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The bimolecular ionization of photoexcited molecules is theoretically investigated assuming the light pumping
of moderate intensity is either instantaneous or permanent. The kinetics of energy quenching-aadidah
accumulation and recombination aftepulse excitation are studied beyond the rate concept, in the framework

of Integral Encounter Theory (IET). The results are compared with those obtained within extended Unified
Theory (UT), contact and Markovian approximations, and a widely accepted exponential model. When there
is a shortage of acceptors the theory becomes nonlinear and discloses the striking effect of electron-transfer
saturation. In such conditions and under permanent illumination IET is the sole formalism appropriate for a
full time-scale (non-Markovian) description of system relaxation. The original program for solving nonlinear
IET equations for particle concentrations was developed and first used to calculate the kinetics of relaxation
to equilibrium and to a stationary regime. The non-Markovian corrections to the quantum yields of fluorescence
and charge separation obtained numerically are in good correspondence with analytic estimates of these
quantities.

I. Introduction completes the cycle with nonexcited prodDgtmaking possible

. 4 : Mg
In the past decade of the century theoretical photochemistryfrjl stationary regime under permanent excnaﬁbrr» D*. This .
is the self-consistent but oversimplified reaction scheme which

experienced a real revolution as primitive models were replaced. - . .
by fundamental and self-consistent theories of transfer reactions 910res a few_mportan@ facto_rs of the process: th_e spin states
activated by light pumping-1° There comes a time when pf excngd partlclt_es and ion pairs as well as the exmplex (contact
different approaches should be compared between themselve on pair) formation bgfore or gfter charge separation. Both
to find out what and where is more powerful and accurate. Such actors were recently included into extended react(;on scheme
an assessment has been made already for intermolecular energ nd tkfmroughly mvesugalted W'th('jn Um_ﬂedl Ther?‘fryl. How- iol
transfer after instantaneous excitatidn!* Here we consider a ver, for our present goal we need as simple scheme as possible
more complex energy quenching mechanism and not only aftertO compare thg .dlfferent apprqaches which usually d(.) not
instantaneous excitation but during permanent illumination as account for additional complications. The scheme (1.1) is the

well. The latter has not been the focus of attention so far becauseSImpIESt one W.h'Ch allows such a comparison. .
A number of time-resolved experiments have been done using

only a few approaches are able to provide a non-Markovian very short light pulses considered as instantaneous. Under such
description of the nonlinear response of a system to stationary. N o . )
P P Y Yidealization the rate of excitation(t), is represented by the

pumping. L . o-pulse:
Energy quenching is often carried out by charge transfer from P ’
an excited electron donob* to an electron acceptoA, I = y0(t) (1.2)
according to the multi-stage reaction scheme:
wherey = N*(0)/Np is a fraction of the excited molecules
. + ,or DT+AT=D+A 11 immediately after the pulseN¢ = [D*], and Ny is the total
D"+ A= [D7..AT (1.1) concentration of donor molecules in solution). When this fraction
[D...Al. is rather small, the concentration of free ions which escape
geminate recombination is also small. Their bimolecular re-
combination in the bulk, whose rate is quadratidéin= [D*]
= [A~] = A, is much slower than the preceding stage of ion
"hccumulation and separation. This geminate stage was actually
the subject of the original Unified Theory (UT), which
* Author to whom correspondence should be addressed. .Comp.let.ely |gnored the bulk recombinati8ri° Although valid
* Michael Visiting Professor in the Weizmann Institute of Science, [N @ limited time range, UT was nevertheless very successful
Rehovot 76100, Israel. in calculating the kinetics of ion accumulation, geminate
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The forward electron-transfer ends either by backward transfer
to the ground state in the geminate ion p&rf[..A~] or by ion
separation and subsequent bimolecular charge recombinatio
in the bulk involving free ion®* andA~. The recombination
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recombination, and the free ion quantum vyield. UT was
successfully applied to a number of different phenomena after
inclusion into consideration the spin states of excitations and
ion pairs, inter-system crossing, and exciplex formation in
magnetic field (see recent reviéwThe subsequent bimolecular
recombination in the bulk was also taken into consideration in
a properly extended unified theory (EUT).

An essential limitation of original UT as well as EUT is the
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Stern—\Volmer constant of fluorescence, when either @ |y

is greater than 1. Heret is the lifetime of excited reactant
while 74 = ¢?%/D is the encounter time determined by the closest
approach distanae and the encounter diffusion coefficieldt?0

To study electron-transfer saturation in a pure form, we restrict
ourselves to a moderate light intensity, assuming

lg<< 1l < 1y (1.5)

assumption that acceptors are present in such an excess thahis assumption ensures th2t is not saturated, i.eN* < N

their concentrationA = [A] remains almost constant, ap-
proximately equal to its initial value. This is possible if their
number is not really exhausted due to partial ionization, that is
under the condition

N*(0) =yN,<c (1.3)
In what follows we will eliminate this restriction and account
for expendable neutral acceptors whose concentraft),

decreases in the course of ionization. However, even extende
in this way the unified theory is still somewhat limited.

