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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. 2@1 American Institute of Physics.
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I. INTRODUCTION counter theory;® which is of no use when the reversibility of
photoionization is an essential part of the phenomenon.

ionization of excited molecules are confined to highly exer- The more gen_era_\l mgtegral gncounte_r theolty ! d?
gonic electron transfer. Under such conditions the revers_gvpfd f.rom first pr|nC|p7Ie was first applied .to revgrsuble
electron transfer regenerating the excited state can be forgdfzmz‘,"‘t'On only reC(_antIy. IET is perfect for h!ghly d'IUIe(_j_
ten. All photogenerated ions recombine uniquely into theSolutions, but for higher reactant concentration its modified
ground state of the neutral products. An important exceptiorf€'Sion should be better usédUnlike their differential ana-

to this rule was demonstrated in a pioneering work of Rehn{®9S; integral theories were recently recognized as a univer-
and Wellet* They studied the Stern—Volmer ionization con- S8l approach I?O rlezverS|bIe bimolecular reactions of meta-
stant as a function of the free energy of transfer at the contadt@ble particles: _ _ _ o
distances, DG, =DG,(s). This experimental study covers In the.present artlc!e IET is applled.to photmomzaﬁuon
a wide range of free energies including positive values of thigesulting in accumulation and separation of counterions.
quantity, wherein the rate of reverse transfer to the excited heir subsequent bimolecular recombination in the bulk re-
state,Wx(r), is not negligible. In fact, abG;>0 it is even  Stores the excited state population. The latter is responsible

|arger than the forward OnW|(r). since they are related to for the delayed fluorescence, Iasting Ionger than the initial
each other via the detailed balance principle, decay of excitation with lifetimet. A similar effect was

obtained by injecting a large number of ions into solution

We-r!=W-rlexgDG-r!/T#. LY and detecting the fluorescence produced by their
Here and below the Boltzmann constégt=1, so thatT is  recombination>~*/
the absolute temperature, measured in units of energy In Ref. 17 both fluorescence quenching and electrolumi-
(1 ev=1.16<x 10*K). In the Rehm—Weller work the revers- nescence were studied. The excited triplet state of
ibility of ionization was accounted for by means of elemen-tris-2,2'-bipyridinelrutheniumll!  complex 3Ru(bypy)%+
tary ~-Markovian chemical kinetics, assuming that all the re- was used as an electron dondB*, and quinone or some
action constants are time independent. The initialradicals were electron acceptois, The triplet quenching
nonstationary development of the process was later takeafter photoexcitation, followed by radical ion separation and
into account, but only for irreversible ionizatiéi.This was  recombination to either the excited or ground stateDoi

done in the framework of non-Markovian differential en- represented by the following reaction scheme:
|

The vast majority of works which study the impurity

w, w Wg
SD*+A = @DT...A# — D'+A = @°D*...At — °3D*+A
Wg Wi
loT 1T IWg IWr It It
D iD...A# D+A iD ...A# D. ~1.21
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The excitation of triplets by charge recombination is also ) t
possible when ions are produced from the singlet excited N+*“:Cf RT-¢IN*~t—t1d¢
state'® However, the participation of both singlet and triplet °
donor states in electron transfer makes the reaction scheme t. LN+ )
more complex and we shall defer such a generalization until - fOR ~HINT-t— odt -2.10
a later time.
The left half of reaction schemd..2! describes revers- Here N* is the density of the excited molecules whig
ible photoionization and separation of those ions which es—gp*4=§A~# is the total concentration of radical ions in

cape geminate recombination. This part of the reaction igolution, in pairs and in the bulk. The equations include light
usually the subject of a picosecond study of charge separgumping with ratd , and the excited state decay with time
tion whose quantum yield is a source of information about It is also assumed that the light pumping is too weak to affect
the recombination rat¥. The right half of the same scheme the kernels of integral equations as it does at higher light
is related to the further evolution of the free ions which re-power?® Even more so, the pumping is so weak that it does
combine in binary encounters, either to the ground state onot exhaust the ground state whose populaticemains the
back to the excited donor state. The latter is responsible for same-equilibrium! all the time.

delayed fluorescence which occurs with a characteristic time  The kernelsR* andR?', given by their Laplace transfor-
of bimolecular charge recombination. The whole scheme a'mations~R(s)=*5R(t)e‘5tdt, are different:

lows one to consider jointly both short time geminate and

long time bimolecular recombination, as well as the total - 1 ~ - 3
quantum vyield of stationary fluorescerfce. RE-sl={s+ < f@W,~r!n~r;s!—WB~r!m~r;s!#d r
In Sec. Il we will present the closed set of IET equations ~2.24

which constitute the formal basis for the kinetic description

of the whole multistage reaction. In Sec. lll the short time  _ 1 _ -

evolution of the systemgeminate stadeis described with Ri-sl=| s+ 7 J' IW~rtn-r;st—Wg-rim-r;s!
special attention paid to the distribution of charge products

and the quantum yield of reversible ionization. In Sec. IV we —Wg~r Im-r;steddr. ~2.2n

