced is the maximal effe
expected in the middle of this interval. The same is tr
regardingc0 or h0. To emphasize the difference caused
reverse transfer one should choose a donor–acceptor
with rather smalllc .

More significant changes occur withw̄b and w̄a . From
Fig. 3 we see how the reverse transfer to the excited s
reducesw̄b regardingw̄, and how smallw̄a is regarding the
value 1, which it has in the case of irreversible transf
However, the ratio of these quantities~3.30! remains un-
changed at any rate of reverse transfer. This ratio is actu
a fraction of the free ions from the total amount of RIP
produced by reversible ionization. The RIPs subjected to
verse electron transfer to the excited state do not contrib
to the partial yields estimated in Eq.~3.29!. Each portion of
photogenerated RIPs adds some free ions to those in the
and partially restores the excitations, generating the next
tion of RIPs later on. This cycle is repeated many times u
excitations completely vanish. Each time, exactly the sa
fraction of irrevocable ionization products escape recom
nation. This fraction being permanent for each portion
photogenerated RIPs remains the same for all of th
Therefore in the contact approximationw̄ does not depend on
reverse transfer at all.

Extracted fromw̄, the free energy dependence ofkr

should follow the bell-shaped curve predicted by the Marc
FEG law for the kinetic rate constant. However, this may
just an imitation if recombination is controlled by diffusio
from the place where ions were born to their recombinat
zone.19,25This effect is absent in contact approximation pr
vided the RIPs not only die but are also born at contact. T
diffusional distortion of the parabolic FEG law appears on

FIG. 3. The partial quantum yieldsw̄a ~dashed line! andw̄b ~dotted line! in

the contact approximation and their ratiow̄ ~solid line! as functions of the
recombination rate constantkr , kb /kD53.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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in the theory of remote forward and backward electron tra
fer. The charge separation quantum yield is represente
this theory as

w̄5
1

11Z/D̃
. ~3.36!

The recombination efficiencyZ(DGr) can be affected by
encounter diffusion near2DGr5E1DGi5lc , which is
close to the top of FEG curve.19 In Sec. III C we will inspect
numerically this curve as well ask0(DGi), taking into ac-
count the space dispersion of all the rates.

C. Remote reversible ionization

The initial distribution of ions, Eq.~3.16!, is determined
by the solution of two coupled equations~2.3a!, ~2.3b!,
which involve the rates of ionization, recombination, a
reverse transfer to the excited state. However, reverse tr
fer does not affect the shape of the distribution when ioni
tion is under kinetic control, so thatn’exp(2t/t), m’0, and
there is nothing to transfer back fromm to n. Kinetic ion-
ization creates a distribution identical in form toWI(r ), re-
gardless of the rate of reverse transfer.

Hence,f (r ) may be affected only if ionization is unde
diffusional control. The maximal effect is expected to be
t5‘ when there are stationary functions of distancens(r )
5 lims→0 sñ(s) andms(r )5 lims→0 sm̃(s), with a large dip
in ns(r ) near the contact and a hump inms(r ) at the same
place (ns1ms51). The change in product distribution re
sulting from diffusional distortion ofns and ms is demon-
strated in Fig. 4 by the example of a system witht5‘,
small lc50.4 eV and almost resonant ionization (DGi

52 0.1 eV!. The excitation energy is assumed to be hi
enough to exclude the recombination of RIPs to the gro
state (WR50) in this region of ionization exergonicity. To
emphasize the effect of reverse transfer, we present calc
tions in its presence (WB5WI exp$DGI /T %) and absence
(WB50).

At fast diffusion (D̃51025 cm2/s) the ionization is ki-
netic controlled and, therefore, there is no visible differen

FIG. 4. The effective distributions of ions taking into account reverse tra
fer ~dashed line! and neglecting reverse transfer~dotted line!. Solid line—
both of them at faster diffusion~diffusion coefficients are indicated!. The
parameters are:DGi520.1 eV, lc50.4 eV, wI5100 ns21, L51.4 Å,
s510 Å, T5293 K, t5‘. The excitation energy of donorE is assumed
to be high, i.e.,WR50.
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between distributions with and without account for backwa
transfer. Both of them have the same shape identical to
of WI(r ) ~solid line!. At much slower diffusion (D̃
51027 cm2/s), the real initial distribution~long dashed line!
even qualitatively differs from that calculated neglecting t
reverse process~dotted line!. The latter has a maximum
shifted from the contact to the effective reaction radiusRs of
diffusion controlled irreversible ionization.26 However, due
to reverse transfer and repeated ionization of the excited s
there is an accumulation of ionization products near the c
tact. As a result the form of distribution shown by a lon
dashed line is qualitatively changed.

