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The matrix Modified Encounter TheofET), developed in Part | of this work, is applied here to
reversible inter-molecular energy transfer in liquid solutions. For fluorescence quantum yield at
contact transfer the Stern—Volmer law is confirmed, but the concentration corrections to its constant
are diffusion-dependent unlike those obtained earlier with Superposition Approximation. In the
particular case of irreversible energy transfer, when the exact solution is available, the latter is used
to discriminate between all competing approaches and establishes MET superiority. In the case of
reversible energy transfer producing the long-lived or even stable products, the energy is stored
there and dissipates due to backward energy transfer in re-encounters. The kinetics of this process,
resulting in a delayed fluorescence, is shown to be qualitatively different in cases of short and long
encounter times as compared to the excitation lifetime.2@1 American Institute of Physics.
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I. INTRODUCTION a newly excitedA* .>*If the encounter timey=0?/D (o is
. e .__the closest approach distandée comparable withr, or 73,
The theory of reversible difiusion-influenced reactions;y atects the kinetics and guantum yield of the fluorescence.

OI] me_tasltz;_b Iet_reaizlatrr:ts ISh ?r? w;_po?ant ?r;’;nch oft_mod_ern Nowadays there are a number of theoretical approaches
chemical KIneucs. oug € Kinetics of the reactions iy, 4, description of reversible reactions in liquids involving

I|qU|d§ was first stu_d|ed by Smo!uchqw%kapd Waité a hort-lived particles. The most general and consistent be-
long pme ago, seminal progress in this topic was achleye een them is Integral Encounter The@HgT), developed in
only in recent decades. In this paper we study the reactlonﬁefs_ 5-7. It adequately describes the multistage

of rever5|bI.e energy transfer which .play a crucial role Inreactions°’,'8‘“as well as the magnetic field and spin effects
photochemical kinetics, being unavailable for most conven-

tional theoretical approaches in chemical reaction¥ The kinetic equations of IET are of
PP : I the integro-differential type, unlike the differential equations
The formal reaction scheme of reversible inter-molecular : . !
) o of conventional(Differential) Encounter TheoryDET). The
energy transfer is the following: . o . .
very first application of matrix-form IET to reversible reac-
A*+Be A+ B*. (1.2 tions of metastable reactants has shown that the usual chemi-
cal kinetics, based on the rate concept, fails to describe them
properly®>* The same is true for the original Superposition
Approximation(SA).1® When the excited reactants have dif-
ferent lifetimes, either the forward or backward rate constant
diverges with time. In contrast, the integro-differential ap-
proach is free of this defect. It provides the correct descrip-
tion of energy transfer kinetics and the fluorescence quantum
A*—A, B*—B. (1.2 vyield in dilute solutions, that remained unique for a long

The excitation transfers frolA* to B and backward in the
course of encounter diffusion with coefficieBt which is
assumed to be independent on the level of excitatn:
=D+ +Dg=Ds+Dg+. Besides, we account for the relax-
ation of the excited state to the ground state with the life
times 7, and 7g:

H 3,4
If B* has longer lifetime tham\* the energy comes back tme:

after the decay of the latter, causing fluorescence decay from However, IET is not free from some drawbacks. It fails
to describe properly long-time quenching kinetfc$ and

gives incorrect values for Stern—Volmer constants at higher

ang: _— . . . - X
MlchaeI'V|S|t|ng Professor, Weizmann Ins_t|t_ute of Su_ence. On leave fromreactant densitie$1” This happens because IET does not
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modified, as it was first pointed out by Kipriyanet al. in Vector Correlation Pattern&/CP9. Making a truncation as
Refs. 20,21. Modified Encounter TheofWET) is also of in Ref. 21, we derived the IET and MET kinetic equations
the integro-differential type as well as recently developedor the concentrations of all internal states/fAfandB, as-

fully renormalized YLS theory? MET provides more accu- signed as the elements of column Density Vect®¥) o
rate expressions for the quantum yield of fluoresc&haed

ndog.
describes the quenching kinetics in a wider time interval than TrE:e IET integro-differential equations are of the follow-
IET.* . _
ing form: .
In Part | of the present work we correctly derive IET g Y
(that was previously obtained semi-intuitivelgnd general- doa(t)

ize MET, imparting the matrix-form to the latter. Matrix
MET makes possible the theoretical treatment of reversible
energy transfer at higher concentrations and in a wider time
interval than those available for IET. The main goal of this
paper is the detailed comparison of IET and MET with the
competing SA approach. The latter was recently revised in
such a way that the IET results were reprodidéédand
even higher concentration corrections to the fluorescence
guantum yield were obtained. This is actually a challenge for
MET to either confirm or revise these corrections. They are
obtained here and found to be different in both magnitude
and diffusional(viscosity dependence. The origin of such a
discrepancy is established and the superiority of MET is con-
firmed by comparison with the exact results available for
irreversible energy transfer from immobile donor to point
acceptors. The outline of this paper is as follows. In the next
section we briefly summarize the results of Part | and apply
them to reversible reaction E¢L.1) between two-level sys-
tems representing andB. In Sec. Il we derive the kinetic
equations of IET and modify them in Sec. IV. In Sec. V we
confirm the Stern—Volmer law for fluorescence quantum
yield and define its constant within IET and MET. The quan-
tum yield of energy quenching by short-lived partners is con-
sidered in Sec. VI, while in Sec. VII the kinetics of energy
storing for long-lived particles is analyzed, with or without
accountings for bimolecular backward transfer.