analyze the long time asymptotic behavior and the free en-
ergy dependence of delayed fluorescence. In Sec. V we calhe former accounts for only reversible ionization, with the
culate the free energy dependence of the electroluminescent@mward and reverse transfer rat&s,(r) and Wg(r), while
guantum yield in the contact approximation and account fothe latter in addition accounts for irreversible recombination
the space dispersion of transfer rates, essential for diffusion&b the ground state with a rai&/z(r). Both kernels are ex-
effects. It is shown that ionization, which is reverse transfeipressed via the Laplace transformation of pair correlation
regarding recombination to the excited state, cannot be igiunctionsn andm. They obey the auxiliary equations:
nored here especially in nonpolar solutions. All calculations
are performed with an original program that allows us to
solve numerically integral equations and reproduce the
whole kinetics of energy dissipation and ion relaxation. In
conclusion, we emphasize once again the advantages of the s \w, +Wg+ £ 7-r;s! —W,n-r;s!=0, ~2.30
integral theory in solving all kinetic problems of photochem-
istry and electrochemistry regardless of their complexity.  with reflecting boundary conditions at the distance of closest
approachr =s. The linear operators

1 ~ ~
s+;+W,+L:r n~r;s!—Wgm-~r;sl=1, ~2.3d

Il. REVERSIBLE IONIZATION FOLLOWED BY _ 1] 2 | 1
RADICAL ION RECOMBINATION L= Py 244
A. General form of IET equations

We restrict our consideration to the particular case when c:i ir25~rl[i l dU~”} -2.41
the neutral acceptors are in such a great excess that they are ~ " (2 Jr \Jr T odr [ '

not essentially expended due to ionization. Then their con-
centration is not changedA#=c=const) and the general define the relative diffusive motion of neutral reactants and
equations obtained recently by regular médfAsan be sim- ions, respectively, with the corresponding diffusion coeffi-

plified to the following set: cientsD andD that may be different and distance dependent.
. ¢ The diffusional operator for ions also differs from those for
N*~t!=—cf R*~tIN*~t— t'dt neutral reactants. It accounts for the Coulomb attraction
0 within a well of Onsager radius., which is represented by
N*-t1 the electrostatic potentidJ(r).

t
+f R*~ 1N " -t — t1#2d t— +1o-t!IN, The Laplace transformations of the kernels, representing
0 the bimolecular recombination to the ground and excited

~2.1d states, are

Downloaded 10 Aug 2001 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ﬁ*~s!=sf OWg~r If-r;s!+Wg~r 1f~r;s!
—W,-r!g-r;st¢ dr, -2.5d

R#-s! =sf §Wg-r1f~r;st—W,~rig-r;st¢d’, -~2.50

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

g-r;s!—Wgf-r;s!=0, -2.6d

1
S+;+W|+£r

fs+Wg+Wg+ L F-r;s! —W,g~r;s! =1. -2.64

For particular calculations, based on the IET equations, we When the ionization is highly exergonic and therefore
need information about spatial shape and the strength of thereversible (15

reaction ratesV, g r which depend on several parameters,

e.g., reaction exergonicities, reorganization energies, preex-

ponential factors, and the length of tunneling.

B. Spatial dispersion of reaction rates

As can be seen, the input data for the theory are the

kinematic parameters, D, r., ands) and distance depen-
dent rates of remote electron transfer between reactants. De-
duced using the “golden rule” of conventional perturbation
theory*® all of them have the same general shape conforming
to the Marcus free energy gapEG law:

[ 1, ADG~r1+ I~r1#2
r 1= _~ a2(r=s)/L - -
W-rl=w I~r!e ex;{ T ,

~2.7
where the pre-exponential factor

VpV3
JIT

HereV, andL are matrix elements and the space decrement
of electron tunneling, whereas

~2.8

S
|~r!=|i+|0(2—7) 2.9

is the distance dependent reorganization energy of electron
transfer, composed from the intramolecul&r)(and “outer-
sphere” contribution from the continuum media.

All the rates crucially depend on the free energy of ion-
ization,

DG|~r!:DGi+T

re re
s T) 2.10

Although there are three free energies, only one of them is
actually independent, let's sapG,. The rest can be ex-
pressed through it, because

DGB~I‘!= —DG|~I‘!,

while the sum of the ionization and recombination free en-
ergies is fixed by a value of the excitation enegygf °D*,
see Fig. 1,

—DG,-r!—DGg-r!=E&. -2.11



Nz -~c! 1
NZ~c=0! ~ 1+ckt’

~3.9!

where N is the stationary solution of Ec:2.1! at I,
=const. This is the true Stern—\Volmer relationship for sta-
tionary quantum yield of fluorescence, whose constdnt

R*-0IR'-0!
~ R*-01R*-0!