It has been stressed already a few times that UT is not suitable

for consideration of the system response to pulses of finite
duration, especially for rather long or even infinitely long
(permanent) excitation, represented {pulseid—20

0 att <0

I =Lt = (1.4)

Io attZO

The pumping termiNo cannot be incorporated in any non-
Markovian rate theory containing time-dependent rate coef-
ficients?1-22Fortunately, there is an alternative when acceptors
are very much in excess, so th#¥gt) = [A] = c does not change
over time. In this particular case the UT equations are linear in

concentrations and their solution can be employed to calculate

the system response to a pulse of arbitrary shHpe,In fact,
N*(t) can be obtained from the well-known convolution recipe
generalized for arbitrary strong pumping in refs 3 and 20. We
will show here that the same can be done for ion accumulation
recombination kineticsN™(t), as well. However, the system
response to a light pulse of nonzero duration is unattainable
for the non-Markovian rate theory, if there is a deficiency of

/

acceptors. In this case the second-order kinetic equations are

essentially nonlinear due to the expenditure of neutral electron
acceptors and the convolution recipe is inapplicable.

On the contrary, Integral Encounter Theory (IET) elaborated
about 20 years ago in a few Russian wéfk8 does not
discriminate between linear and nonlinear problems. This is a
kind of memory function formalism applied to the chemical
kinetics of bimolecular reactions in dilute solutions. The additive
inclusion of the pumping terniiN, into the IET equation for
N* provides the standard way for solving these problems
involving arbitrary pulse shap€® The effect of nonlinearity
increases with the intensity of light pumping because
eventually grows to the point that inequality (eq 1.3) no longer
holds. This leads to a saturation of the electron transfer due to
a lack of neutral acceptors of electron wh&rk c. This is in
essence a Markovian effect accessible to a largely simplified
Markovian version of the encounter theory that will be examined
in line with EUT and IET.

for any relationship betweeN* and c.

The system response tagpulse can be described not only
within encounter theories, but also with their contact and
Markovian analogues, as well as with an Exponential Model
(EM). The latter is questionable but very popular among
experimentalists. To make the comparison of the theories the
most favorable for contact approximation, we take as input data
the exponential rates of the distant-dependent forward and
backward electron transfét:

AN (r) = W, expl—2(r — o)L,

Wi(r) = W, exp[-2(r — o)/l] (1.6)

where o is the closest approach distance. According to the
classification given in ref 26 both rates are exponential in the
rather rare situation when the free energies of ionization and
recombination are so small that both the forward and backward
transfer proceed in the Marcus normal region. Only “normal”
transfer at small andl may be considered as contact. Otherwise
neither the contact approximation nor the exponential model is
acceptable from the very beginning. We will use the rates (eq
1.6) in all theories of distant transfer and define through them
all the parameters of the rest of the approaches.
Time-resolved experiments aftérpulse aim to study the
geminate recombination of ion pairs. They are usually done at
relatively fast excitation decay so that charge transfer flm
to Ais essentially over before recombination begins. Therefore,
the comparison of different theories of initial charge separation
is made here at rather short decay time. The same is true
regarding the study of the kinetics of the approach to the
stationary regime under action ofZapulse. On the contrary,
the effect of electron-transfer saturation is better seen at longer
times when there is no difference between the Markovian and
non-Markovian theories. The last two problems are studied here
for the first time.
The outline of this paper is as follows. In the next section
we reproduce the original UT that will be extended and
generalized later. In section Ill the IET formalism is applied to
the reaction scheme (eq 1.1) as in ref 20 and slightly simplified
in accordance with limitation established by eq 1.5. In section
IV the system response todapulse is considered for each of
the available theories. There the saturation of energy quenching
due to electron transfer is demonstrated. In section V we turn
to a description of the system responseiipulse. There we
generalize UT to determine the excitation decay as well as ion
pair accumulation/recombination by a convolution recipe. The
latter is valid when the electron acceptors are really in great
excess. If the concentration is not large, only IET provides a
valid description of the non-Markovian kinetics of approach to
the stationary regime. In the conclusion, the importance of non-
Markovian effects in kinetic and stationary phenomena will be
inspected.

Besides electron-transfer saturation, there is also an essentiall)}" Unified Theory of Photochemical Charge Separation

non-Markovian effect of strong light pumping. The latter affects
the kernels of integral terms in IET equations, changing the

If the light excitation is instantaneous and weak, the bimo-
lecular charge recombination in a bulk can be ignored during a
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limited time interval. Nonetheless, this initial interval can exceed Nt = ft[R*(t —t)—
the larger of two times: the lifetime of the excited dona@and 0

the diffusional encounter timeyg. Within such an interval the RT(t — )IN*(t)At)dt' — ftRi(t _ t')[N+(t')]2dt' (3.1b)
survival probability of the excited stat@’(t) = N*(t)/N*(0), 0

and that of ionsP™ = N'/N*(0) obey the set of original UT  \yherea(t) = ¢ — N*(t). All kernels are defined through their

equations first derived in refs 15 and 16: Laplace transformations, denoted by tilde:
: p* -
P* = —k()cP* —— P*0) =1 (2.1a) R(s) = (s+ 1h) [ rW,(r)74(p,0) (3.2a)
. am(r t R'(s) = (s+ 1/7) [‘dPrWi(r)ii(r, 3.2b
b —of M5 pro=0  (2b) (9= (s+ 1) [PrWeniry)  (3:2b)