A A ~ //7
ot = Quoalty= 715 o

II. IET AND MET EQUATIONS

The chemical processes of energy or charge transfer may
be formally considered as reactions between the “skeleton”
particlesA and B composed fronp and s components, re-
spectively. The components of the skeletons represent the
energy or charge states of the reactants and reaction prod-
ucts:

A:{Ai}:{A11A21 . ,Ap};
B={B,}={B;,B,, ... ,BJ.

The monomolecular decay or inter-conversion change the
states of the particles but not the number of particles:

AsA (i,j=12,...p), B®B (kl=12,...59).
(2.2)

Besides, the different particles are partners in bimolecular
transfer reactions which also conserve their total number:

A|+Bk<:>AJ+B| (I,j=1,2,n, k,|=1,2,m)
(2.3

In Part | of this work we obtained for such reactions the
hierarchy for the Reduced Density VectgRDVSs) or related

(2.1
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The concentration-dependent modifying operaﬁgrwhich 0 lirp U 0
tends to zero at infinite dilution, acts on the effective Green 0 —1r, 0 1irg
[ : = . (21
function as follows Qas 0 0 Y. 1, (2.15
0 0 0 —(Urp+17g)

A A t A A
RGeﬁ:TrBrjo[RABI(t_t’)@)eXp{QB(t_t,)}]

First of all, we have to reproduce the known results of IET
X[ g (t") @G (r,t'|rg,to) 1dt’ for reversible energy transfer.

t o2 2
+Trar | [Rars(t—t")@exp{Qa(t—t")}]
0 I1l. INTEGRAL ENCOUNTER THEORY

X[aa(t) @G (r,t'[rg,to)]dt. (2.10 Let us disclose the general IET equatid@s4a, (2.4

A _A . by specifying the matrix kerndgR. In our four states basis,
Here we made use.of operat@ag=R that was |n.troduced 11)=|AB), |2)=|A*B), |3)=|AB*), |4)=|A*B*), the
in Eq. (2.5). In the simplest case bow andB particles are ernel has only four nonzero elements which compose in E
two-level systems whose population densities of excited an%2 y P 9

ground states ar@*=[A*], b*=[B*] and a=[A], b 14 a block of 22 rank:

=[B]. These compose the density vectors of two particles Ry, Rys
participating in the reversible energy transfer EfJ): r= ) 3.1
Rs2 Rss
a b R
oA= s og= N (2.11 Substituting Eq.(2.13 into Eg. (2.5 one can see that is
a b related only to the corresponding block of the Green function

The relaxation operators, representing the excited state dg'—AB’

cay, are the following: Gy Gos
‘=[ : (3.2
2 0 1/TA 2 0 1/TB G32 G33
Qa= 0 —1/ral’ B— 0 —1/ral (212 R
TA 8 On the first glance, there is no closed equatiojpbecause

For easier comparison with the previous results of Refs. 3, 4the elements of this block are mixed wiBy, andG,; by the

we shall restrict our consideration to the contact energ quation ?\f mott)lon(iﬁ)H Fortunately,G42(t)fG43(t)d:?1, .
transfer whose reactivity operator is simply defined in the.ecauset ey obey the homogeneous equations an their ini-
collective basis of a paitAA), |A*B), |AB*), |A*B*)is tial values are 0. Therefore, from E¢(R.6) we obtain the
NONZEro af — o ' ' ’ closed equation for the reduced Green function

A Nr—o) 2| .
o 0 o 0 {&—Q—DAJr { 2)k §(r|ro,t—to)
W 0 —wu(r) wy(r) O T
- 0 Wa(r) —Wu(r) 0 5(r—r0) 2
0 0 0 0 =—4mg o(t—tg)l, (3.3
0 0 O
0 i} . 0 where
S(r—o) —Ka Kk
— 2.1 _ _
Ams® | 0 kg —k, O (2.13 A:[ Uty 0 } Q:[ Ka Ky, 3.4
0 0 0 0 0 —Urg) —ka Ky

Here we introduced the kinetic rate constants of the forward ~ ItiS more convenient to study the problem in the Laplace
and backward energy transfek,=fw, d* and k, domain. Letus introduce the “free Green function’which

= [wy, d3r. This matrix form is transferred to eith& or 3 represents free encounter diffusion in a p@thout reac-
tion), accompanied by intra-molecular relaxation. This aux-

0 O 0 O 0O O 0 O iliary Green function obeys the simple kinetic equation
|$= 0 R22 R23 0 , §,= 0 222 223 0 . i A 5([__[_0)4\

0 Rs; Rz O 0 23 233 0 [s—q—DA]u(r|r0,s)=ﬁl, (3.9

0 0 0 O 0 0 0 0 o

(2149 \vhere the tilde denotes the Laplace transformation of

The relaxation operator in the same collective basis is easy té(f[o.t). The contact value of this Laplace transformation,
deduce from Eq(2.12): u(olo,s), is the following:
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ﬁ(a’|a’,s)

1

1| 1+ rq(s+21l7p)
=1 L . (3.9
D

0 . —
1+ {74(s+1/7p)

There is a convenient relationship betweﬁeandé:
6<r|ro,s)=ﬁ<r|ro,s>—f dryli(r|rs,s)k
g

><5(r1—a-)6(r1|r0,s)

=ﬁ(r|ro,s)—ﬁ(r|cr,s)lzé(aho,s).