The same result also follows from the dynamic definition of
the quantum yield3.3!, 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 true
Stern—\Volmer constark differs essentially fromk,, which

is available from the short-range kinetics of energy quench-

ing.

k=ky| 1 . -3.6

A. Quantum yields of ionization and charge
separation

Making the Laplace transformation for Ee3.2!, one
can find the height of the plateau

o — ctR™01 N}
N*-<1=lim sN*-s!=cR-0IN*-0l= ————.
an intermediate stage between the geminate and bimolecular s—0 1+ctR*~0!
stagesFig. 2. Hence, the geminate stage ends by creation of -3.7
a limited number of free ions, constituting this plateau: As follows from comparison of Eqs3.1! and-~3.7!, the free
. ion quantum vyield is
N*-<I=Ni F. 3.1 duantumy

Here Fis the quantum yield of free ions. The whole kinetics T=cow, -3.8!

of geminate ion accumulation and recombination is dewnherec, is the quantum yield of bimolecular ionization and
scribed by the reduced equatiorsl!, omitting those terms 7 /is the charge separation quantum yield:

related to bimolecular recombination:

t * 41 . Ckot _1 /7 — ﬁT"O! 39'
N*~t!:—cf RE-ZIN*-t—tldt— — -, ~-3.2d CoT1rckt - 0 W1 e
0 !
. The general solution of Eg2.30,
N+~t!=cJ R™~tIN*~t—¢1dt. -3.20 B B B
0 m~r;s!=f G-r,ro;S!W,~roln~rq:s! d°rg, ~3.10

The initial conditions for them are created by instantaneous _
excitation att=0- is expressed through the Green function, whose Laplace

transformation obeys the following equation:
N*-0!1=N§, N*-0!=0. S
From Eq.-3.2! one can find the short-range kinetics, as well 85+ Wg+Wg+ L #G-r,rq;s!= Trro' ~3.11
as the quantum vyields of ionization and charge separation. In 0
particular, one can obtain the survival probability of excita-Although this equation involves the raWg of backward
tion P*(t)=N*(t)/Nj , which tends toward zero in this
time interval provided the bimolecular restoration of excita-
tions is negligible. The measurable quant®y (t) can be
used to calculate another one,

h —1f‘P* o= 01 3.3

2o P e T T kot 3
which enables finding the quenching constant

ko=R*-01, -3.41

if ¢is known. However/1, should not be confused with the
true quantum vyield of stationary fluorescence
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Here B. Charge separation quantum yield in
contact approximation

WaTo!=1- f Wg-r1G-r,ro;01d%r ~3.13 Assuming that all transfer reactions occur at contact dis-

. . . ) ] tances, we should set
is the quantum yield of particles which start from distange

and are separated or irreversibly recombine to the ground a-r—sl
state. In other words, this is the probability of avoiding re- W*”:km:
verse electron transfer into the excited state for ions initially

separated by distaneg. In Eqg.~3.14 this quantity is aver- where

aged over the normalized initial distribution of interion dis-

tances in photogenerated pairs. In IET this distribution is B 13 N |

given the following definitiorf? k=] W-rtd®r. 3.21
forol— W,=1o!n-1 ;0! 316 The different contact constants will be labeled by corre-
To'= *W,~r 17~r:01d% ' ' sponding lower case subscripts:

If ionization is irreversible YWg=0), thenw,[1 and kj B B

[ Q is the production rate of radical ion paiRIPd which k‘_f Wi-rtdr, kb_f We-r1d°r,

can only recombine to the ground state or separate. In con- ~3.22
trast, in the case of reversible ionizatiow/§ 0) there is a K :f Woer 1d3r

fraction of RIPs subjected to backward electron transfer to ' RO

the excited state an#, is reduced by a muItipIieWa<1,

which is the averaged quantum yield of irrevocable productPViously, the RIP distributior.1@ in the contact approxi-
mation has the trivial form:

of ionization.
The RIP separation quantum yietdis expressed in Eq. d-ry—S!

~3.9! through two kernels. One of them already has been f~r0!=W. ~3.23

specified in Eq-~3.12. Another can be represented in the Pro

same way using Eqs2.2b and-3.10: As follows from the equation pair8.14, ~3.19 and-~3.18,
&T-01 =QWb, 317 ~3.19 the contact quantum yields,

where Wo=w,s!=1-k,G-~s,s;0!,
o o 5 ~3.24
Wb=J Wit ol f~rold3rg ~3.18 Wp=Wp~S!=1—-~ky+k,!G-~s,s;0!,

and are expressed via the single Green funct&(s, s;0). This

~ is the contact value of a more general Green function, that
Wb~l’0!=1—J OWr~r 14+ Wg-r14G-r,rq;0!d%r. ~3.19 can be found from the integral representation of £q11!:

Substituting Eqs-~3.18 and ~3.12 into Eqg.~3.91 we can
express the RIP separation quantum yield as the ratio of two
others:

(~3~r,ro;s!=éo~r,r0;s!—f Go-r,r';s!

X OWgr "1+ Wg-r " 14G~r " ,ro;s!d°r .
w=—. -3.20 -3.23

S — Here Gy(r,ro;s) is the Green function of nonreacting ions
When the ionization is irreversibley,= 1, the charge sepa- obeying a simpler equation:

ration quantum yield is equal te,, which is the share of
RIPs which escaped geminate recombination. On the other
hand, when the reverse electron transfer into the excited state
cannot be neglected, this is only a fraction of the ions which
became free after primary ionization. Since ionization is re-Using the contact rates.21! in Eq. ~3.23, we transform it
peated a number of times after restoration of the excited staigto an algebraic equation leading to the following relation-
by reverse transfer, each time a new portion of free ions anghip between the contact Green functions:
neutral products of recombination will be added to the pre- 5
vious ones. Therefore, the total charge separation quantum Goy-S,S;s!