The product distribution is subjected to similar chang
when DGi is varied at constant diffusion, see Fig. 5. Sin
transfer there is controlled by diffusion (D̃51027 cm2/s),
the products of irreversible ionization have a bell-shaped
tribution shifted from the contact~solid and dotted line!. The
reversible transfer atDGi520.1 eV creates another max
mum at contact distance~long dashed line!. On the other
hand, at higher exergonicity of ionization,DGi520.4 eV,
the effect of reversible transfer on the effective distributi
vanishes and the shape coincides with that for irrevers
ionization ~solid line!.

Now we can analyze how the reverse transfer affe
each quantity in Eq.~3.12!. The favorable interval manifest
itself by the high but narrow peak in the free energy dep
dence ofQ @solid line on Fig. 6~a!#. This quantity accounts
for not only primary, but all subsequent ionization acts fo
lowed by reverse electron transfer, which occurs much m
often within this interval than outside it. However, for th
same reasons the quantum yield of irrevocable forward tra
fer w̄a rapidly falls when the free energy approaches
middle of the same interval@Fig. 6~b!#. Therefore, their prod-
uct k05Qw̄a does not experience equally dramatic chang
although it vanishes withDGi faster than in the irreversible
case@Fig. 6~c!#. This is an analog of the sharp descent
stationaryk(DGi) found in the same region in Ref. 7. A
was expected all these effects are almost eliminated, whelc

is large~long dashed lines in Fig. 6!. Hence, accounting for

-FIG. 5. Initial distributions with and without taking into account the rever
transfer atDGi520.1 eV ~dashed and dotted lines, respectively! and for
DGi520.4 eV ~solid line, calculation without reverse transfer gives t

same curve!. Other parameters are the same as in Fig. 4, exceptD5D̃
51027 cm2/s for all the curves.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the reversibility of electron transfer is important especia
for nonpolar solvents, wherelc is really small. This factor
should be more significant for energy transfer which is
fastest under resonant conditions (DG50), where the re-
versibility is the most pronounced.

As was shown, in the contact approximation the e
ciency of charge separationZ is not affected by either diffu-
sion or reverse transfer. Taking into account the space de
dence of the transfer rates, the free energy dependence o
quantity can be strongly distorted by diffusion, but the infl
ence of reverse transfer remains negligible~Fig. 7!. How-
ever, reverse transfer plays a key role in such phenomen
delayed fluorescence and electrochemiluminescence stu
in Secs. IV and V.

IV. DELAYED FLUORESCENCE

When geminate recombination is completed and gi
way to a bimolecular reaction, the latter restores either
cited or ground state neutral products. Since the densit
restored states at a late stage of excitation decay is quad
in concentration of free ions, the latter should be la
enough to make the delayed fluorescence detectable
reach this goal, one should use as strong pumping as pos
and choose fluorophors with long lived excited states, t
their fluorescence at timest.t will be stronger than from
natural excitation decay@Fig. 8~a!#.

The long-time asymptotics of the delayed decay can
described by the reduced Eqs.~2.1!, where the pumping
terms are omitted:

FIG. 6. The effect of transfer reversibility on the free energy dependenc

the quenching rate components,Q and w̄a , as well as on their productk0

5R̃* (0)5Qw̄a . Solid lines are forlc50.4 eV while dashed lines are fo
lc50.8 eV . The other parameters are the same as for Fig. 5.
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Ṅ* ~ t !52
N* ~ t !

t
2cE

0

t

R* ~t!N* ~ t2t! dt

1E
0

t

R]~t!@N1~ t2t!#2 dt, ~4.1a!

of

FIG. 7. The free energy dependence of the recombination efficiency pa

eter Z for fast (D5D̃51025 cm2/s, solid line! and slow (D5D̃
51027 cm2/s, dashed line! diffusion ~at lc50.4 eV andE51 eV!. The
former only slightly differs fromkr(DGi)/4ps ~dotted line! peculiar to
kinetic controlled geminate recombination. In the latter caseZ(DGi) depen-
dence is strongly distorted by diffusion, but neither of the curves is affec
by reverse transfer.