R¥(s) = s [d*rWy(r)7,(r,9) (3.2¢)
The time-dependent “reaction constant” f RE2
The auxiliary pair distributions obey the following set of

k() = W (r)n(r,Hyd’r equations:
and ion pair distributiorm(r,t) are expressed in UT through [Q — [l + W(r) + /z|vy(r,t) = 0 (3.3a)
the solutions of auxiliary differential equations ot
. a ¢ .
M win+ Lo (2.22) [ﬁ — L+ WeD)|rry =0 (3.3b)
. a ¢ .
aa_T = —Wm+ L,m+ WinP* (2.2b) [ﬁ = Ly + W) [u(r,t) = Wiy, (3.3c)

wheren(r,0) = 1, m(r,0) = 0 and the operators The initial conditions for these functions are

L 19,0 10 and e v (r,0)=vy(r,0)=1, u(r,0)=0
Ll = D—2 a—l’ a— and L2 = D—2 a—r e a—e
peor or reor r The bimolecular ionization producing the energy quenching

L . and primary charge separation is represented by two integral
represent the encounter diffusion in neutral and charged pairsiorms in egs 3.1a and 3.1b, containing kefRelThe integral

[D*...A] and D*..A7], taking into account the Onsager radius  tgrm with kernelR' accounts for geminate recombination of
re for Coulomb well between ions. _ _ _the created ion pairs. The final bimolecular recombination of
The set of UT equations above describes only geminate ion free jons in the bulk is represented by a kefRelfrom the last

pair accumulation/recombination and separation. This is an (g in eq 3.1b, which is quadratic in ion concentration. If one
initial stage of the system responsedgulse excitation that  gmpjoys such a wead-pulse that the initial concentrations of
proceeds in a restricted time interval. However, within this excited donors satisfig$*(0) = yNo < ¢ then acceptors are in
mtgrva_l the survival pr_obab|I|ty of ions approaches the plateau great excess from the very beginning. Under such a condition
which is the free carriers quantum yiefd The latter can be e pimolecular recombination does not play any role in a

represented in the following fort:?/ relatively long time interval after excitation and can be
n _ neglected. Then one obtains the reduced version of IET similar
p=P (o) =y (2.3) to the original UT which also ignores the recombination in a

bulk.

Neglect of bulk recombination is absolutely impossible if the
illumination is permanent and the stationary concentrations of
excited donors and ion$J; and N;r, have to be obtained. The
former determine the fluorescence quantum yféld:

Here ¢ is the charge separation quantum yield whilgs the
quantum yield of complete ionization, simply related to the
fluorescence quantum yiefd2°

n= [ PHtdir=1-1 (2.4)
N*

The geminate stage of ion accumulation/recombination is =] rls\l (3.4)
followed by a bimolecular recombination in the bulk, which is om0
much slower when excitation is weak. The bulk recombination
has been incorporated in Extended Unified Theory (EUT) which

while the latter contribute to the stationary photoconductivity:

is formulated in terms of absolute concentrations of excited o= eul\[ (3.5)
donors and ionsN* and N*, instead of their survival prob-
abilities, P* and P*.7 wheree is the charge of free carriers whose mobilitytis

. These two quantitie$§ andn, are the main ones pertain-
lll. Integral Encounter Theory for Moderate Pumping ing to the free ion production and energy quenching which are
At light intensity limited by inequality (1.5), we can obtain  often available for analytic study. The kinetic information about

from the general theory published in ref 20 the reduced set of the system response fopulse usually comes from numerical
IET equations: investigations of IET equations partially reduced in Unified
Theory to a differential form. For this adopted theory very

e — [t Ny Ay N powerful programs were elaboratéd! and used a number of
"= fOR*(t ONH(OAE)de T tINg - (3.13) times32 Here we develop a new program for solving IET egs
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3.1, 3.2, 3.3 and gaining for the first time the system response way we arrive to the equation
not only tod-pulses, but to permanent excitation wifpulse
as well. dNT(t)

dt

o KON(DA®D) — ' W(n)p(r.hdr — ke(OIN'()]* (4.6)
The system response to a very short pulse excitation is a

standard problem treated many times by different methods. In Using here the conta®(r) from eq 4.5 and assuming a great
what follows we will compare some of these methods we are excess of acceptors we obtain
going to compare below by the example of reaction 1.1. .