S L= = L . G-s,s;sl= = . ~3.27
yield is given by the ratio ofv,, to w,, which is the fraction 140k, +k4Gy-S, S;S!
of free ions from all irrevocable products of forward electron
transfer. To clarify this point let us illustrate it by an example For ions, freely diffusing in highly polar solvents {(—0),
of contact electron transfer. the Green function is well knowft

Bs+ LG 1.1 gz LMot -3.26
RO Taprrg, '
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1 1

I(D 1+\Std.

Here kp=4psD is the diffusional rate constant ant
=s?/D is the encounter time.

Go-S,s;s! = -3.28

Using these results it is easy to estimate all the quantum

yields:
— kp+k, — Kp
"Thotkk " Tkotkothy i
including the main one, first obtained in Ref. 11:
W=wylW,= ! 3.30
W= Wwg Wa—m. .

In the same work the contact values 6f=1-c, were
expressed through the constant
kirr
kirr
K'*kD+ krl

k():
1+

, ~3.31

Reversible electron transfer 2657

1.0

0.75 -7

J — @(o) =ps(0) /0. ()

T pal0)

quantum yields
S
tn
S
1

0.25 1

0.0 T T T T

0.0
k’r / kD

30

FIG. 3. The partial quantum yields, ~dashed lineandw,, ~dotted ling in
the contact approximation and their ratio~solid line! as functions of the
recombination rate constaht, ki /kp=3.

kirr
K"'kD+ kr '

. ki expDG;/T! | o (DG~ 1)%41 T
K-kgt k1 ° :

whereK is the equilibrium constant of reversible electron Hence, the difference betwedq and k, ~see Fig. 2 in Ref.

transfer,

ﬁ ~DG; /T
1

Ky e ~3.32

K:

11! is confined to the interval:

0<DG<I,. -3.39

andk;, is the genuine Stern—Volmer constant of irreversibleThe smalled .. is, the more pronounced is the maximal effect

energy quenching*

ki
Ky =———————. -3.33
ki /kp
1+

1+t lt

expected in the middle of this interval. The same is true
regardingc, or /1. To emphasize the difference caused by
reverse transfer one should choose a donor—acceptor pair
with rather smallil .

More significant changes occur with, and w,. From
Fig. 3 we see how the reverse transfer to the excited state

Unlike kj the true constant of stationary quorescence,reducest regardingw, and how smalv, is regarding the

calculated in a recently published workurns to zero as
k,—O0:

kirr

K= Tk KKk T

~3.34

value 1, which it has in the case of irreversible transfer.
However, the ratio of these quantitie3.30 remains un-
changed at any rate of reverse transfer. This ratio is actually
a fraction of the free ions from the total amount of RIPs
produced by reversible ionization. The RIPs subjected to re-

If there is no recombination to the ground state, then allverse electron transfer to the excited state do not contribute
generated ions earlier or later recombine through reversg the partial yields estimated in E€3.29. Each portion of
transfer to the excited state. Therefore, all of them contributghotogenerated RIPs adds some free ions to those in the bulk
to stationary fluorescence whose quantum yield becomes dnd partially restores the excitations, generating the next por-
and k=0. Such dramatic changes do not happenkt  tion of RIPs later on. This cycle is repeated many times until
which remains finite even & =0. Over a short time range excitations completely vanish. Each time, exactly the same
after instantaneous excitation, the electron transfer producdgaction of irrevocable ionization products escape recombi-
temporary quenching which looks irreversible with a quan-nation. This fraction being permanent for each portion of
tum vyield A;<1. Calculating this quantity througR* (t) photogenerated RIPs remains the same for all of them.
one cuts off the delayed fluorescence that will be discussegtherefore in the contact approximatiandoes not depend on
separately in Sec. IV. In fact, the initial energy quenching noteyerse transfer at all.

only looks irreversible, but also its quenching constapt
only slightly differs fromk;, in a limited range of free en-
ergies. The correction factor in the denominator of 831!

is small for large exergonicity diffusion controlled transfer:

kirr
K"’kDJF krl

Extracted fromw, the free energy dependence lqf
should follow the bell-shaped curve predicted by the Marcus
FEG law for the kinetic rate constant. However, this may be
just an imitation if recombination is controlled by diffusion
from the place where ions were born to their recombination
zonel®?This effect is absent in contact approximation pro-
vided the RIPs not only die but are also born at contact. The
diffusional distortion of the parabolic FEG law appears only

kD~1+ td/tl
ko + K,

ePC’T0 atDG<-T,
but under kinetic control, @ G;>1.>T it is also small:
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h
1
' — AG,=-0.4 &V
--- AG;=-0.1 eV
= 52 54" :
10 - i gi;g" cm2/s 75 L cor AG;=-0.1 eV, Wp=0
= 0 U 5157 om, /s _
2 | D=10" cm"/s, Wg=0
Gr\)'§ \‘
< \
5.0 "\
0.0 T T \:;-;-—\»-—'” r T T
1.0 1.2 14 1.6 1.8
z=r/0