FIG. 8. ~a! The kinetics of excitation quenching followed by delayed dec
~solid line! in comparison to the free exponential decay~long dashed line!.
The amplitude of the delayed fluorescence, calculated by Eq.~4.11!, is
shown by the short dashed line. The initial concentration of the excitat
N0* 50.01 M, t51 ms. The other parameters are the same as for Fig. 2.~b!
The free energy dependence of the amplitude of delayed decay related
initial concentration of excitationsN* (0)/N0* 5gN0* .
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Ṅ1~ t !52E
0

t

R‡~t!@N1~ t2t!#2 dt. ~4.1b!

The initial condition for free ions prepared by RIPs sepa
tion, follows from Eq.~3.1!:

N1~0!5N0* f5N0* c0w̄. ~4.2!

Since ions are stable particles, those terms in inte
equations~4.1! which describe ion recombination may b
transformed into their differential and even Markovian an
logs at t@td .21,24 The same can be done with the last io
ization term, but at much larger times,t@t, when concen-
tration of excitations levels off and decreases slowly back
by recombination. Hence, the delayed fluorescence can
described by the following set of differential equations:

Ṅ* ~ t !5k* @N1~ t !#22F1

t
1ck0GN* ~ t !, ~4.3a!

Ṅ1~ t !52k3@N1~ t !#2, ~4.3b!

wherek* 5R̃](0) andk35R̃‡(0). These kernels in the con
tact approximation are7

R̃]5
kb

Z
, R̃‡~s!5

kb1kr1kikr g̃1

Z
,

whereZ(s)5(11ki g̃1(s))(11krg̃2(s))1kbg̃2(s), and

g̃1~s!5@kD~11Astd1td /t !#21,
~4.4!

g̃2~s!5@kD~11Astd !#21 .

Using these results we get the following recombination c
stant:

k35
~kr1kb8!kD

~kr1kb8!1kD

,

where kr1kb8 is its kinetic value. The latter is the sum o
recombination rates to the ground statekr and to the excited
one:

kb85
kb

11
ki /kD

11Atd /t

. ~4.5!

Here exactly the same correction of denominator appeare
in Eq. ~3.33!. It accounts for the initial ionization which pro
ceeds nonstationary under diffusional control of elect
transfer. As a result an equilibrium relationship betwe
these constants is preserved:k irr /kb85K.

The solution of Eq.~4.3b! reproduces the usual secon
order kinetics:

1

N1~ t !
5

1

N1~0!
1k3t, ~4.6!

whereN1(0) is specified in Eq.~4.2!. At t@t there is the
quasistationary solution of Eq.~4.3a!, which yields the fol-
lowing concentration of fluorescent particles:

N* ~ t !5k* t* @N1#2~ t !,
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where

1

t*
5

1

t
1ck0 . ~4.7!

Here N1(t) is given by Eq.~4.6! and k0 by Eqs. ~3.31!,
~3.32!:

k05kb8K
kD1kr

kD1kr1kb8
,

where

K5
ki

kb
, ~4.8!

and the effective constant of backward transferkb8 is defined
by Eq.~4.5!. The long-time asymptotic decay of excitation
quadratic in time:

N* ~ t !’
k* t*

~k3t !2
5

A

t2
, ~4.9!

whereA is estimated in the contact approximation as

Ac5t
kb8

kD

kD1kr1kb8

~11ck0t!~kr1kb8!2
. ~4.10!

As far as we know the very fact of experimental registrati
of delayed fluorescence was not reported yet due to the
rigid conditions for its observation. The number of seco
time excited molecules does not exceed

N* ~0!5k* t* @N1~0!#25g@N0* #2,

where

g5k* t* ~c0w̄ !25k* tw̄2
~ck0t!2

~11ck0t!3
. ~4.11!

The maximum of this quantity is reached atc52/(k0t). In
the contact approximation it is

gmax5
4

27
k* tw̄25t

4

27

kb8

kD

~kD1kr !
2

kD1kr1kb8
. ~4.12!

According to Eqs.~3.22! and ~2.7! we have

kr’wrv expS 2
(DGr1lc)

2

4lcT
D ,

~4.13!

kb’wiv expS 2
(DGi2lc)

2

4lcT
D’ki exp~DGi /T!,

where v is the reaction volume andDGb5E1DGr

52DGi . At fast diffusion g}kb reaches maximum a
DGi5lc . At smaller concentrations@c!2/(k0t)# it follows
from ~4.11! and ~4.8! that g}kbki

2 . The maxima of these
Gaussians are shifted in opposite directions (DGi56lc).
Hence,gÞ0 only nearDGi’0, where they overlap@Fig.
8~b!#.