3.7

At r=r,= ¢ this equation can be resolved fgrwhose con-
tact value is:
(olos)=[1 +1(a|o,5)k] " a(a]0,s). (3.9

In the contact approximation we obtain from H@G.5
the following relationship for the reduced quantities:

() =Kl —§(a|ot)K]. 3.9

Ivanov et al.

which exactly coincide with those obtained earftértHere-
after, we will restrict ourselves to linear spectroscopy assum-
ing that the fraction of excited molecules is small
[A*],[B*]<[A],[B]. That is, the number of particles in the
ground states[A] and [B], remains practically unchanged
under illumination and kinetic equations become lineaa’in
andb*. Now it should be remembered that this set of inte-
gral equations cannot be transformed into differential “rate”
equations ifk, ,kp#0 andr,# 75. The rate constant of en-
ergy transfer from short-lived particle to a more stable par-
ticle becomes negative and diverges withoo. This is evi-
dence that there is no quasi-stationé&karkovian energy
transfer to the partner, which conserves the excitation and
returns it back later, giving rise to delayed fluorescetite.

IV. MODIFIED ENCOUNTER THEORY

In the low excitation limit one can neglect all the con-
centration corrections related to excited particles, but must
modify IET with respect to the ground state concentrations.
In the contact approximation the general form of the modi-
fying operatorfz can be obtained from Ed2.10 with the
use of Egs(2.9) and(2.12 as shown in the Appendix:

Making the Laplace transformation of this relationship and

substitutingé(cﬂa,s) from Eq. (3.8), we obtain the follow-
ing result:

2
r

(3.10

Substituting into this formula from Eq(3.6) andk from Eq.
(3.4) we obtain the final expression for the kernel:

a - kb
- ka I(b

where the Laplace transformation of the functibiit) is
given by the famous expression:

1

(s)= Q[f—é((ﬂa’,S)lﬁ]ZQ[r+ﬁ(0'|0'-5)|z]_l-

T(s)=F(s)k=F(s) , (3.10)

() = T k(s Urn) + Kox(5+ rg) (312
where
x(X)=1kp(1+ Vx7g)]. (3.13

Using these results one can recover the origir@), as well
asR(t) from Eq.(2.14). After substitution of the latter into
Egs.(2.49 and(2.4b we obtain the following kinetic equa-
tions fora*, b*:

da*  a* t .
W__T_A_ka[B]JOF(t_T)a () d7+ky[A]
t
XJ F(t—7)b*(7)dr, (3.143
0
db*  b* t .
T ——T—B—i-ka[B]JOF(t—T)a (r)d7—Kkp[A]

XJtF(t—T)b*(T)dT, (3.14h
0

0 —kJ[B] —kgA] 0
s o kim0 kAl |
Mo 0 kAl ke T
0o o 0 kJ[B]+kiA]

4.9

The structure of this matrix is the same as that for the relax-
ation operator Eq(2.15). After its substitution into Eq(2.9),

the latter can be reduced to Eg.6) by the simple redefini-
tion of the relaxation times:

1/TA4>1/TA+ KA(S), 1/TB4>1/TB+ KB(S). (42)
The complex “rates”
Ka(s)=ky[B]F(s) and Kg(s)=k,[A]F(s), (4.3

for additional quenching of excitation by any partner not
belonging to a given coupléeactant pair These “bach-
elors” are treated as a “background” of the event. They
compete for an excitation with its partner in a couple when it
moves away for a while between successive re-contacts. As
energy transfer to “bachelors” does not contribute too much
to a number of free products of transfer, the interaction with
the “background” leads to effectively irreversible reactions:

(A* ...B}—{A...B}, {B*...Al—>{B...Al, (4.9

which are similar to usual decay* — A, B* —B. Therefore
the modification leads to a simple redefinition of the decay
rates Eq.(4.3).

Such a modification allows reducing the problem to that
solved in the previous subsection. The kinetic equations for
a* andb* remain practically the same though the modified
kernel 7 should be substituted fdt:
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da* a* t o ~
=———ka[B]J Ft—ma*(r)dr+ky[A] n= | a*(t)dt/Ta=a*(0)/7,. (5.0
dt TA 0 0
t It can be represented in the form of the Stern—Volmer law
X | Ft—7)b*(r)dr, (4.59
0
1
db* b 7= T¥ko[Bl7a" (5.2

=——+4 ka[B]Jt}"(t— ra* (r)dr—ky[A]
B 0

dt with a quenching constarkg, first obtained by means of
t IET in Ref. 3:
XJ]—"(t—T)b*(T)dT. (4.5b
0 KET— __ Ka
The Laplace transform of follows from Eq.(3.12) after the Q 1/F(0) + k5[ A]
redefinition of decay rates according to E4.2):
Ka
Fs) = 1 = , (5.3
1+Kox(s+rpa+Ka(s)) +kpx(s+ Lrg+Kg(s)) 1+Kkax(1/7p) +kpx(1/7g) +ky7e[A]
(4.6

wherey(x) was defined in Eq3.13. The populations of the
Very recently a new many-particle theory of diffusion- ground stateg,A] and[B], are considered here as the total
influenced reactions was proposed by Sung, Chi, and Leeoncentrations of corresponding patrticles.
(SCL).2° The SCL theory is based on the revised superposi- From here on we should discriminate between qualita-
tion approximation. The authors were the first, who managedively different situations:
to obtain the concentration corrections to the well-known
IET result for the reversible energy transfer. They correctecg
the long-time asymptotics of transfer as well as the fluores-
cence quantum yield. However, making a truncation of th
hierarchy, the authors intuitively neglected the three-particl
correlations of the type#a* AB and B¥*BA in comparison
with A* BB andB*AA.?® In contrast, we accounted explic-
itly for all the elements of the three-particle matrix correla-
tion patterns which are the analogs of the correlation patterns
(CP3 of the nonequilibrium statistical mechanfds>! In our
approximation, which accurately reproduces whole binary
kinetics, the CPSraxgg and g« ga, responsible for the cor-
relations of typesA*BB, B*BA, are expressed via the CP

1) Energy quenching This is a case when either the trans-
fer is irreversiblek,=0 or 73— 0, that is nothing can be

e transferred back befor®* decays.