FIG. 4. The effective distributions of ions taking into account reverse trans+IG. 5. Initial distributions with and without taking into account the reverse
fer ~dashed lineand neglecting reverse transfetotted liné. Solid line— transfer atDG;= —0.1 eV ~dashed and dotted lines, respectiveiynd for
both of them at faster diffusiordiffusion coefficients are indicatédThe DG;=-0.4 eV-solid line, calculation without reverse transfer gives the

parameters areDG;=—0.1 eV, 1,=0.4 eV,w,;=100 ns*, L=14 A, same curve Other parameters are the same as in Fig. 4, exBepD
s=10 A, T=293 K, t=“. The excitation energy of dondtis assumed  —10-7 cn/s for all the curves.

to be high, i.e.Wr=0.

in the theory of remote forward and backward electron transpetween distributions with and without account for backward
fer. The charge separation quantum yield is represented imansfer. Both of them have the same shape identical to that

this theory as of W,(r) -solid line. At much slower diffusion D

B 1 =10 " cn?/s), the real initial distributionlong dashed line

W= — . ~3.36 even qualitatively differs from that calculated neglecting the

1+27/D reverse processdotted lind. The latter has a maximum

The recombination efficiencg(DG,) can be affected by Shifted from the contact to the effective reaction radRyf
encounter diffusion near-DG,=&£+DG, =1, which is diffusion controlled irreversible ionizatioff. However, due
close to the top of FEG cun.In Sec. IIl C we will inspect 0 reverse transfer and repeated ionization of the excited state
numerically this curve as well aky(DG;), taking into ac- there is an accumulation of ionization products near the con-
count the space dispersion of all the rates. tact. As a result the form of distribution shown by a long
dashed line is qualitatively changed.

The product distribution is subjected to similar changes

The initial distribution of ions, Eq:3.18, is determined WhenDG; is varied at constant diffusion, see Fig. 5. Since
by the solution of two coupled equation€.3d, -2.30,  transfer there is controlled by diffusiorDE 107 cn?/s),
which involve the rates of ionization, recombination, andthe products of irreversible ionization have a bell-shaped dis-
reverse transfer to the excited state. However, reverse trangibution shifted from the contaesolid and dotted linke The
fer does not affect the shape of the distribution when ionizareversible transfer abG;=—0.1eV creates another maxi-
tion is under kinetic control, so that” exp(—t/t), m>0,and mum at contact distancdong dashed link On the other
there is nothing to transfer back from to n. Kinetic ion-  hand, at higher exergonicity of ionizatioD,G;=—0.4eV,
ization creates a distribution identical in form W, (r), re-  the effect of reversible transfer on the effective distribution
gardless of the rate of reverse transfer. vanishes and the shape coincides with that for irreversible

Hence,f(r) may be affected only if ionization is under ionization-~solid linel.
diffusional control. The maximal effect is expected to be at Now we can analyze how the reverse transfer affects
t=* when there are stationary functions of distamgér) each quantity in Eq:3.12. The favorable interval manifests
=limg g sn(s) and ms(r) =limg_o sm(s), with a large dip  itself by the high but narrow peak in the free energy depen-
in ng(r) near the contact and a humpin(r) at the same dence ofQ fsolid line on Fig. 6al#. This quantity accounts
place fis+m¢=1). The change in product distribution re- for not only primary, but all subsequent ionization acts fol-
sulting from diffusional distortion ofs and mg is demon- lowed by reverse electron transfer, which occurs much more
strated in Fig. 4 by the example of a system with <,  often within this interval than outside it. However, for the
small 1,=0.4eV and almost resonant ionizatioD@;  Same reasons the quantum yield of irrevocable forward trans-
=— 0.1 eM. The excitation energy is assumed to be highfer w, rapidly falls when the free energy approaches the
enough to exclude the recombination of RIPs to the groundniddle of the same interv@Fig. 6-b'#. Therefore, their prod-
state Wr=0) in this region of ionization exergonicity. To yct k,=Qw, does not experience equally dramatic changes,
emphasize the effect of reverse transfer, we present calculaithough it vanishes witG; faster than in the irreversible
tions in its presence Wg=W, ex@#DG,/T%) and absence casefFig. 6-clt. This is an analog of the sharp descent of
(Wg=0). stationaryk(DG;) found in the same region in Ref. 7. As

At fast diffusion ©=10"°cn?/s) the ionization is ki- was expected all these effects are almost eliminated, Wwhen
netic controlled and, therefore, there is no visible differencds large~long dashed lines in Fig.!6Hence, accounting for

C. Remote reversible ionization
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1.0 i
J
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s ’
0.5 i
]
0.0
0.06 FIG. 7. The free energy dependence of the recombination efficiency param-
ﬁ'g eter Z for fast D=D=10"%cm¥s, solid lind and slow P=D
~ =107 cn?/s, dashed linediffusion ~at 1,=0.4 eV andé=1 eVl. The
g former only slightly differs fromk,(DG;)/4ps ~dotted liné peculiar to
1 0-03 _ kinetic controlled geminate recombination. In the latter c&d2G;) depen-
§ .7 dence is strongly distorted by diffusion, but neither of the curves is affected
*Q: )/ by reverse transfer.
/7
0.0 — T 7