In Fig. 9 we showed the kinetics of the excited sta
decay with and without taking into account the bimolecu
reverse transfer in the volume. In the latter case there
false asymptotic behavior at long times, noticed in Refs.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and 27:N* (t)}t23/2. This behavior peculiar to IET, even i
the complete absence of reverse transfer, can be elimin
using properly modified encounter theory~MET!,28,29 or an
improved superposition approximation.27,30 The substitution
of MET for IET is inevitable for studying the long-time as
ymptotics of highly exergonic ionization, which is practical
irreversible. However, in the case of reversible ionization
bimolecular pumping of the excited state hinders and tu
its decay to a much slower quasistationary evolution~4.7!. At
strong pumping this may happen before the false asympto
is reached~Fig. 9!. As a result, the whole excitation deca
from the very beginning until the end is perfectly describ
by IET. As shown in Fig. 9, the delayed fluorescence at lo
times follows the predicted power dependence of time~4.9!,
which is easy to distinguish from anything else. It diffe
from either false asymptotics or exponential decay, super
ing it in more accurate theories.27,28

V. ELECTROCHEMILUMINESCENCE

The right half of reaction~1.2! can be realized apar
from the left half. This can be done by injection of ion
subjected to subsequent recombination to the ground and
cited states:

D11A2 

WI

WB

@3D* . . . A# → 3D* 1A

⇓WR ↓t ↓t

D1A @D . . . A# D. ~5.1!

This is the process studied in Refs. 16 and 17 through
luminescence coming from3D* . The quantum yield of ex-
citations,fes, can be extracted from the electrochemilum
nescence quantum yieldfecl, if the emission quantum yield
from the excited statefe is known:16

fecl5fe fes. ~5.2!

FIG. 9. The false asymptotics of geminate excitation quenching~long
dashed line! in comparison to the power asymptotics~dashed line! of true
excitation decay~solid line!. All parameters are the same as for Fig. 8~a!.
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In Refs. 16 and 17 thefes dependence on the free energy
ionization, DGi52DGb , was measured for a number o
systems. To specify this dependence we have to calcula

fes5
*0

‘N* ~ t !dt

N1~0!t
, ~5.3!

borrowing N* (t) from the solution of Eqs.~2.1! where we
set I 050 and use the new initial conditions created by t
external injection of ions into solution:

N* ~0!50, N1~0!5N0 . ~5.4!

Making the Laplace transformation of Eq.~2.1! under these
conditions and excluding*0

‘@N1#2 dt we obtain

fes5Ñ* ~0!/N0t

5
1

R̃‡~0!/R̃]~0!1ct@R̃* ~0!R̃‡~0!/R̃]~0!2R̃†~0!#
.

~5.5!

Since this result is expressed through kernels taken
s50, it does not depend on the spatial dispersion of
initial conditions for the auxiliary functions~see the Appen-
dix!. The initial spatial correlations in the system affect on
the kinetics of luminescence but not the stationary val
that can be obtained from general expressions like Eq.~4.4!
settings50. Such expressions for all the kernels are listed
Ref. 7. Using them we obtain from Eq.~5.5! the contact
estimate of the excited state quantum yield:

fes5
1

11~11ct k irr!kr /kb8
, ~5.6!

wherek irr andkb8 are given by Eqs.~3.33! and ~4.5!.
In Refs. 16 and 17 the recombination into the excit

state was considered as an irreversible reaction. If this is t
then ki50 (k irr50 and kb85kb) and general Eq.~5.6! re-
duces to the simplest one used in these works:

fes5
1

11kr /kb
. ~5.7!

With contact estimates of the reaction constants~4.13! we
obtain from Eq.~5.7!:

fes5
1

11~wr /wi !expS 2
E~DGi2lc1E/2!

2lcT
D . ~5.8!

This is a stepwise function which approaches unity with
creasingDGi , because the recombination to the excited st
becomes much faster than to the ground state~Fig. 10!. It
resembles the experimental results obtained in Refs. 16
17, although the plateau in these works is usually mu
lower than 1. This is an indication of the quenching of e
cited states by survived ions, or through biexcitonic prod
tion of singlets and their subsequent decay.

If electron transfer is reversible, the simple express
~5.7! can be obtained from Eq.~5.6!, only in the kinetic~fast
diffusion! limit: at ki!kD54psD̃. The break on curve~5.8!
occurs atDGi5lc2E/2, while ki reaches its maximum a
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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DGi52lc . Only there it may exceedkD , changing control
from kinetic to diffusional (ki@kD). However, at largelc

the distance between the break and this points,dG52lc

2E/2, is so large thatki /kD!1 everywhere. At lc

51.2 eV, ki is negligible everywhere and the results o
tained in the contact approximation from either Eq.~5.6! or
~5.7! are the same@the upper curve in Fig. 10~a!#.