After instantaneous excitation (eq 1.2) the last term in eq dN (t) ) a2
3.1lais zero and can be omitted, provided the initial conditions CON*() — ky'p(o.)) — keOIN"(O]° (4.7)
are set to the following:

IV. Relaxation after o-Pulse

wherep(o,t) should be found from the solution of the contact
N*(0) =yN, N7 (0)=0 analogue of eq (4.4):

The remaining homogeneous equations can be now reduced t@p(r’t) = W(r)n(r,)cN*(t) + Dl el rZerC/r rclrp(r 1),

a semi-differential form inherent in UT using standard procedure  dt 20r
recommended in classical wofRsand employed a number of
times19.2534 47w |r —, = kyp(ot) (4.8)
dN*(t) _ " N*(t) The general solution of this equation expressed through its Green
a - SONOAD == (4.13) function, Gr(r,I' t), takes the form
dN+(t) dA(t) rt) =ck, [ Gglr.ot — t)n(o, )N (t)dt' (4.9
f&tp( rdr — kR(t)[N+(t)] == (4.1b) p(r.t) Iﬂ)ﬂ) (e IN(o tIN*(T) (4.9)

. A Here we took into account, that ionization is contact as in eq
where we took into account thA(t) + N'(f) = c = constant, 4 5 | this approximatiof = kon(a,t), wheren(r,t) obeys the
and the time-dependent rate constant for ionization and recom-.qntact equation equivalent to eq 2.2a:

bination are

. an
k® = [Frw@Onry), k)= [FWgOn(rd  (4.2) n=Ln 4o, = k(o)

Here the auxiliary pair distributions obey the diffusional The contact solution of the problem given by eqs 4.7 and 4.9 is

equations very suitable for analytic investigation because the properties
of the Green function of geminate recombinatiGa(r,r',t), are
a D wir - 1 0 28 n(r.t) = nro)=1 (4.3a) studied in great detail in a few fundamental wofkg8 In
ot 2 8 or particular, it is known that contact approximation does not work
in a static limit, but is a reasonable approximation for moderate
0 1 0 2 ggr O e |1y and fast diffusion, provided that the space dependence of the
+ Wi(r) — D= =r% nrt)=0 ' P P P
[8t (1) 2 or 8r (r) transfer rate is really exponential and sh@rplere we should

n(r,0)=1 (4.3b) only add that in the contact approximation the static stage is

also missed in bimolecular ionization. Therefore the initial rate

Here we accounted for the Coulomb attraction between ions of this process is significantly underestimated and the quantum
with Onsager’s radius.. The same should be done in an vyield of contact ionization should be less than that in theories
equation that governs the time behavior of charge distribution of remote transfer (UT or IET), especially for the case of short

in a pair: excitation lifetime.
Even more popular than the contact approximation, until
[8 + Wi(r) — 2 139 rzerc/f rc”] p(rt) = recently was the so-called exponential model (EM) of ion pair
or recombination. In this model the real diffusion from the reaction

W (r)n(r t)N*(Y)A(t) (4.4) zone is replaced by a hopping escape from it with a katg
On the other hand, EM does not assume recombination to be
Initially p(r,0) = 0, but ions appear due to a pumping term on contact, but suggests that it takes place with a uniform back
the right-hand side of this equation. electron-transfer raté&_¢; within the reaction sphere of the
One of the most widespread models of reactions in solutions volume v = 470%3. As a result eq 4.4 is replaced by the
is known as contact approximation. It assumes the reaction tofollowing one:
take place only at a contact distancith kinetic rate constant .
ko = SW(r)d® for ionization andky = SWg(r)d® for opr,Y * _
recombination. Under this assumption the charge-transfer rates 9t = WO ONT(HAD kser(r 0~ kepr)
(eq 1.6) can be substituted by their contact analogues: r <o (4.10)

Ko ko' where the used parameters of EM are simply related to those
Wi(r) =——=0(r —0), W)= 1m0 (4.5) of the contact approximatio#¥:

4ro”
S ) . 3r.D
To make use of the contact approximation let us first substitute Kep=———— ky =K_ o2 (4.11)
op/ot from eq 4.4 into eq 4.1b and integrate it overin this . 03[er°/" —1]
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In addition, EM assumes that ionization also takes place only

within the same reaction sphere as recombination, tha is

0 atr > o. Therefore, integrating eq 4.10 over space we obtain
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dp.

= kP~ (keep T Kol (4.16)

a similar equation for the total number of ions inside the reaction They were really useful for the rough interpretation of some

spherep. = p(o,t)v:

dp. _

= KONOA®D — (kep T kedpe  (4.12)

This equation should be supplemented by eq 4.7 igtkaken
from eq 4.11:

dN* ()

5 = SON(DA®) — ko, — keOIN' (M) (4.13)

Linear equations of this sort (withs = c¢) have been used a
number of times&41 but in their Markovian version when the
time-dependent rate constankgt) and kg(t), are substituted
by their asymptotic (stationary) values:

experimental daté-41but in principle EM is much worse than
even the contact approximation. The escape from the reaction
zone and more from the Coulomb well, does not proceed by a
single jump described as an exponential (rate) process even if
ksepis given a reasonable estimate (eq 4.11). This simplification
ignores all subsequent re-contacts and an essential nonexpo-
nentiality of the whole geminate proce¥slt was shown a
number of times that EM fails to describe not only long time
kinetics#! but also the free energy dependence of geminate
recombinatio® and magnetic field effects in the charge
separation quantum yield.This is a linear unified theory that
was actually used in all aforementioned works to solve these
and other problem%.