20 -15 -10 -05 00 05
AG; [eV] . N*~t!
N*-~t!=—

t
—Cf R*~tIN*~t— ! dt
FIG. 6. The effect of transfer reversibility on the free energy dependence of 0
the quenching rate componen@,and Wa, as well as on their produdk, t
=R*(0)=Qw,. Solid lines are fol .= 0.4 eV while dashed lines are for + f RA-tIgNT~t— t1#2dt, ~4.14d
1.=0.8 eV . The other parameters are the same as for Fig. 5. 0

the reversibility of electron transfer is important especially 1.00 ®)
for nonpolar solvents, wherk,. is really small. This factor ‘\ AG;=0
should be more significant for energy transfer which is the 0.75 4 e = 01M, N} =0.0iM
fastest under resonant conditionr®G=0), where the re- *Ze Y ——e=0
versibility is the most pronounced. o

S

As was shown, in the contact approximation the effi-
ciency of charge separatiahis not affected by either diffu-
sion or reverse transfer. Taking into account the space depen-
dence of the transfer rates, the free energy dependence of this
guantity can be strongly distorted by diffusion, but the influ-
ence of reverse transfer remains negligibfeg. 7!. How-
ever, reverse transfer plays a key role in such phenomena as

Lo . 0.06
delayed fluorescence and electrochemiluminescence studied (b)

in Secs. IV and V.

0.04
IV. DELAYED FLUORESCENCE o

When geminate recombination is completed and gives
way to a bimolecular reaction, the latter restores either ex-
cited or ground state neutral products. Since the density of
restored states at a late stage of excitation decay is quadratic 5
in concentration of free ions, the latter should be large " . I I
enough to make the delayed fluorescence detectable. To 0.2 0.1 0.0 0.1 02
reach this goal, one should use as strong pumping as possible A T
and choose fluorophors with long lived excited states, the. s. -al The kinetics of excitation quenching followed by delayed decay
their fluorescence at times>t will be stronger than from -solid line! in comparison to the free exponential deeiyng dashed line
natural excitation deca@Fig. 8-alt, The amplitude of the delayed fluorescence, calculated by~£41, is

The lona-time asvmbptotics of the delaved decav can bshown by the short dashed line. The initial concentration of the excitations
9 ymp y y %Ig =0.01 M, t=1 ms. The other parameters are the same as for Figp! 2.

described by the reduced Eq.1!, where the pumping The free energy dependence of the amplitude of delayed decay related to the
terms are omitted: initial concentration of excitationll* (0)/N§ = gN3 .
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) t where
N+~t!:—J R*- 1IN T~t— 142 dt. ~4.1h
0

1 1
L . . —=—+ . ~4.7
The initial condition for free ions prepared by RIPs separa- ¢+ cko 4T

tion, follows from Eq.~3.1!: e
Here N™ (t) is given by Eq.~4.6! and k, by Egs.~3.31,

N*-01=N% =N cow. 420 -3.32:

Since ions are stable particles, those terms in integral . kptk
equations-4.1! which describe ion recombination may be  Ko=kyK

transformed into their differential and even Markovian ana- ko ki ks
logs att>t,.?%?* The same can be done with the last ion- where
ization term, but at much larger times> t, when concen-
; N . k;
tration of excitations levels off and decreases slowly backing K= _— 4.8l
by recombination. Hence, the delayed fluorescence can be b
described by the following set of differential equations:  and the effective constant of backward transfgis defined
. 1 by Eg.~4.5!. The long-time asymptotic decay of excitation is
N*-t1=Kk*IN"~t1#2— ;+ck0 N*-t1, -4.3d  quadratic in time:
: k*t* A
N*~tl=—k*INT-t1#2, ~4.30 N*-t! ~ =—, 4.9
~k*t12 2

wherek* =R*(0) andk*=R*¥(0). These kernels in the con-

tact approximation afe whereA is estimated in the contact approximation as

ke kp+ Kk, +kp

~, ky o~ kp+ K, + kik,91 _ 5 i
g__b foop 0 T RRrY1 A=t . 4.10
R'==, Rbsl= 7 ’ ¢ "kp ~1+ckot-k, +kj12
whereZ(s) = (1+k;g1(s)) (1 +Kk,go(s)) + kpg»(s), and As far as we know the very fact of experimental registration
5 of delayed fluorescence was not reported yet due to the very
gy~S!=0kp~1+ \sty+ tq/t1¢ 1 rigid conditions for its observation. The number of second
- ~4.4 time excited molecules does not exceed
g,-S!=0kp~1+ \sty1¢ L.
, , o N*~0!=Kk* t*iN"-0142= gINF #2,
Using these results we get the following recombination con-
stant: where
’ — —.  ~Ck t'z
KX — “ki+Kplkp g=k* t*-cow!?>=k* th—og. ~4.11
K+ k! +kp ~1+ckyt!

