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The matrix Integral Encounter Theof}ET) and its modified versiofMET) developed earlier are

used to study the kinetics of the reversible transitions between two meta@slsiaglet and triplet

states of the fluorescent particle. Induced by binary encounters with inert catalysts, these transitions
result in either(@) energy quenching db) energy conservation, depending on what lifetime of these
two states is longer. Integral encounter theory describes adequately the kinetics of energy
conservation followed by delayed fluorescence while differential or Markovian versions of the same
theory fail. Another advantage of the IET is the natural accounting for arbitrary strong light
pumping which makes the Stern—Volmer constant dependent on light intensity, differently for cases
(a) and(b). © 2001 American Institute of Physic§DOI: 10.1063/1.1353546

I. INTRODUCTION lo
G—A. (1.2

The general matrix formalism of integral and modified

encolunter theo_rleGI_ET and MET) develpped n pqrt | of this After excitation, the energy transfers frofnto B and back-
work™ was applied in part Il to a quasiresonant intermolecu-

; . .~ ward during diffusional encounters wit. Usually the en-
lar energy transfe.Here we consider an important applica- g o :
) . . counter diffusion coefficient is assumed to be independent on
tion of the same formalism to the intramolecular energy o o - . )
. the level of excitationD=D+Dc=Dg+D. This coeffi-
transfer between metastable stafeso B, induced by en- . . . 5 .
o . . . cient determines the encounter timg=o“/D, whereo is
counters with inert particle€. This reaction can be repre-

sented by a following formal scheme: the closest approach distance.
y g ' Recently, it was shown that the reversible reaction of

A+C o B+C such_ kin_d is beyond _the rez_ich of either superpositio? ap-
proximation (SA) or differential encounter theoryDET).
7al L8 Not a rate concept, but an integrodifferential formalism, em-
G G (1.2 ployed by IET and MET, is the only one able to cope with

such a problem. Hence, the analysis of this reaction within
which describes, for instance, the singlet-triplet conversionhis formalism is the main goal of this paper as well as a tight
in excited dyes stimulated by encounters with particles concomparison with the approach of Yang, Lee, and $¥inS)
taining heavy atoms like iodine or bromifi@he study of the  (Ref. § reduced to the differential version of the theory. The
fluorescence quenching of dyes in liquid solutions has a longpproximate reduction of integral equations to differential
story starting from experimental evidence of diffusional (rate equations is incorrect when decay times of excited
quenching obtained in Refs. 4,5 and reviewed in Ref. 6states are different. It was demonstrated a few times by the
Since theC particles do not change when induced by theexample of reversible intermolecular energy trarisférthat
interconversionA« B, their concentratiorc=[C] remains  such a reduction makes the fluorescence quantum yield cal-
constant in principle. In contrast, both excitations disappeagulation impossible. The same is true for the reversible in-
with time; they decay to the ground staBwith the rates tramolecular transfer. IB (presumably triplet has longer
1/75 and 1kg, respectively. Besides, one can account for theifetime thanA, not only the quantum yield but the kinetics
light induced transition from the ground to fluorescésin-  of fluorescence is qualitatively distorted as weft! We will
glet) stateA running with a rate o; show that non-Markovian kinetics of long-lived state con-
sists of a short geminate stage and a long bimolecular energy
aAuthor to whom correspondence should be addressed. Electronic maiflu€nching accompanied by delayed fluorescence. Neither of
anatoly.burshtein@weizmann.ac.il these effects are properly described within the rate concept.
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We will also confirm the Stern—Volmer Law and specify the where £, is the operator of the encounter diffusion of the
light intensity dependence of its constant for reversible en-

SR o . reactants, andl is the unity operator.
ergy transfer like it was done for a similar irreversible reac- The matrix-form equations of MET are also of the inte-
tion in Refs. 12 and 13.