éZ) Equal times. This is a border case,= 7= 7, when the
decay of excited states and energy redistribution between
them proceed independently.

(3) Energy storing. At 7,<rg the initial quenching ofA*

by forward energy transfer tB’s results in energy stor-

ing there and subsequent backward transfer to the short-

lived A* detected as their delayed fluorescence.

1. Irreversible energy transféguenching was studied
many times within encounter theory and alternative methods

TA*B - thoroughly compared in Ref. 16. There is a unique opportu-

_ 1—Ky0p - nity to inspect any theoretical innovations by comparison

maxgp(l,0,8)=— mkaga[B]WA*B(f,S), (4.78  with exact results, available only in case 1 whais are
atb¥agh immobile andB’s move independently.

~ 1-Kk,0. ~ 2. In case 2 one can separate the state decay from energy

”B*BA(r"T'S):mkagb[B]wA*B(r'S)' (4.7D  registribution, making a change in the variables in Egs.

_ (3.143 and (3.14bh: a*(t)=ap(t)exp(—t/7), b*(t)=by(t)
_ 1 —
where  ga=[Katkp(1+y7a(S+1/ma) )17 9o=[ks  woynt/7). The energy redistribution turns the initial values

+kp(1+ \7q(s+1/7g) )]~ 1. Similar expressions, which ao(0)=1, bo(0)=0 to the stationary onesn., bo, whose
can be deduced from these formulae by the permutation qjatio is

indexes, exist for the CPsg«ap and maxag @s well. It is

clear that the quantitieﬁ'A*BB, TB*BA andWB*AA, T A*x AB b k.[B "Ii —1/ B
are of the same order of magnitude and there is no reasonto Q= Os_ M = eq[ ]
neglect the two of them keeping the others, as has been done aos  kp[AJF(—1/7) [A]

in Ref. 25. As a result the concentration corrections obtaine(]‘j_|ere K oq=k, /ky=exp(—eksT) is the equilibrium constant
eq” Na/hb™

in SCL work are different from ours and improve the IET expressed through the free energy difference between two

results only qualitatively. The authors recently overcome this. .. .
. - . ; €. It foll f Egs.(5.2 .3 th
drawback making the next revision of their approach Wh|cheXCIta1tI0nS e. It follows from Egs.(5.2) and(5.3) that

brought their results in full correspondence with MET. 1+ Qno— 7
71 Q- 4
V. QUANTUM YIELD OF FLUORESCENCE where
The relative quantum yield of the fluorescence frém _ 1
is conventionally defined as KO x[B]7’
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has the form of the conventional Stern—Volmer law for irre-
. . . 0.45 |
versible energy quenching byB]’'s, but with constantx
=k,F(0), which accounts for both forward and backward 0.40 - 4
transfer. Our result Eq5.4) is similar to that obtained for 0.35 L
the reversible intra-molecular transfeA+B=C+B, in - 3
Ref. 13 for the same case of equal times. For the particular 0.30 [
case of diffusion controlled transfer 0.25 | 2
Kirr 0.20 |-
~ o |
T Tk /K, 9 0.15 |-
L 1
where 0.10 |
kakp 0.05 |
K = i
" kot Ko/ (141l T) 0.00 |-
is the Stern—Volmer constant for really irreversible energy -0.05 1
transfer. 0 10 20 30 40
3. It is the most intriguing, when the excitation lives T/t
longer on the acceptor of energy than on the donor. In the d "A

extreme caseg— the excited acc_eptors may be consid-gg, 1. Dependence of correcting coefficientfor the irreversible energy
ered as stable products of a reversible reaction. If neverth@ransfer k,=0) on encounter diffusion measured in/7a=c?/Dr, at
less7g[ A]— 0 the quantum yield of such products is different reactivities: ko7a/4mo>=0.1 (1), 1.0 (2),10.0 (3), and «

(thick line).
% t
¢=b*(=)=k,[B] fo dtfoF(t— na*(rdr
L Sung, Chi, and Lee within their SCL theofyHowever, they
=ky[B]F(0)a*(0). (5.6 obtained, instead of E¢5.11), an essentially different result

- - inh s i ; A _ SCL.
Here a*(0)={1/ro+k,[B]F(0)} ! as follows from Eq. which is in their notations(0)=ka /="

(4.5a at initial conditiona* (0)=1. Finally we have Ko/ k5t =Ko/ k'ET— K 7o B]— ke[ Al (5.12
K[B]7a This result, valid in the lowest order approximation with re-
¢:WB]TA: -7, (5.7 spect to particle concentrations, is in principle better than

that of IET because it contains linear correctiongAh and
where the quantum yield of fluorescengeobeys the con- [B]. To compare it with our MET formula Eq5.11), the
ventional law Eq.(5.2), but with the concentration indepen- |atter should be expanded also in the power series of concen-
dent Stern—Volmer constant trations, keeping only the lowest terms. To stress the differ-
ence we present the result in the same form,

k= lim ko=KksF(0). (5.8
78lA] 0 Ko/ kMET~K, | k'ET— ak,7aAl B]— BKy [ Al, (5.13
As a matter of fact, at shortz and a low concentration @&  but with coefficientse and 8 correcting the last terms:
particles, one can always ignore the bimolecular backward \/—
energy transfer. When _ aV7ATd  ~ _ KaV7a7d -
a= \/_ 2| (0), ﬁ— \/_ 2| (0)
e[ Al<x(1/7g) =[Kp(1+7g/ 76)] 7, (5.9 Zko(VTat N7a) oONTAENT

the terms proportional tpA] may be neglected in E¢4.53,
(4.5b as well as in the denominators of Ed5.3). Under
this condition the generdtg turns to be the usual Stern—
Volmer constan{5.8). Inserting Eq.(5.3) into Eq. (5.8) we
reproduce the widely known result of IET:

Unfortunately, we did not find conditions whenand 8
are equal to 1 and remain the same at &as in SCL
theory. In the kinetic control limit P —»>) «=pB=0, but
not 1. It is reasonable, that in such an essentially Markovian
limit all concentration corrections to IET vanish. In the op-
Ka/k'"ET=1+Kax(1/7p) +Kpx(1/7g). (5.10  posite diffusion control limit, whetk,— <, the difference is
- not as drastic, but also essential: approaches the upper
The MET result is obtained by substitution5{0) from |imit equal 1/2. The set of curves representing diffusional
Eq. (4.6) for F(0) in Eq.(5.3): dependence ok at different values ok, is shown in Fig. 1.

Ko/ kMET=1+ Kk, x(1/ma+k,aF(0)[B])
VI. ENERGY QUENCHING

+ +kyF . : : o . S
kpx(1/7g+kpF(0)[A]) (5.17 To recognize what is right and wrong in the diffusional
Unlike Eq. (5.10 this result contains concentration correc- limit, we turn to a well investigated particular case of energy
tions to both decay rates. The same conclusion was drawn lyuenching,-s— 0, when Eq(5.13 reduces to the following:
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TABLE I. FunctionA(2) in different theories. quenching. In case of reversible energy transfer, i.e., Eq.
(5.13, derived from MET, that provides an appropriate lin-
ear correction to the Stern—Volmer constant, obtained earlier
DET 3[2\/E+1_3} with IET in Refs. 3, 4. This resglt, first ar_mounced a year

2N 14 ago>* was recently reproduced with a new improved version
of SCL theory?®

Theories A(2)

KGD 3{% Ia
d
MET 3[% :—:+% VIl. ENERGY STORING
YLS 3[; Tl When 7,<7g the terms of the bimolecular backward
2Ny 2 transfer in kinetic Eqs(3.148 and (3.14b can be trans-
scL [2 ™, TAL formed into the differential rate terms according to the con-
2N ot ventional procedure, used a number of tires’*
da* a* t
=— ——ka[B]f F(t—r)a* (1) dr+ky()[A]b*,
dt TA 0
k 7.1
KMET= = . (6.1) (713
1+ ka{)(( Urp)—ata B]} db* b* t
This result coincides with that provided by conventional 5y =~ T—B+ka[B]foF(t—T)a*(T)dT— Kp(D[A]b*,
DET. It can be compared with a famous exact solution of the (7.10

same problem, which is valid at any concentration& gar-

ticles are immobile ans move independentf??° Such a  where the time-dependent rate constant of bimolecular back-
comparison has already been made in Ref. 16 for testing theard transfer is

accuracy of the binary approach of Kipriyanov, Gopich, and :

Doktorov(KGD)?° and the popular SA2~**Here we have to k(1) = kbf Ft—t")e' ™ dt. 7.2

do the same for the MET and SCL thehas well as for 0

some others: KGB and YLS theory?? From Egs(5.14) and

(3.12 we obtain in the diffusional limit At t>7y this pseudo-constant approaches the stationary

value
N7yl T
im = 6.2 ke=kp(20) = kyF (— 1/rg) (7.3
kgooo  2(1+ 714/ Tp) s b b B '
and from Eq.(6.1) which is a real Markov_ian rate constant, int_:lependent of time.
) At 7,> 74 the Markovian description of bimolecular back-

(MET_ IET | kp7al B] \/E+ Td 6.3 ward transfer is possible at any times:tat ry the corre-

2 A Tal ' sponding terms in Eqg7.19 and (7.1b are negligible be-

cause of smalb* (t) while att> 74 the Markovian limit of
ky(t) has been already reached. Everr gt 74 this Markov-

ian description is approximately valid and can be represented
¥s follows:

wherex'ET=kp(1+ 74/ 74). The alternative result foeSC*
can be obtained similarly from E@6.1) with a=1.

To make the comparison easier, let us represent an
Stern—Volmer constant of irreversible diffusion controlled

transfer as follows: da* a* t

k= KET+ Ako, rTan o ki B] fOF(t— ma*(r)dr+kJAlb*, (7.4a
where ¢= (47/3) 0¥[B] is the dimensionless concentration |, . " ;
of quenchers. We see that in the lowest concentration limit = _+ka[B]f F(t—r)a*(r)dr—kJA]b*. (7.4b
£—0, all the theories reproduce the concentration indepen- t 8 0

dent IET resultx=«'ET. Likewise, all the results are linear
in &, though with different slope8kp, which is determined
by a single parametez=\/ 75/ 74. The slope, measured in
kp, is placed in Table | as a functio®(z) which is different
in different theories. It is remarkable thatis linear inzand t ,
almost the same in all theories except the last one. The latter b* = ka[B]ef(l/TBﬂslA])tf dt’ e(t/re kAt
has a larger coefficient afr,/74 than that in DET which is °
considered as exact. Moreover, there is the odd term in SCL v, .
theory, 75/ 74, which makes the correspondigz) depen- X fo F(t'=na*(ndr. (7.9
dence nonlinear and qualitatively different from all the rest.