The maximum of this quantity is reachedat 2/(kgt). In

wherek, +kj is its kinetic value. The latter is the sum of L L
the contact approximation it is

recombination rates to the ground stkteand to the excited

one: 4 o th—t4 Ky ~kp+Kk!? 41
ok o I 27ko ko K+ '
o kilkp 43 According to Egs-3.22 and~2.7! we have
1+\tylt p( (DG, + IC)Z)
kKi”wo exg ———————],
Here exactly the same correction of denominator appeared as 41T
in Eq.~3.33. It accounts for the initial ionization which pro- (DG~ 1,)2 -4.13
ceeds nonstationary under diffusional control of electron k.~ w;v ex;{ — 4II—TC) 7k expDG;/T!,
transfer. As a result an equilibrium relationship between ¢
these constants is preserveg; /k{ =K. where v is the reaction volume andDG,=&+DG,
The solution of Eq~4.3k reproduces the usual second- =—DG;. At fast diffusion g}k, reaches maximum at
order kinetics: DG;=1.. At smaller concentrationic<<2/(kyt)# it follows
from ~4.11' and ~4.8! that g}kbkiz. The maxima of these
1 _ TR, -4.6 Gaussians are shifted in opposite directiobs5{=*1.).
N*-tl  N*-0! Hence,g 0 only nearDG;” 0, where they overlagFig.

8-b'4.

In Fig. 9 we showed the kinetics of the excited state
decay with and without taking into account the bimolecular
reverse transfer in the volume. In the latter case there is a
N*~t!=K* t* §N " #2-t1, false asymptotic behavior at long times, noticed in Refs. 24

whereN*(0) is specified in Eq:4.2!. At t>t there is the
quasistationary solution of Eg4.3d, which yields the fol-
lowing concentration of fluorescent particles:

Downloaded 10 Aug 2001 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 6, 8 August 2001 Reversible electron transfer 2661

1.0 ¢ In Refs. 16 and 17 thd s dependence on the free energy of
i ionization, DG;= —DG,, was measured for a number of
3 systems. To specify this dependence we have to calculate
2] * ON*-tidt
£ 107 3 3/ -9 5.3
SO T s
,;a\ | AN
~— N . .
= ] B borrowing N* (t) from the solution of Eqs:2.1! where we
104 . setlo=0 and use the new initial conditions created by the
] ‘ external injection of ions into solution:
] — complete kinetics
--- ignoring bulk stage N*~0!=0, N7"-0!=No. .4
10°¢ D N Making the Laplace transformation of E€.1! under these
1.0 10 10° 10° 10* 10° conditions and excluding,N*#2 dt we obtain
t ~
A .= N*~01/Nyt
FIG. 9. The false asymptotics of geminate excitation quenchlngg
dashed linkin comparison to the power asymptotietashed link of true 1

excitation decaysolid linel. All parameters are the same as for Figal8

- RR0I/R! 0!+ ctiR*-01R*01/R*-01 —R-01%
-5.5!

and 27:N* (t) 3t~ 32 This behavior peculiar to IET, even in Since this result is expressed through kernels taken at
the complete absence of reverse transfer, can be eliminat&d 0, it does not depend on the spatial dispersion of the
using properly modified encounter theotMET!, 22 or an initial conditions for the auxiliary functionssee the Appen-
improved superposition approximatiéh® The substitution dix!. The initial spatial correlations in the system affect only
of MET for IET is inevitable for studying the long-time as- the kinetics of luminescence but not the stationary values
ymptotics of highly exergonic ionization, which is practically that can be obtained from general expressions like-&d!
irreversible. However, in the case of reversible ionization the?®tlings=0. Such expressions for all the kernels are listed in
bimolecular pumping of the excited state hinders and turn&ef- 7. Using them we obtain from 56!5-5!_ the contact

its decay to a much slower quasistationary evolutibi!. At~ estimate of the excited state quantum yield:

strong pumping this may happen before the false asymptotics 1
is reachedFig. 9. As a result, the whole excitation decay .= -, ~5.6!
from the very beginning until the end is perfectly described 1+-1+ctkin'k, /ky

by IET. As shown in Fig. 9, the delayed fluorescence at |0n9Nherekir, andk;, are given by Eqs:3.33 and-4.5..
times follows the predicted power dependence of tirné!, In Refs. 16 and 17 the recombination into the excited

which is easy to distinguish from anything else. It differs siate was considered as an irreversible reaction. If this is true,
from either false asymptotics or exponential decay, supersegpen ki=0 (ki;=0 andk{=ky) and general Eq:5.6 re-

S . 27,28 i :

ing it in more accurate theoriéé: duces to the simplest one used in these works:
1

S 14k, /Ky

) ) ) With contact estimates of the reaction constadtd3 we
The right half of reaction-1.2 can be realized apart qpiain from Eq-5.7":

from the left half. This can be done by injection of ions,

f. 5.7

V. ELECTROCHEMILUMINESCENCE

subjected to subsequent recombination to the ground and ex- f— 1 58
cited states: es F( E-DGj— 1 .+¢&2!\ " -
1+-~w, /w;lexp —
W 21T
D*+A™ = @©°D*...A¢ — °D*+A This is a stepwise function which approaches unity with in-
W creasing> G; , because the recombination to the excited state
IWg It It becomes much faster than to the ground stiig. 10. It
resembles the experimental results obtained in Refs. 16 and
D+A 0D ... A# D. -5.1' 17, although the plateau in these works is usually much

Lower than 1. This is an indication of the quenching of ex-
Cited states by survived ions, or through biexcitonic produc-
tion of singlets and their subsequent decay.