grodifferential type,

dO'(t) 2 ta
IIl. IET AND MET KINETIC EQUATIONS gt ~Qe—c| 2(t=na(ndr, 2.7

From the general formalism of partRef. 1) itis easy to  pyt with concentration-corrected kerr%ll
get the integrodifferential equations for intermolecular trans-
fer which are simpler than for intramolecular transfeee ~ § _J' A [ J’ 2 A
t)= | drW(r)| 8(t)+ | droGex(r|rg,t)W(rp)|. 2.8
part Il, Ref. 2 because o€ particles conservation. The IET ® ()] &(t) oGet(r|ro,) W(ro) 29

equation takes the following form: _ . A
quat wing It is expressed through the auxiliary Green functiGrg

do(t 2 ta . . .
C;i ) =Qa(t)—cf Blt— ) o()dr. 2.1 which obeys the matrix equatidn,

0 A N 2 N 2
[0i— L+ R—Q—WI(r)]Ges(r|ro,t—to)
where the vector

N = 8(t—tg) S(r—ro)l, (2.9
A
o=| Ng (2.2 with the concentration-dependent modifying operafoy
Ng which tends to zero at infinite dilution. This operator acts on

. 2 1
is composed from the populations of excited and grounéhe Green functiorGeq as follows.

states of an active particleNa(t)=[A], Ng(t)=[B], A 2 (ta LA , )
Ng(t)=[G]. Because the structurele€s conserve in the RGeii(r|ro,t—to)=c OR(t_t )Ge(r|ro,t" —to)dt’.
course of Eq(2.1) are linear in time variable densities which (2.10
are components af.

The intramolecular relaxation is given by an operator, Being much simpler than its analog for intermolecular en-

ergy transfer studied in Ref. 2, this equation contains a single

— 1ty 0 lo term in the right-hand side. Another one turns identically to
6: 0 ~lUrg O (2.3  Z€ro. As a result, not only IET, but also MET of intramo-
’ lecular energy transfer is greatly simplified and easier avail-
1/7'A 1/TB - I 0

able for precise investigation and comparison with other ap-
which includes the natural decay of the excited states withproaches.

the lifetimes7, and g and light pumping with a raté,.

Another important operator is the kerrf@hemory function

of the IET, Is(t), which is represented via the Green function |||, WEAK PUMPING IN IET

of the reactant paié and reactivity matrix\/ (the Liouvil- A kernels

lian of the bimolecular reactiois _ ) )
We have to first specify the IET kernels for our particu-

By A A A lar problem. Since the ground sta@ is not involved in
R(t)=— [ drw o(t)+ | drpyG ,HW . 2.4 . . .
® f rWn| a(t) J' "oG(rlro,.HW(ro) 249 bimolecular reactions that appeared in operd®b), the

Restricting ourselves to contact approximation employed iF@me is true for a kernel whose shape is the same. In other

preceding articiewe obtain the reactivity matrix, words, the kernel element®;3, Ry3, Rs1, Ra, Rag are
equal to zero. Therefore the ground state may be excluded
—wi(r)  w(r) 0 from consideration when solving Eq2.6) provided | is
W=| wg(r) —w(r) O also omitted in the relaxation operat@: Thus, the rank of
0 0 0 the operators is reduced to<2 and the problem becomes
very similar to that considered in part Il of this artiéld.o
S(r—o) ki k0 solve it we have to use the same method of introducing the
=T ki —ko O, (2.5  Green function of free diffusiomi in the reduced basis of
o 0 0 O only two statesA andB. Its Laplace-transformation denoted

which is expressed through kinetic rate constants of forwardvith U obeys the equation,
and reverse transfer between excited states,/w;(r)d3r

andk, = fw,(r)d®. The equation for the Green function is (S—a—DAr)ﬁ(Wo.S): Mk, (3.0
as follows? Amrd
(&t—ﬁr—W(r)—6)é(r|r0,t—t0)=5(t—t0)5(r—r0)f, wherea is the reduced relaxation matrix with pumping ne-