However, these theories, including “exact” solution WhenB decays much slower thaithe exponential factor in
available in DET, describe only the irreversible energythe integrand changes negligibly in the initial time interval,

The storing of energy B particles and its subsequent dis-
sipation can be easily described by the straightforward inte-
gration of Eq.(7.4b:
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while the integral multiplier soon turns to zero. Therefore,

this exponent can be taken as 1 when estimating the lon¢  0.08 (A)
time asymptotic behavior df*: ] {\

b* ~ pe” VBtKlADt gt t>1,,74, (7.6 0.06
where ¢ was defined in Eq(5.7). b

In Ref. 4 we studied the kinetics of product accumula- g4 4
tion at[A]—0 and found that atg= the plateau™* (=)
= ¢ is approached from above. The quantum vyield of free
product¢ is less than the maximal value bf, especially at 0.02
w,>Ww, due to the backward transfer of energy in a geminate
pair before separation. In the contact approximation one ca

decompose the freB* production in the series of contribu- 0.00
tions from a single encounter, one re-encounter, two re : : . : : . . : :
encounters, etc.: 0 50 100 150 200
t/z,
¢=hop(O){1+[1=@(0) o+ [1— (o) Py5+ .. .} - )
o(o) iy U B

T 1 goll-g(0)]

Here ¢y, is the quantum yield of irreversible energy transfer 0.3
from A* to B:

.7 _

Kol Bl7a _ 021
lﬂo—m 0= K|k,=0, (7.8

. . . 0.1
while (o) represents the fraction of excit®" separated

from A (see Appendix B Substitutingyy and¢ (o) into Eq.
(7.7), we reproduce the result which follows directly from 0.0
Egs.(5.7) and(5.8):

0 50 ' 160 l 1é0 l 2(|)0
K[B]7a vz,
= . (7-9)
1+ ka/(kp(1+ 7yl 7a)) +Kplkp+ k[ B]7a

¢

FIG. 2. Kinetics of energy storing and dissipation at sléitand long(B)

. P excitation lifetimes:ta=274 (A) and 74,=207y4 (B). The rest of the param-
At any finite [A] the geminate stage has to be followed o roy - 7%, TG 7L~ o8 The dashed lines show the en-

by the ﬁn_al "_ind IonQESt stage of bimOIeCU|ar backward transérgy storing kinetic®* (t) at[ A]— 0, while the horizontal lines indicate the
fer substituting for the plateau. This must be slow exponenstable product quantum yiel=b* (=) in this case. The solid lines show
tial decay with the ratekb[A]T:(O). Making numerical cal- the product accumulation and dissipati¢iue to bimolecular backward
culations ofa* andb* with the same programs as in Ref. 4 transfey at finite[A], particularly, forky[A]74=0.1.

we confirmed these expectations. A< 74 the fast accumu-

lation gives way to a geminate backward transfer, which

steps down the plateau of free excited productgAdt— 0,

but at finite[A] the plateau is substituted by an exponentialwhile ¥ is concentration dependent. For instance, the

decay with bimolecular ratéfA], as shown in Fig. 2. In  quenching constant E¢5.3) should be redefined as follows:
contrast, at,> 74 this decay follows the relatively slow and

almost monotonous accumulation of energy to a relatively K

higher level. kgET: — a )
All the phenomenology of the process in MET is very 1/70) +ky7g[A]

similar to that in IET, because the kinetic equations remain

essentially the same, but with substitutionBffor F. This  To get an expression faF(0) valid at anyrg, only the

difference can affect some of the results sifcis constant, general result Eq4.6) must be used:

(7.10

1
1+ kox(Lra+ ko[ BIF(0)) +kyx(1/rs+ ko [A]F(0))

F0) (7.10
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FIG. 3. Stern—Volmer constant dependence on the rate of backward energy

transfer from the quasi-stable produeig{~) in IET (thick line) and in
MET (thin lines at relatively small concentrations ok 47a3[A]/3
=0.05, 0.15, 0.3from bottom to top. The rest of the parameters arg;
=274, 4w [B]/3=0.15,k, ,kp>kp (Diffusional contro).

where

1
1+ ka/[kp(1+ V7gl7a) ]+ ke /[Ko(1+ g/ )]

F(0)

Integral encounter theories of multistage reactions. I 1771
this effect is hindered if the concentration [g%] particles
increases:

~ Ki“,”,ET[ 1+

. Kp7g A
1tk /[ky(1+ \/Td/TA)][ I

The restoration of the Stern—Volmer constant with inclusion
of the MET concentration corrections is illustrated in Fig. 3.
In the particular case of equal decay rates of the excited
statesx=y, Eq.(7.14 reduces to a previously obtained Eq.
(5.5), derived for this very case.

KMET

kb(l"'\/;)}_l (7.14

Ka(1+y)
where

y at kp<<ky,kp.

VIIl. CONCLUSION

We successfully applied the new method suggested in
Part | to the kinetic problem: the reversible energy transfer
between metastable reactants with different lifetimes. The
essential feature of such a reaction is that the conventional
Markovian or “rate equation” approaches are inconsistent,
using either permanent or time dependent rate constants.
They fail to describe properly the fluorescence quantum
yield and kinetics of delayed fluorescence. On the contrary,
the integral formalism using memory functions obtained in
the binary approximation with IET, MET, or equivalent
theories, provides much better treatment of these problems.
Our newly developed method enables one to regularly

The power expansion of in concentrations made in Eq. specify the IET and MET integral equations or substitute
(5.13 does not hold atrg=. The same is true for the them by a set of equivalent differential equations. The
whole YLS theory, restricted itself to a similar expansionformer approach is suitable for analytic calculations of fluo-
Eq. (5.12. rescence quantum yields and other stationary characteristics
Substituting Eq.(7.11) into Eq. (5.11), we obtain the  while the latter is more convenient for numerical calculations
concentration corrected Stern—Volmer constantg@t>,  of reaction kinetics. The comparison of our results with those

but 7g[A]—0: obtained with other methods has been illustrated by the ex-
Kk amples of irreversible and reversible inter-molecular energy
MET a™b transfer, between the states with different lifetimes.