Equations 4.£4.4 constitute the formal basis of the extended
unified theory. Unlike the original theory, represented by the

set (eq 2.1y(eq 2.2), extended UT accounts for nonlinear
effects, including the bimolecular recombination of ions. Only
one step remains to be taken to go from UT to its simplified,
Markovian version which describes the asymptotic relaxation
of the system long after the pulse. Using the Green-function of
eq 4.4,Gg(r,r',t), one can make in this time limit the following
approximation:

k = limk(®) = [W,)n(r)d,
k= limkg(t) = SWend (Ndr (4.14)

whereng(r) = n(r,) andng(r) = n'(r,).

There is also an important difference in the way in which
the bimolecular recombination is accounted for here, in eq 4.13, 3. — [ [B 3 Nl
and in ref 39. There it is decomposed in two stages: diffusional fp(r,t)d ' L/; fd ' f GRlrr'st = )W (r)n(r,t)
formation of an ion pair with a rate constantt¢D and N*(t)A(t)dt’ %fd3r'qo(r')V\/|(r')ns(r')fOtN*(t')A(t')dt' =
subsequent geminate recombination inside the reaction sphere .
with a conventional EM rat&_¢. Under these conditions there k@mﬂ) N*(t)A(t)dt' (4.17)
is an upper limit for the rate constant of the bimolecular
recombination: k. < 40D, that was actually exceeded in  wherengr') = n(r',0) and
experiments done in ref 39. Authors considered this fact as a
reason for the suggestion that this is an additional reaction @(r) = f GR(r,r',OO)dSr
channel (proton transfer) which facilitates ion recombination.

In egs 4.12 and 4.13 we did not account for proton transfer in is the survival probability of ions initially separated by a distance
the ion pair, although it can be done in the same way as in refsr’. The Markovian charge separation quantum yield
38 and 39. There is no need to complicate the reaction scheme.

Fm= [ o))’

The stationary values d§ represented as#RoD can signifi-
is averaged over the initial distribution of ions calculated in

cantly exceed the contact estimate of the diffusional rate
constant, because the effective radRisis in general larger

thano. The effective radius for ionization was experimentally the Markovian approximation:
shown to be twice as large at high solution visco&ityor

(4.18)

(4.19)

recombination it can be even larger, reaching the value of the f (1) = W (r)ng(r) (4.20)
Onsager radiug, in solvents of low polarity? From the m fW(r')n (r')d3r’ '
theoretical point of view there is also no reason to discriminate ! s

between the similar processes of forward and backward electronysing these resulits in eq 4.1b we obtain from it and eq 4.1a the
transfer, which can be treated uniformly as distant bimolecular )1owing set of Markovian equations valid for long times:
reactions.

To avoid further discussion of this point we restrict ourselves dN*(t) N*(t)
to the initial geminate stage of the reaction, neglecting bimo- G~ KN(OAM —— (4.21a)
lecular recombination during this time interval. Then all EM
theories become identical, including that proposed by the authors — gN™ d
. . \ e N _ e 112 A()
of ref 39. Summing their two equations for charges inside and e K'N*(Y)AM) — k[N ()] = — it (4.21b)

outside the reaction sphere, we get our equation for the total
ion concentratioN* atk = ki andksr = k- = 0. With a large  where the important definition for the rate constant of free carrier
excess of acceptors the full set of EM equations can be rewrittenproduction k', is given:
for the survival probabilities of excitations and ions:
K" =k

The latter differs from the ionization rate constant by a multiplier
equal to charge separation quantum yigld obtained in the
Markovian approximation. This difference indicates that a

(4.22)
dP* _ Pt dP’

d T kP T T TP ke

(4.15)

whereP*(0) = 1, P™(0) = p(0) = 0 and



24 J. Phys. Chem. A, Vol. 105, No. 1, 2001 Lukzen et al.

100 | T T T T \i T v T T ,' ] 2.0 1 . . . i
\\\ b}
5 N O 1.5 F
z N ™\ W
o ©
> -1 0 20 40 = 10 H
(=] 10 b E +
% \ o
Z N
S \ os N/
*v < i
Z N
AN .{;n‘:"' ..............
\\ f’
-2 0.0 1 1 1
10 ol L T o 5 10 15 20
0 200 400 600 Time, ns
Time, ns Figure 2. lon survival probability as a function of time at= 0.5 ns

with great excess of acceptors. In line with GUT, IET, and Markovian

Figure 1. Semilogarithmic plot of quenching kinetics at a large excess theory, the contact approximation (dasheltted line) and exponential

of acceptors *(0) = 10 M < 102 M = ¢) calculated with IET model withksep = k_et = 1.0 ns! (dotted line) are also shown. The
(thick line), UT considered as an exact (thin line), and Markovian theory oo o el Iineselindicate the free ion quantum yigidor upper