(2.6 glected,
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N - 1/TA O 2 1 B
=l o —1l7g)" 32 ‘\ (a)
The contact value ofi found from Eq.(3.1) is Z° 01k ﬁ;‘\
1 ’:'_3\ i ".,}.' .
_— 0 ~— I VN
3 1| 1+ rg(s+1lrs) “« Ve
u(o|o,s)=— . Z, 0pt 3 \ T— el
0 0 ! i \ P =
1+ Jrg(s+1i7g) [ Y
(33) 1E-3 L 1 L 1 L 1 ]
A 0 10 20 30 40
The relationship betweanand the IET kernel in the reduced tifT
basis of two states,, was established in part flin contact - d
approximation it has the following form: v
A A a B 2 ! 3 (b)
r(s)=k[l+u(o|o,s)k] *, (3.4) E oo
wherek is defined through the kinetic rate constants of for- Z° 01 _r” ------------------------------
ward and backward transfér, - ; R PP
= |
(5, 7
ke ke ) B9z}
s E
In the reduced basis one can obtaiis) from Eq. (3.4) by |
exactly the same way as in part Il because the shaf]eauﬁ 183 0 ' ;— '1 1'0 15
k remains the same. Thus, using the results of partvé 1% td

easily deduce the kernel for the present problem,
FIG. 1. Relaxation of state populations after instantaneous excitatidrapf

Ky —ki O 5=, k;=5.0kp, andck;7y=1.0. (a) Spontaneougexponentigl decay of
Briy—| — K Kk 0 A with the lifetime 7,=274 (thick straight ling and its dissipation accom-
R(D) f r F(U, (3.6 panied by intersystem crossing with backward rdies5.0ky, (dotted line,

0 0 0 k,=kp (dashed—dotted lineandk, =0 (dashed ling (b) Accumulation and

) ) ) dissipation of initially e‘'mpty stat® which decays througi the faster the
whereF is given by its Laplace transform, higher isk, or does not decay at all K,=0.
-1

~ ke /Kp K, /Kp
F(s)=|1+ d

1+ rg(s+1i7y) s Jrg(s+1img)|
(3.7

Numerical solution of these equations after instanta-
The latter result coincides with that obtained many timesyegus ¢-pulse excitation of stateA has to be obtained with
earlier for the intermolecular energy transfer and was coninitial conditions NA(0)=Ny, Ng(0)=0. The results are
firmed for the present problem in Ref. 7. shown in Fig. 1. The intramolecular energy transfeBtfirst
facilitates the decay of in comparison with a spontaneous
monomolecular process in the absenc€d$olid line in Fig.
B. Integral equations 1(a)]. If the transfer is irreversiblek{=0) this is a pure
. : . . quenching process which lasts up to the gdashed line in
the ZQ;;;?;EZ?QZg':ge:]lzt;ﬁg#;t;)nn dsNtake the linear form InFig. 1(a)]. Otherwise the energy comes back due to collisions
B with C and supports the delayed fluorescence from state
dNp Na t Initially the density of this state also decreases due to for-
at T—A—kafOF(t— TINA(7)d7 ward energy transfer, but later on crosses the solid line and
goes down much slower than the exponential curve with the
lifetime 7,. The smallerk, the later, weaker and slower
should be delayed fluorescence. This qualitative picture is
(3.8 supplemented with a corresponding kineticsBofarticles
dNg  Ng ft accumulation during quenching and their decay evemgat
——=——+kic | F(t—7)Na(7)d7 - . ;
dt B 0 = through the bimolecular backward transfer Ao[Fig.
. 1(b)]. Such a decay is absent onlylgt=0 and is the faster
_krcf F(t— 7)Ng(r)dr. the higherk,. In general,' at anﬁA<rB¢0 the energy
0 comes back to the short living excited st#@tdrom a more

t
+krcf F(t—7)Ng(7)d7,
0
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stableB, causing the delayed fluorescencefofThis is an  where the true reaction constants of the DET are time-
additional channel oB decay which competes with its own, dependent quantities,
given by 7g.

t t
(0=k [ F(emdr and k(=K | F(ne?mar.
0 0
C. Reduction to the rate equations 3.14