Beyond the contact approximation diffusion not on
changes the ratioki /kD , but affects also the competitio
between recombination to the ground and excited sta
Since the recombination is more exergonic its reaction la
has a larger radius. The ions approaching each other m
cross the recombination layer to reach the excitation o
Slowing down diffusion one can make the recombination
strong that almost all ions will be neutralized in the ou
layer and contribute nothing to the excitation. Hence,
slower diffusion the recombination to the ground state
more favorable and the excitation quantum yield is smal

This effect is clearly seen in Fig. 10~a!, but almost dis-
appears in Fig. 10~b!. Since recombination at smallerlc is
more remote and weaker, it is under kinetic control when
contact approximation is perfect. In Fig. 10~b! there is a
small difference between this approximation and the ex
calculation, but only for the slowest diffusion. At largerD̃
the preference of excitation is due to the increase ofki /kD ,
which slows down the recombination to the excited sta

FIG. 10. The quantum yield of excited states as a function of the ioniza
free energy at large~a! and small~b! reorganization energy of electro

transfer lc . In these two cases the increase of diffusion fromD̃

51027 cm2/s ~solid lines! to D̃51026 cm2/s ~long dashed lines! shifts the
curve in the opposite directions. Contact calculations~CA! of the same
curves are made with and without taking into account the reverse elec
transfer to ionized state.
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This effect is well described by general contact formu
~5.6!.

VI. CONCLUSIONS

The qualitative influence of ionization reversibility o
stationary fluorescence was recently described in Ref. 7
means of integral encounter theory. Here we use the s
theory to study the transient effects initiated by either inst
taneous photoexcitation of neutral reactants, or electroche
cal injection of counterions into solution.

It was found that reverse electron transfer to exci
states reduces the quantum yield of their ionization after
citation. This is the case in a narrow free energy reg
where ionization is quasiresonant and under very spec
conditions: at slow diffusion and at a small reorganizati
energy of transfer. The rigidity of these conditions expla
why the reverse transfer might be neglected in the vast
jority of time-resolved studies of photoionization. Howeve
two other effects studied here in principle cannot be und
stood without taking into account the reverse transfer. Th
are delayed fluorescence caused by bimolecular recomb
tion of ions in a bulk and chemiluminescence initiated
recombination of free ions injected into solution. The kine
ics of fluorescence and the free energy dependence o
quantum yield were studied with the same set of IET eq
tions as primary photoionization.

It should be stressed that IET is especially appropriate
account for reversible reactions,24,10,7but only in the lowest
order approximation with respect to concentration of re
tants. To extend the study to higher concentrations or lon
asymptotics of geminate recombination, IET should be s
stituted by MET which accounts for all binary terms of th
concentration expansion.29 However, for the present an
many other goals, IET provides the simplest, but fund
mentally proven method of a new non-Markovia
photochemistry.12 To solve numerically the integrodifferen
tial equations of IET very effective programs were develop
and used here. IET incorporated with these programs is
tually the universal key to any transfer reactions, provid
that their elementary rates, depending on interparticle
tance, are borrowed from the appropriate microscopic the
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APPENDIX: INITIAL CORRELATIONS OF IONS

We assume that the uniform mixing of ions is acco
plished before recombination starts. If they are mixed rig
up to their equilibrium distribution in a Coulomb wellU(r ),
then their density there is

F~r !5exp@2U~r !/T# . ~A1!

The kernels of integral equations~2.1a! remain unchanged
except those for ion recombination. The auxiliary different
equations for them are the same,

n
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ġ52WI~r !g1WB~r ! f 2
1

t
g1Lr g, ~A2a!

ḟ 5WI~r !g2WB~r ! f 2WR~r ! f 1L r
c f , ~A2b!

but they should be solved with different initial conditions.
is easy to see that Eq.~2.6! is the Laplace transformation o
~A2a! and~A2b!, providedf (r ;0)51, g(r ;0)50. These ini-
tial conditions reflect the uniform distribution of photogene
ated ions. Making the same Laplace transformation now
should take different initial conditions:

f ~r ;0!5F~r !, g~r ;0!50 . ~A3!

This difference is due to a different preparation of the s
tem. The free ions produced by separation of different p
togenerated pairs are noncorrelated and their distributio
space is homogeneous. On the contrary, the equilibrium
tribution established by perfect mixing of injected ions is n
homogeneous within Coulomb wells. There is an initial c
relation between counterions in those wells.
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