(dashed line). The remaining of parameters are the following: 6 curves. The concentrations and ionization
— — — _ . I parameters are the same as
ﬁ’S/Wi —Thlo.o‘?_nlsl, D=12x10° C'R.Z/S' L —h1.o A, Kh— 1271 iy Figure 1, whileW; = 3.4 ns, D = D = 1.2 x 106 cn¥/s, k* =
ns. The initial nonstationary quenching is shown in the insert. 784 Ains. andk, = 486 A¥ns.

definite part of photogenerated ions react in a geminate ion pair, TABLE 1: Quantum Yields of lonization (), Charge
so that the fraction of those which survive geminate recombina- Separation @), and Free lon Production @ = y@)

tion and become free is less than their total amount: < 1. theories P x 10° @ ¢ x 10°

Unfortunately, the Markovian theory has a number of uT 217 059 128
drawbacks when applied to an essentially non-Markovian gt 215 0.59 12.7
problem like that in hand. It is well-known that the transforma- Contact 9.3 0.50 4.6
tion of IET into UT is sometimes an improvement (see ref 11 Markovian 3.7 0.61 2.3
and references therein). On the contrary, reduction of UT toits ~ EM 3.7 0.50 19

Markovian version deprives UT of all its advantages and
misrepresents the kinetics of energy quenching and chargeaccumulation and still further decrease in the ionization quantum
accumulation at short. In Figure 1 we compare the kinetics ~ Yield y. This is because the Markovian theory cannot account
of excited-state quenching in all these theories. The results offor static and the subsequent nonstationary electron transfer.
UT, known to be exact in the case of immob¥ and an These are faster than the stationary (Markovian) transfer when
independently moving point particlds, is taken as a primary  ionization is under diffusional control. EM is a bit better in this
standard. IET well reproduces the initial quenching, including respect. As a non-Markovian theory it accounts at least for static
its nonstationary stage, but deviates from the long time ionization and qualitatively reproduces the maximum in the
asymptotics of UT. This is due to a false tail inherent in IET charge accumulation kinetics. However, the subsequent geminate
that can be removed if Modified Encounter Theory (MET) is recombination develops exponentially in the EM because in this
used instead of IE¥We will not make this modification here, =~ model the kinematics of ion separation is oversimplified. It is
but simply restrict our consideration to the time interval where not compatible with the actual diffusional motion of ions
the difference between UT and IET is not pronounced. responsible for their numerous re-contacts and the power
If the interval is short enough that the bimolecular recom- dependence of long time separation kinetics studied in a number
bination can be neglected, then the kinetics of ion accumulation Of works36:37:41
and their geminate recombination can be expressed in terms of It is interesting that in the Markovian theory, the charge
the survival probabilitiesP*(t), available in all theories at a  separation quantum yield is largest when the lifetime is as
large excess of acceptors. In Figure 2 we show almost theshort as in Figure 27(= 0.5 ns). As was shown in ref 11, in
identical results obtained with IET and UT which demonstrate the short time limit the initial charge distributions in UT and
the well-pronounced maximum. According to ref 15, this |ET are practically the same, but significantly different from a
maximum appears only in the course of fast ionization when Markovian one. Due to the ignorance of nonstationary ioniza-
is shorter than the characteristic time of subsequent geminatetion, the Markovian density is smaller or even zero near the
recombination. contact, where the recombination is most probable. Therefore
In the contact approximation the results are qualitatively the in the framework of Markovian theory the ions have greater
same but the ionization quantum yiejdis half as much asin ~ survival probability. On the contrary, in EM they are initially
distant theories (see Table 1). It was expected because at suckntirely inside the reaction zone where there are minimum
a shortr a significant fraction of ions are produced during the chances to escape.
initial static ionization which is missed in the contact ap- In conclusion, let us consider the opposite case when
proximation. deficiency of acceptors leads to electron-transfer saturation. This
Neither the maximum nor the descending branches of the case is more likely at large In the limit of infinite = all the
upper curves, representing geminate recombination, are reprotheories here discussed, Markovian theory including, become
duced in Markovian theory. It predicts the monotonic ion equivalent. As seen from Figure 3 saturation results w\iit)
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Equation 5.1 is just a consequence of linear response theory
applied to our reaction. The physical interpretation of it is as
follows. Let us consider the system response to an arbitrary
pulse as a sequence of responses resulting from absorption of
separate photorf8.If the time evolution after each excitation

is the same due to the linearity of the problem, one can sum
them up to get the total response to the original pulse. In the
case of¢-pulse eq 5.1 simplifies to

N*(t) = 1Ny f; P*()dlr (5.2)
~ Extension of this procedure to the ion relaxathdi(t) is not as
straightforward, if the bulk recombination is not negligible. The
latter makes the problem nonlinear:

Concentration, [M]

08 Lt \&\\\

10°

N™ = TI(t) — ks(t)(N")? (5.3)

0 10° 210° 310°
Time [ns] The source terniil(t) of the above equation is in fact linear in
! lo, if acceptors are present in great excess. Therefore it can be

Figure 3. Decay of excited donor concentration (solid line) ac- obtained by application of the same convolution procedure as
companied by ion accumulation/recombination (dashed line) and jn eq 5.2:
depletion of neutral acceptors (dotted lineMdt= W; = 1000.0 ns*

andr = o (the remaining parameters are the same as in the previous

figures). The shortest stage of electron-transfer saturation due to
deficiency of acceptors is shown in the insert in comparison to the

excitation decay without bimolecular recombination in the bulk Finally for ion accumulation we have the following equation:
(dashed-dotted line). The charge separation quantum yietd 6.2%,
N*(0) = 102 M, c = 104 M.