In fact, the integral equations of the same kind were firstag 5 result, we come to the same differential equations
obtained with the “fully renormalized” kinetic theory of (3.10, but with proper rate constanks(t) andk,(t) substi-
Yang, Lee, and Shi"iYLS)-S This theory correctly repro-  tyted for k?(t) and kP(t). The time evolution of the true
duces the binary kinetics and has the Same accuracy as thete constants is identical to that described in Ref. 10, where
MET for a number of simple problents: However, the  he intermolecular energy transfer was studied between
authors had not confined themselves to original integrabnqB. In Figs. 4 and 5 of this work, the time behavior of
equations, but reduced them to a differential form convenienp(f(t) is shown for the case when an initially excited mol-
for comparison with some earlier theories and intuitive ratesq e decays much faster than the transfer product. In an
equations. Such a reduction is reasonable to some extent, bécﬁplication to a problem in hands may be a short living
this particular one is not the best because of inappropriatgsay singlet excitation while B (say triple} lives much
transformation of the integral terms. The population densities,;onger or even infinitely long. InitiallyA is quenched by
Na a}nd Ng were factored o_utside the integral signs without;yierconversion withk;>0 as long as energy flues from sin-
making an account for excited states decay, glet to triplet. Then, after singlet decay is accomplished the

t t energy goes back from triplet to singlet, resulting in a de-
Ky JOFYLS(t—T)NA( T)dr~ kaA(t)JOFYLS( Ly layed fluorescence from the latter. At this last stigé)
changes the sigfbecomes negatiyeas well as the energy
=k?h(t)NA(t), flux, that changed the direction. This physically clear effect
t t (3.9  islostinthe YLS theory due to its reduction to the differen-
krf FYLS(t—T)NB(r)drwkrNB(t)J' FY'S(7)dr tial _fprm. The “phenomenologlgal" constants are alyvays
0 0 positive and approach their stationary valueg>at-4 as in
_Lph classical Smoluchowski theory.
=k (ONg(D), The same is true for a backward DET constép(t)
whereF 'S is the kernel of the YLS-theory. By this means [Fig. 2b)], but its forward analogk(t), is sign-alternating

the authors really got the usual kinetic equations, and diverges as— [Fig. 2@)]. This effect, peculiar to the
intermolecular transfer as well, indicates that even a proper
dNA: _ M—k?h(t)cNﬂ- kph(t)cNB DET description is seriously restricted in time when
dt TA ' #15. As was always stressed in our previous worksthe
dN N (3.10 long time (quasistationanyor Markovian rate constants,
d—B: — =2 KP(t)cNA— KP(t)CNg . -
t 7B ki=lim k¢(t) =k¢F(—1/7p)
but with wrong time-dependeritphenomenological’) rate i
constants, K K -1
=k 1+ —+ i
t t R R P VY el B
Kp"= kff FYS(r)dr, k"= krf FYS(rdr.  (3.10) D kol1+V=7qd]
0 0 _ (3.1
) _ . ki=lim k,(t)=k,F(—1/7g)
Unfortunately, such a reduction of integral equations to t oo
their differential analogs is incorrect even in a short time .
domain. The conventional way of doing the same is well ol 1t K N ks
16\, /i = —t
known from a number of worR&® which recommend ex- r Ko ' kp[1+ ygo]

cluding first the decay oA andB by making the substitution,
do not exist simultaneously i=1/7,—1/75#0. One of

— —t/r — —t/
Na()=A(t)e 7", Ng(t)=B(t)e 77e. (312 them, which describes transfer from a short living state to
Only then the slowly changing variablégt) andB(t) can  more stable, becomes complex making the Markoviate)
be factored outside the integral signs in IET equations, approach inapplicable.

t t ,
kff F(t—T)NA(T)dT=kfe—“TAf F(t)e!/aA(t—t")dt’
0 0

D. Comparison with IET “effective constants”

~Ki(t)Nx(1), .
(DN To the contrary, there are no such troubles in IET. The

effective rate constants, introduced by the relationships

t t (3.13
krf F(t—T)NB(T)dekre_t/TBJ F(t')e'"/™B(t—t')dt’
0 0

t
eff _ .
~k (D)Ng(1) , ki (O NA(D) = ki fOFG TINa(7)d7, (3.1
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1E-3 |

te,
FIG. 3. The same as in Fig(l) but in a wider dynamic region and for
k,=k;=5kp . The solid line represents the results of the IET which ac-
counts for an initial geminate process and bimolecular quasiexponential as-
ymptotics(thin straight ling approached from above. The dashed line is the
same kinetics obtained from the phenomenological YLS theditted
lines) which also approaches the bimolecular asympottbi line), but

from below.