If electron transfer is reversible, the simple expression
~5.7! can be obtained from Eg5.6!, only in the kinetic-fast
diffusion! limit: at k;<kp=4psD. The break on curves.8!
Toe= T, Tes. ~5.21 occurs atDG;=1.—&/2, while k; reaches its maximum at

This is the process studied in Refs. 16 and 17 through th
luminescence coming frofD*. The quantum yield of ex-
citations, F,, can be extracted from the electrochemilumi-
nescence quantum vyielff,, if the emission quantum yield
from the excited statef, is known?®
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1.0 1 This effect is well described by general contact formula
~5.6!.
102 1 VI. CONCLUSIONS
& ] The qualitative influence of ionization reversibility on
stationary fluorescence was recently described in Ref. 7, by
10" 5 7 cee- CA means of integral encounter theory. Here we use the same
] '.;" - - @:10‘jcmz/s theory to study the transient effects initiated by either instan-
o — D=10"cm’/s taneous photoexcitation of neutral reactants, or electrochemi-
10 4 ' ' ' cal injection of counterions into solution.
02 00 0.2 0.4 0.6 0.8 It was found that reverse electron transfer to excited
1.0 5 (b) R - states reduces the quantum yield of their ionization after ex-
1A =05eV citation. This is the case in a narrow free energy region
4 ’ where ionization is quasiresonant and under very specific
102 1 conditions: at slow diffusion and at a small reorganization
3 v . energy of transfer. The rigidity of these conditions explains
< 3 ' ¢ ---- CA, k=0 why the reverse transfer might be neglected in the vast ma-
10 e C4, D=106}=m2/S jority of time-resolved studies of photoionization. However,
; exact numerical: two other effects studied here in principle cannot be under-
1, - - D=10"cm’ /s . .
— Db=10"cm’/s stood without taking into account the reverse transfer. Thgse
10° . , are delayed fluorescence caused by bimolecular recombina-
-0.6 04 0.5 tion of ions in a bulk and chemiluminescence initiated by

recombination of free ions injected into solution. The kinet-
AG; [eV] ics of fluorescence and the free energy dependence of its
FIG. 10. The quantum yield of excited states as a function of the ionizatiorguantum yield were studied with the same set of IET equa-
free energy at largeal and small-b! reorganization energy of electron tions as primary photoionization.
transfer 1. In these two cases the increase of diffusion frdbn It should be stressed that IET is especially appropriate to
=107 cnP/s -solid lined to B =10"° cn?/s -long dashed lindsshifts the ~ account for reversible reactio$1%”but only in the lowest
curve in the oppo;ite directi_ons. Con_tact_ calculatie@4\! of the same order approximation with respect to concentration of reac-
At 1o igqn"’i";g d"‘g:gtslnd without taking into account the reverse electropy g extend the study to higher concentrations or longer
asymptotics of geminate recombination, IET should be sub-
stituted by MET which accounts for all binary terms of the
concentration expansidil. However, for the present and
DG;i=— .. Only there it may exceekl,, changing control  many other goals, IET provides the simplest, but funda-
from kinetic to diffusional ki>kp). However, at largelc  mentally proven method of a new non-Markovian
the distance between the break and this poinS=21;  photochemistry? To solve numerically the integrodifferen-
—&2, is so large thatkj/kp<1 everywhere. Atl; tjg equations of IET very effective programs were developed
=12 eV, k; is negligible everywhere and the results ob- gnd used here. IET incorporated with these programs is ac-
tained in the contact approximation from either E§.6! or  tya|ly the universal key to any transfer reactions, provided
-5.7! are the saméthe upper curve in Fig. Tal. that their elementary rates, depending on interparticle dis-

Beyond the contact approximation diffusion not only tance, are borrowed from the appropriate microscopic theory.
changes the ratid; /kp, but affects also the competition

between recombination to the ground and excited states\ckNOWLEDGMENTS
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layer and contribute nothing to the excitation. Hence, at

slower diffusion the recombination to the ground state is"PPENDIX: INITIAL CORRELATIONS OF IONS

more favorable and the excitation quantum yield is smaller.  \we assume that the uniform mixing of ions is accom-

This effect is clearly seen in Fig. 3, but almost dis-  plished before recombination starts. If they are mixed right

appears in Fig. 1®!. Since recombination at smalldt is  yp to their equilibrium distribution in a Coulomb well(r),
more remote and weaker, it is under kinetic control when thenen their density there is

contact approximation is perfect. In Fig. ~bD there is a

small difference between this approximation and the exact Fr!'=exg—U-rl/T#. -All
calculation, but only for the slowest diffusion. At largBr  The kernels of integral equation8.1d remain unchanged,
the preference of excitation is due to the increask; tkp , except those for ion recombination. The auxiliary differential

which slows down the recombination to the excited stateequations for them are the same,
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