(1) = 1Ny [ P*(2)dr = I0NgP* (1) (5.4)

N™ = 1NGP (1) — ke()(N")? (5.5)
Is greater tha"?\(‘? andis remoyed WhQN*(t) becomes smaller Equations 5.2 and 5.5 together with the original UT egs 2.1
than ~ e Within thg saturation region there are two stages: and 2.2 constitute the formal basis of the Generalized Unified
the initial one, when ions are accumulated and the subsequentl-heory (GUT). The latter can be used to find the system
quasi-stationary stage, vyhen their concentration remains ap'response tas-pulse, provided the acceptor concentration is
proximately constant, Inltlally, the concentration of exqted sufficiently large. In this way one can obtain the accumulation
.m°|eCUIeS goes down approxma’_[ely_to the _IeveI shpwn In the kinetics of excitations and free ions and their stationary
insert by a dasheddotted line, which is obtained by ignoring concentrations:

the bimolecular recombination. This level does not edvral

(0) — c as one might expect, but is much lower. The reason is
that only a@ fraction of c ions produced at first transfer are
separated. The rest of them recombine, restoringthe- @)
neutral particles which are ready to accept electrons once again
Hence, in the absence of bimolecular recombination the
concentration of excitations approaches the following limit:

N, = 1gNgP*(0), Ny = \/IoNgp/k, (5.6)
where the free ion quantum yield was defined in eq 2.3.
Substituting N; into eq 3.4, we confirm the conventional
definition of the fluorescence quantum yield (eq 2.4) while
substitution ofNS+ into eq 3.5 gives the conductivity as a
function of light strength and electron-transfer parameters.

Figure 4 illustrates the kinetics of excitation and ion ac-
cumulation obtained from the numerical solution of the GUT
egs 5.2 and 5.5 using our standard programs for calcul&ing
where each term of the expansion accounts for first, second and P. For comparison, the same result was obtained from
etc., electron transfer to neutral acceptors. In the n’ext stagt’athe ET equations of section Ill, with a large excess of electror)
bim.é)lecular recombination is important and .maintains a quasi- acceptors. The dlfferenc_e between th_e r(_esults IS not essential
stationary concentration of charged and neutral acceptors Thisbut becomes Iargeryv harincreases. This difference is in fayor
stage continues until the concentrations of excited donoré andOf GUT becagse t-hls thgory as well as UT account for higher
acceptors become approximately equal. Then the former disap-Order corrections Irc WhICh are not accounted for in IE.T'

. . : These non-Markovian results can be compared with those

pear while the latter are totally discharged. obtained with Markovian theory. The light pumping can be
incorporated in its eqs 4.21 as an additive term, as in IET:

NN

N*(e0) =N*0) —c—c(1— @) —c(1— @)° — ...=
N*(0) —% (4.23)

V. Evolution during §-Pulse

If electron acceptors are in great excess, one can express the
relaxation of the excited-state populatiNi(t) during and after dt
arbitrary light excitation through the survival probability of
excited donors afte¥-pulse,P*(t), that was introduced in section M —

dt

Il. As is known?2829N*(t) is simply given by the convolution
whereA = ¢ — N*. The difference seen in Figure 4 between

of P*(t) with the time-dependent irradiation intensli):
Markovian and other results is due to the usage of stationary
parameterss; and @m which do not account for the initial

*
+ 1oNg

K@uN*A — K (N")? = — %?(5.7b) (5.7b)

N*(t) = Ny f5 I(t — D)P*(2)dr (5.1)
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Figure 4. Concentration of excitations (A) and of ions (B) as functions
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excess of acceptors, as in Figure 1. Thick line, IET; thin line, GUT,;
dashed line, Markovian theory. The parameters are the following:
=10 ns,W, = W, = 1000 ns?, k = 1271 Rns,k* = 78.8 Ans, k.
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Figure 5. Accumulation kinetics of excitations (A) and ions (B) under
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acceptor concentration, 1M, responsible for the electron-transfer
saturation. Thick line, IET; dashed line, Markovian theory; the
remaining parameters are the same as in the previous figure.