L i - _ drawback has been overcome when the MREfs. 17, 19—
— 21) or equivalent theorié$? are used instead of the IET.

b -

E. Geminate and bimolecular backward transfer

One more feature of the kinetic behavior, which is com-
pletely lost in the YLS rate approach is represented in Fig. 3.
FIG. 2. Time evolution of the YLS “phenomenological rate constants” The descending branches of the kinetics become exponential
(dotted lineg approaching their stationary valugkin horizontal linesand  at long times representing the backward transfer in the bulk.
:true rgte constants” of”DET(thick solid ]ines) in comparison with the They have the same slope in both IET and YLS-theory and

effective rate constants” of IET(dashed linesfor forward (a) and back- R . .
ward transfer(b). ky=k, = 5ko ; kiCrq=0.1; To= 274, Ta=c®. are shown by paralle_l thin lines in Fig. 3. However, the IET-
curve approaches this asymptotics from above, after a hump
demonstrating the geminate backward transfer to #tatde
t geminate stage, which arises immediately after accumulation
kef(t) Ng(t) = krf F(t—7)Ng(7)dT, of some population in statB was studied with the IET in
0 Ref. 11 for the intermolecular energy transfer. Such a phe-
and calculated from IET equatiori8.8), are real and finite. nomenon is completely lost in the YLS rate theory whose
When 5> 74, kf(t) changes the sign with time, but then curve reaches the exponential asymptotics from below, ig-
levels off, while corresponding DET constant diverges:noring the backward geminate transfer. This evident draw-
lim,_.k¢(t)=—c0 [Fig. 2(b)]. back demonstrates that the reduction to the rate description

On the other hand, the IET is also not ideal as it is seemmade in Eq(3.11) is inappropriate when the lifetimes of the
from Fig. 2b). The kernel of the IET has power dependenceexcited states are different.
on time resulting from diffusional separation of the reacting
pair. This property is passed on to the long time asymptotic§, g1 FOR A STRONG LIGHT PUMPING
of Na(t) or Ng(t) when the corresponding lifetime is
infinite.'% In this case the backward constants of DET and  In the presence of strong pumping light one should ac-

YLS exactly coincide and approach the asymptotic Markov-count forl, in the relaxation operators. It is impossible in
ian value att—o, while the effective constant of the IET this case to calculate the IET kernel in the reduced basis. For

declines from this limit downwards. This difference is ini- specifying the shape of a total IET kernel one should use

tially not pronounced, but then increases with time. This is dnstead Ofa(r|ro,t—t0) the genera| “free Green function”

principle demerit of the IET which does not account for all éo(r|ro,t—to) in the complete three state basis. The latter

binary terms of concentration expansion and predicts th g : .
false asymptotic behavior for a long time decayhe non- %beys the kinetic equation similar to E@.1),

exponential behavior of the time-dependent rate coefficients A A S8(r—rg) R
was also revealed for the case of the intermoleculaﬁat—DAr—Q)Go(r“o,t—to):Wﬁ(t—to)l- 4.
0

transfer'® As a matter of fact, the real asymptotics should be
exponential in a proper binary theory due to intervention ofThe solution to this equation can be easily found. Its contact
the third particles(“bachelors”) to the pair event$.This  value may be represented as follows:
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Go(ala,t)=G(t)exa Ot)/ko , 4.2)
whereG(s)=[1+ \s7q4] 1. Making the Laplace transformation of this equation we obtain
lo9ot 91/ 7a | (9o—91)/78 90— 01
lo+1/7p O(lg+ 2/ma) 1o+ Ura—1l7p) 01+ s
B 1 0 0
Go(olo,s)=— 9 ) (4.3
k Jo 1 1) g4l 1 1 1
(90— 91)/7a = |o+7___7__ — %l |o+7__ lo91+0o/7a
lo+1iry -2 A_TE 5 A_'B A lo+ 1/7a

(|0+ 1/TA)(IO+ l/TA_ 1/TB)

where dNg Ng t
—_=— _+kfcf M(t—7)Na(7)dT
dt TB 0

9o=0G(S), 91=0(s+lo+1l7p), Go=G(s+1/rp).

t
The IET kernel can be calculated from the following _kaLM(t—T)NB(T)dT’ (4.8
relationship in the three state basis,
2 A a 2 2 dNg _Na Nsg [N 4.8
R(s)=R[[ +Go(olo,s)R] L, (4.4) at  7n g loNe (4.80

whereK is the matrix composed of the kinetic rate constantsThe great advantage of IET equations in comparison with
in the complete basis

ke -k O s
K=| —ki ko 0]. (4.5 (a)
0 0 0 1,44 e 2

()
-

The relationshig4.4) is a generalization of E(3.4) for the
case of strong pumping.
The rather straightforward calculations yield the follow-

ing expression foR:

ki —ki O
R=| ki ko 0|M(b), (4.6) ! : ; 6; ,’3 4
0 0 O
IOTd
whereM is given by its Laplace transform, 0.70
~
_ IO+1/TA_1/TB ‘\
 (Ura—Urg)(1+KeQ1+ K Go) +1o(1+KeGp+kigp) 080 S
A ~ -~
(4.7 0,851 e
In fact Eq.(4.6) follows from Eg.(3.6) if there is a substi- h - T
tution M(t) for F(t) in the latter. 0,80t e el L
As aresult, we obtain a complete set of generalized IET 1 T T T ==~ oo
equations instead of reduced E¢3.8), 0,45 —t T
0 2 4 I & 8 10
dN N t T
—A=——A—kfcf M(t—r)Na(r)d7 0°d
dt TA 0

FIG. 4. The field dependence &f in the diffusion control limit k;=k,
t =5kp) at a different ratio of encounter time to the lifetimes of the fluores-
+ krcj M (t—7)Ng(7)d7+1¢Ng, (4.89 cent statery/7,o=0 (solid line), 1 (dashed ling 5 (dashed—dotted lineat
0 (@) 74/75=10 and(b) 7g=cc.
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similar non-Markovian equations of differential or unified The IET holds at relatively low concentration and within its

theories is that they incorporate the pumping tégNg ad-  limits the quenching constant

ditively with others. This makes possible their stationary so-

lution atdN,/dt = dNg/dt = dNg /dt =0. o KF
This solution can be used to specify the relative fluores- 1+ 7gckg

cence quantum yield which is given by general formdI&,

(4.11

is expressed via stationary constants of forward and back-

NS ward transfer,
n=—" (4.9 - -
lo7aNg ke=kiM(0) and kg=k,M(0).

whereN3 andNg are the stationary populations of fluores- ris expression has essentially the same structure as the
cent and ground states at permanent light pumping. Findingern_volmer constant for reversible intermolecular
them from Eqs(4.8) and using in Eq(4.9) we generalize the  ansfer®19 hyt both forward and reverse transfer constants

famous Stern—Volmer Law, are corrected by a factdvl (0) which substitute& (0) from
7 =1+ 7Ck. (4.10 Eqg. (3.7). A new factor is field dependent,

|0+ 1/TA_1/TB

M(0)= (Urp—LUrg)(1+ akelkp + Bk, Ikp) + 1o( 1+ Bks Ikp+ Bk, [kp)’ 4.12
|
where a =1+ Jry(lo+ 1), B =1+ r4/75. In the ke —k; O
kinetic controlled limit this dependence is insignificant be- F— cEs)| —k k0] 5.

cause the termk;/kp andk, /kp are small and can be ne-
glected together with the light dependent coefficientand 0 0 O