1

n=—1+KAsr=1_w (5.9)

which is actually the SteraVolmer law modified as in ref 30.

nonstationary development of the process. This difference existsAN important relationship between the stationary concentration

at any finite lifetime and is larger the shorter
At short lifetime the difference is seen evercamaller than

N:, when electron transfer is saturated. Since this situation is

essentially nonlinear, GUT does not hold, so that only IET
provides a proper non-Markovian solution. However, the
nonlinear effect of acceptor depletion is accounted for in

Markovian theory as well. Using these two theories we estimated

the difference in the non-Markovian and Markovian description
of accumulation kinetics under saturation conditions (Figure 5).
As before, it is larger for charged products than for excitations
and stronger the shorter the lifetime

A scale of non-Markovian corrections can be easily estimated
in the stationary regime available for analytic investigation. The
stationary solution of eqs 5.7 is trivial:

N = [oNgT
ST kAT

+

|oN01/)¢m
=,/ BT (5.8)

where according to eq 3.4 we have

of neutral acceptor&s and their total concentratianis specified
by the cubic equation which follows from the set of eqs 5.7:

k(e — AJ*(L+ ktA) = I NoTk @A

Due to such a complex dependerfgc) the inverse quantum
yield (eq 5.9) is linear irAs, but not inc (Figure 6). From eq
5.10 one sees that the condition for linearitycitis given by

(5.10)

k@nNs < ke (5.11)
Otherwise, the depletion of neutral acceptors results in the
quadratic dependence ofjldn c. This violation of the Sters
Volmer law cannot be reproduced with GUT which is valid
only if inequality (eq 5.11) holds. Contrary to the Markovian
result the concentration dependence following from eq 2.4 is
linear at smallc (Figure 6).

Unlike GUT, IET has no restrictions of validity at small
The fluorescence quantum yield calculated from the general eq
3.4 by means of IET does not differ qualitatively from the
Markovian result (eq 5.9):
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Figure 6. Stationary fraction of neutral acceptors as a function of their Figure 7. Quantum yield of fluorescence as a function of acceptor
total densityc in IET (thick line), UT (thin horizontal line), and  concentratiortin IET (thick line), UT (thin line), and Markovian theory

Markovian theory (dashed line). The parameters are the followlighg; (dashed line). The nonlinearity of IET and the Markovian results at
=10*Mns?, =10 ns,W, = W, = 1000 ns?; k = 1271 A/ns, @ very low concentrations which are shown in the insert is caused by the

= 0.062,k = 1271 RIns. saturation of electron transfer in this region. The parameters are the
same as in Figure 6.

1

n= 1+—ICIAS‘L' (5.12)

super-linearity results in the widely recognized concentration
dependence of the Sterivolmer constantl44-46

However, in this relationship as well as in the corresponding . . .
cubic equation foAs a slightly different parameter VI. Markovian versus Non-Markovian Theories
Both the IET and Markovian theory provide the lowest order
approximation for the fluorescence quantum yield with respect
to acceptor concentration. This approximation is the only

) ) ) ) limitation of the validity of IET. Due to this limitation it is
is substituted for the Markovian (stationary) rate constart,  naple to describe the long time asymptotics of the system
lim ki, while another (recombination) rate constant remains response to instantaneous excitation and the nonlinearity of the
the same:x; = RH(0) = k.. Tilde overn indicates the Laplace  giern-Vviolmer law at high concentrations. On the other hand,
transformation of the quantity, which is a solution of eq 4.3a: it accounts for the effect of electron-transfer saturation and all
A(r,s) = fon(r,t) exp(=syad. non-Markovian effects, such as nonstationary energy quenching
Another noticeable difference is between and geminate charge recombination. They are seen in quenching
kinetics and ion relaxation, as well as in the principal charac-
Qier = f (p(r)flET(r)d3r teristics of the stationary regime, and @, which are different
. . ~ from their Markovian analogue&; and @m,. This difference is
and@m = lim—@ier. The charge separation quantum yield is  significant at short excitation lifetime$,especially in nano-
aVeraged in IET over the |n|t|a.| Chal’ge dIStl‘IbutIOI’], WhICh haS Second and picosecond range Wh|Ch iS now intensively Studied
a more appropriate shape than the Markovian distribution given experimentally. Moreover, there is a non-Markovian effect
by eq 4.20% arising at higher light intensities, that was not considered in
o the present work but highlighted in two othéfs’ It affects
— W((Ni(r,1k) the Sterr-Volmer constant and makes it sensitive to light power
IET fW(r)ﬁ(r 1) at reasonable intensities.

! ’ Hence, IET is everywhere preferable to the Markovian theory,
However, even this distribution is not quite as good as that but at a large excess of acceptors it is less accurate than GUT.
obtained in UT, because the latter accounts for higher order Fortunately, this drawback of IET can be easily removed by
corrections in the acceptor concentration which are ignored in MET,! but this improvement is outside the scope of the present
IET.11 work.

In Figure 7 we illustrate the difference between two compet- ]
ing non-Markovian theories, UT and IET, and their Markovian Acknowledgment. This work was supported by the grants
analogue. Inspecting the Sterdolmer plot from IET, one can ~ ©f RFBR (projects 99-03-33155, 98-03-33180, 99-03-33488)
see that it is nonlinear at low concentrations where the saturation@nd the Israel Science Foundation. One of us (N.N. Lukzen) is
of electron transfer takes place. The Markovian theory well thankful to the Michael Visiting fellowship for the opportunity
reproduces this effect, but for finiteit is less accurate than  © work on this paper at the Weizmann Institute of Science
IET at all values ofc. On the contrary, UT is not good at low ~ (Rehovot, Israel).
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