A. However, in the op.pos_ite,. .diffusion control Iir_nit the We suggest the following explanation of such a modification.
Stern—Volmer constant is significantly affected at high I|ght.|.he pair[A ...C] can be converted int¢B ...C] and

inten.sity. For illustration of this statement we will analyze backward due to the reaction with “bachelorsC’ particles
the field dependence of forward energy transfer represent longing to the “background.” These processes are propor-
by ke(lo). tional to the rates oA< B transitions and concentration of

- At _zero field gnly the non-.Markowa.n effect_lnherent © ¢ The product of them constitutes the elements of the modi-
M(0) is seen;x increases with reduction of lifetime. At 5

short 75 the irreversible transferg—0) is interrupted long

before a large dip near the energy acceptor is formed. Hence,

the distribution of donors remains more uniform and the rate 4 N, ¢

constant is not much less than the kinetic one. The light Wz———ckff F(r)Nj(t—7)d7

pumping serves the same goal as the donor decay by filling A 0

out the dip with free excitations. The stronger the pumping t

the more homogeneous is the reactant distribution and faster +Ckrf F(7)Ng(t—7)dT, (5.2

the quenchingFig. 4(a)]. 0
Roughly speaking, the strong pumping switches off the dNg

decay ofA. As a result, it removes the non-Markovian accel- TS

eration of forward transfer, making it slower. In case of en-

ergy conservation#fz> 7,) this changes the relationship be- t

tween the forward and reverse transfer in favor of the latter. —ck f F(r)Ng(t—7)d7,

The quenching is damped by strong lidliig. 4(b)]. The 0

same was with irreversible intermolecular transfer at longyhere the modified kernef(t) is obtained in the Appendix

5, although the reason was differéritThe field depen- and represented by its Laplace transformati(s).

fying operatorTA%.
The modified kinetic equations fod, andNg are

Ng t
=— _+Ckff F(T)Np(t—7)d7
7B 0

dence disappears aj— =75 because the non-Markovian In case of infinite lifetimesry= =2 the expression
effect in quenching is completely removed. for F is much simpler
o) = -1
V. THE INTRAMOLECULAR ENERGY TRANSFER IN F(s)=[1+(ki+k)U4]
THE MET (ke+ko)/ks 1
Let us now take into account the 3-particle correlations =1+ . (53

of the reactants. From the general form@210 we can . \/T o (kf+kr)koc

2 d —_
deduce the expression for the modifying operagr ket kK, +Kp

Downloaded 02 Apr 2001 to 132.76.33.15. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 13, 1 April 2001 Multistage reactions 5689

This formula coincides with the known restiftHere we times and strong light pumping. The comparison of our re-
took into account that in the binary approximation thesults with those obtained with other methods demonstrates
Laplace variables can be omitted in the “modifying” the great advantage of the new photochemistry that is valid
termst”%?that isF(s) in Egs.(A9), (A10) has been sub- beyond the rate concept.

stituted byF(0)= kp/(ki+k,+kp). The analysis of these
results will be made elsewhere. ACKNOWLEDGMENTS

The result(5.3) was also obtained in Ref. 18 from the This work was supported by grants of RFERrojects
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that their MPK1 theortf is more accurate than the MET. |niitte of Science for the second tintRehovot, Isragl
This is hardly true, although in a particular case of immobile

A/B particles MPK1 reproduces the exact reSiialid for
only this case. In fact, MPKL1 is essentially a binary theory,
which operates only with encounter diffusion of the reactants  To obtain the expression for the MET kernel we will
D=Dppg+Dc. It was shown earlier by diagrammatic employ the same method as previously used for calculations
summatiof® that the MET reproduces only that part of the of the IET kernel in the case of weak pumping. As previ-
kinetics, which universally depends @ but not separately ously, this problem can be solved in the reduced basis of two
onDyg andD¢ . Any theory, which pretends to correct the statesA andB. To do it we should first calculate the contact
MET should be expressed via these absolute mobilities ing,; e of the “free” Green functior) which is the solution
ste_ad of their relatlv_e value. This is definitely n_ot MPKL ot the following equation:

which does not provide such a nonbinary corrections to the

APPENDIX: DERIVATION OF THE MET KERNEL

MET in any case except the single one, when the absolute 2, 2 O(r—rg)a
and encounter diffusion coefficients coincide. (s=Q'=DA)U(r[rg,s)= WI’ (A1)
0
VI. CONCLUSION Whereé’ is the “relaxation” matrix of the reaction pair in
We successfully applied the new method suggested ife reduced basis,
parts | and 1l to the impurity catalyzed intersystem crossing. — Ura—kCE(s) k,cE(s)

The essential feature of intra- as well as of intermolecula6f: _ _ .
transfer is that the Markovian or “rate equations” formalism kicF(s) —1/rg—k,cF(s)

using permanent or time dependent rate constants is INCORMis Green function describes the free evolution of the reac-

sistent when reactants are metastable particles. To the COf5n pair accompanied by relaxation and reactioné ahdB
trary, the integral formalism employed by IET, MET or with the “bachelors.” To solve this problem we have to
equivalent theories provides much better treatment of bimo-

lecular reactions using memory functions obtained in binanf
approximation with respect to reactants. Our newly devel- 2, _a __, =2 - 1
oped method allows us to regularly specify the IET and MET Q'=TQyT % U(rlro,5)=TUq(r|ro,s)T%  (A3)
integral equations and examine the conditions of their reducwhere the matrixT is composed from the eigenvectors of
tion tg Q|fferent|al rate equations providing an approxmateQ,_ In the new basif)d is the diagonal matrix of the form,
description of the same phenomena. The difference between

exact results and their approximate analogs based on the rate 2 AN O

concept is illustrated here by an example of catalyzed inter- 1o Ao/’

conversion between two states with different lifetimes. We h

calculatedab initio the kernels(memory functions of the where

IET and MET equations, obtained numerically for their so- N1o=[Lra+ Lrg+CF(s) (ks +k,) =NJ/2
lutions of energy quenching or conservation kinetics and .

analyzed the non-Markovian effects originated by finite life-are the eigenvalues @’ and

(A2)

hange the basis making operaté_ls andU diagonal,

(A4)

N=(L/ra— Lrg) 2+ E2(S)[BI2(k; + K, )2+ 2F (S)[ BI(K; — k, ) (Llrp— 1i7g).

In the new basis the equation f@rd contains only diagonal matrices and can be easily solved analytically. Again, we are
interested only in the contact value of this Green function,

5 1 (G(s+ny) 0 _(Ul 0) A5
d(0|015)—g 0 Bistry) “lo u,) (A5)
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Substituting this result into formul@=T‘1GdT allows us to calculate the contact value of the “free” Green function,

[L/ra—Urg+ (K—k,)CF(8)][U1—U,]+N[U;+U,]

k. CF(s)[U,—U4]

2 2N N
U(U\U,S): . ~ (AB)
kicF(s)[U,—U4] [17p—U7g+ (ki—k,)cF(s)][U,— U]+ N[U;+U5]
N 2N

The relationship between the kernel of the MET in the reduced ﬁdsa’amd this Green function is essentially the same as Eq.
(3.9,

(A7)

Substitution oﬂj(ola,s) from Eq. (A6) into Eq. (A7) leads to the following expression for the MET kernel in the full basis
of three states:

ki —ki O
Sm=| ki k. O|AW, (A8)
0 0 0
where the functionF is given by its Laplace-transform,
~ 2N
F(s)= — 5 . (A9)
(U= Uo)[(ks—=kp)(Ura—U7g) + CcF(S) (K + K )]+ N[2+ (U +Uy) (Kt k)]
Here we introduced
N=V(1/75— rg) 2+ c2E2(s) (K + k) 2+ 20F(8) (ki — K, ) (L/ra— 1i7g),
(A10)

Up,=G(s+A1/Kp, Apo=3 Ura+Lrg+cF(s)(ke+k ) =N].
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