- , 7.1
Kp + Ko/(1+ VX)) + kp/(1+\y) (712
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x=r14lTa+k[B]74F(0) and y=ky[A]74F(0).

MET _ kakp

im =———————=—~Kp(1+ yX)<Kj,.
Kirr Ko+ ko/(1+ \/;) p( \/—) a

7.1
(713 APPENDIX A: THE DERIVATION OF MET

. ~ MODIFICATION OPERATOR
The larger the decay rate the closek|¥ ' to its upper limit ) . L
k,. If the backward transfer is taken into consideratian, To obtain MET equations one needs the modifying op-

becomes smaller and the fluorescence quantum yield berator R, which acts on the two-particle matrix correlation
comes larger than in the irreversible cdbeg. 3. However, patternoag as follows:
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oap(r,t")og/(t")

R t o4 A
RUAB:TrB'J [Rag/ (t—t")®@exp{Qg(t—t")}] ) )
0 O'A*B(r,t )O’B/(t)

X[ o/ (1)@ opg(r,t')]1dt! Tas(r t) o (1)

t 2 O-A*B(r-t,)o';r(t,)
+TrA’J[RA’B(t_t’)®exp{QA(t_t’)}] og () ®@0opg(r,t')= , |- (A6)

0 opg+(r,t")og/(t")

X[oar(t) @ opn(r,t')]dt’. (A1) oprpx (1) opr (1)

oap(r,t)og(t")

We will calculate only the first term of E§A1), because the o g (r ,t')g;,(tf)

second one can be obtained in a analogous way. The operator
Rag’ in the contact approximation in the two particle basis

Substituting Eq(A4) into Eg. (A1) and making the trace
{AB’,A*B’,AB"* ,A*B'*} has the following form: ubstituting EQ(A4) i a-(AL) Ing

operation oveB' we have the two following components of

the kernel:
0 0 0 0
2 0 ki —ky, O . Trg Zy(t—t)[og (1) @ o ag(r,t’)]
Rap/(t)= F(t). A2
et 0 ~ka ke O v Kaoasp(r,t' ) o (t") —Kooag(r,t" ) og (t")
0 0 0 0

_kaO'A*B(r,t,)O'Br(t,)+kbO'AB(r,t,)O'E,(t’)

A — K oax *(I’,t’)O’ /(t’)‘f‘kbO' *(r,t’)(f*,(t’)
The matrix exponent ex@gt) in the individual basis aATe ® A8 .

{B,B*} is Kaoaxgs (1t ogr (") —kpoags (r,t")og, (1)
XFE(t—t), (A7)
A _(1 o\ (0 (1—e—“fs)>
oPQeth =l 1] g —(1-e U Tt Zy(t—t" ) og (') ® oag(r,t')]

—E+a(t) 0 1 ), Kaoargs(r,t")og/(t") —Kyoags(r,t")op, (1))
0 -1 3 | Maomre (1) 7 () —kooape (1t o ()
w(t) =1 expi —t/mg). kao'A*B*(ratl)o'B/(t,)_kbO'AB*(rvt,)U;;(t,)
—Kaopxp(1,t")og(t') +kyopap (1t ) og,(t)
Thus the operatoRag: (t—t') @ expQg(t—t')) in the XF(t=t"). (A8)

three-particle  basis {AB'B,A*B’'B,AB'*B,A*B'*B,

AB'B*,A*B’'B* ,AB'*B* A*B'*B*} is a sum of two To estimate which terms in these matrices can be neglected,

parts: one should know the order of the magnitude of elements
oag - For this goal we should use the equations for dhe

2 A , obtained in Part [Egs.(6.199—(6.190]:
Rag/(t—t" ) @exp{Qg(t—t')} T8 OAB [Egs.(6.193—(6.190]

=Z(t—t")+a(t—t")Z,(t—1), A4 A A~ S A -
(et nz0n B a0 = Qa0 +Trg J df Wag(P)
where X{oa(t) @ og(t) + oag(r )}, (A9a)
Rag/(t—1') 0 (0= Ly~ Wag(7)) ag(F ot
7 (t—t') = v~ Lr as(1))oag(r,t)
l(t { ) ( 0 RAB’(t_tI) and A A A N A N ~
(A5) ={Qas~R}oas(r,t) +Wpg(r)oa(t)®og(t),  (A9b)
0 Rpp(t—t")
Z,(t—t")= N A A A
0 _RABr(t_t ) ata-B(t)_QBa-B(t)+TrA erAB(r)
Here Rag/(t) is given by Eq.(A2), and the zeroes in both X{oat)@op(t) + opg(r.0)}- (A9c)
matrices imply blocks of zeroes of*44 rank. . N R .
The productog: (t')® oag(r,t’) in the abovementioned For our particularWxg(r) and Qg equations for the
three-particle basis is equal to elements of,g Without modification ofR are
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0
—Wo(r)opsgtWy(I) opp«

W,()oaxg—Wp(I) o aps
0

oap(r,t)
A oaxp(r,t)
(at_ﬁr) O'AB*(r,t)

O'A*B*(r,t)

1 1

—oprpT
TAO'A B
1 1

— —O0pxgt — Opxp*
7_AAB 7_BAB

O pAB*
8 AB

1 1
— —opps Tt
8 AB*

O p*xB*
7_AAB

1 1

—+ — | Oaxp*
A TB) ATB

0

_Wa(F)O'A*O'B"FWb(F)O'AO'B*
i X (A10)
Wa(r)O'A*O'B_Wb(r)(TAO'B*

0

It is easy to see that,g term is in the same order @& g
and o g+, and this conclusion remains valid for modifigd

as well. At a low level of excitation we can neglect all terms

in Egs. (A7),(A8) containing the muItipIiera’B‘, as second

order terms in the concentration of excited molecules. The

result can be represented as follows:

Trg Z,(t—t")[og/(t" )@ opag(r,t’)]

0 —k[B] 0 0O o a(r,t)
0 kfB] 0 0O Tprp(r,t)

“lo 0 0 —kJ[B]|| oam(rit)
0 0 0 kiB]/ | oaps(rt)
XF(t—t'), (A11)

where we setrg/(t')=[B] because at weak excitation the

concentration of nonexcited molecules is approximately

equal to their total densityB]. Similarly,

Trg Zy(t—t")[op/(t") @ op(r,t")]

0 0 0 —kJ[B]| | oas(r,t))
0 0 0 kJB] || oars(r,t)
“lo 0 0 k(B] || oage(rity |FETE)
0 0 0 —KkJB]/ | oarge(r,t)
(A12)

Integral encounter theories of multistage reactions. I 1773

Then, the final expression for the Laplace transformation
R(s) of the modifying operator is defined by the sunzafs
originating from the two terms of the right hand side of Eq.
(A1) and is of the form:

0 —kaB] —kylA] 0
2 0 kyB] 0 —kp[A] -
RO=145 ¢ Ke[A] k.[B] F(s).
o o0 0 k[B]+ki[A]
(A13)

APPENDIX B: CALCULATION OF ¢

Let »(r,t) and u be the probabilities to find pair
[A*...B] and[A...B*] at distancer, at timet provided
initially, there was only the latter, at distanae The kinetics
for these densities are

b  _ba
g oty g ook

where A= (1/r?)(d/dr) (r?(d/dr)). For the contact reac-
tion we have to use the following boundary conditions:

and (B1)

dv(r,t)
(akp) ar =kav(o,t) —kyu(o,t),
r=o
du(r,t) B2)
(okp) ar =—kyv(o,t) +kpu(o,t).
r=o
The initial conditions are
1
v(r,t=0)=0 and u(r,t=0)= 25(r—a). (B3)
4o

Then, solving the set of algebraic equations for Laplace

transformationsy(r,s) and u(r,s), following from Eqgs.
(B1), (B2), (B3), we obtain the survival probability for a pair
AB* at timet—oo;

(P(O'):f 4arr?u(r,o)dr

=lim
s—0

J’47rrzsﬁ(r,s)dr

_ 1+ ka/(kD/(1+ \/Td/TA))
1+ky/kp+ Ko/ (Kp/(L+ 74l 7a))
where rg=0?/D.

(B4)

IM. V. Smoluchowski, Z. Physik. Chen92, 129 (1917).
2T. R. Waite, Phys. Rev107, 463 (1957.

The last column in the modifying matrices acts only on the °N. N. Lukzen, A. B. Doktorov, and A. I Burshtein, Chem. Phy82, 289

oaxg+ €lement, which obeys homogeneous equations wit

the initial conditiono a+ g+ = 0. Therefore this element is zero

h, (1986.

4A. 1. Burshtein and N. N. Lukzen, J. Chem. Ph{63 9631(1995; 105,
9588(1996.

(opxg+»=0) and we can neglect the last row elements in the®v. p. Sakun, Physica 80, 128 (1975.
corresponding matrices setting them to zero, as well as th&A. B. Doktorov, Physica A90, 109 (1978.

whole expression EqA12). All the corrections responsible
for the interaction withA’s “bachelors” can be calculated in
the similar manner.

“A. A. Kipriyanov, A. B. Doktorov, and A. |. Burshtein, Chem. Phyis,
149 (1983.

8A. I. Burshtein and P. A. Frantsuzov, J. Chem. PH\@6 3948 (1997;
107, 2872(1997); J. Lumin.78, 33 (1998.

Downloaded 24 Mar 2002 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1774 J. Chem. Phys., Vol. 114, No. 4, 22 January 2001

9P. A. Frantsuzov and A. I. Burshtein, J. Chem. PHy&9 5957(1998.

10A. 1. Burshtein and O. A. Igoshin, J. Chem. Phyd.1, 2200(1999.

HE. B. Krissinel, O. A. Igoshin, and A. I. Burshtein, Chem. PH847, 261
(1999.

2. V. Gorelik, N. N. Lukzen, R. Z. Sagdeev, and U. E. Steiner, Chem.
Phys.262 303(2000.

131, V. Gopich and A. I. Burshtein, J. Chem. Phyi€9, 2833(1998.

141, V. Gopich, A. A. Kipriyanov, and A. B. Doktorov, J. Chem. Phyi<.0,
10888(1999.

5A. A. Kipriyanov, I. V. Gopich, and A. B. Doktorov, Chem. Phyk37,
241(1994); 191, 101(1995.

18A. 1. Burshtein, I. V. Gopich, and P. A. Frantsuzov, Chem. Phys. Lett.
289, 60 (1998.

17s. G. Fedorenko and A. I. Burshtein, J. Chem. PI9{#s.8223(1992.

18A. A. Kipriyanov, I. V. Gopich, and A. B. Doktorov, Chem. Phys91,
101 (1995.

19A. A. Kipriyanov, I. V. Gopich, and A. B. Doktorov, Physica 205 585
(19949; 1. V. Gopich, A. A. Kipriyanov, and A. B. Doktorov, Chem. Phys.
Rep.14, 1443(1995.

20A. A. Kipriyanov, I. V. Gopich, and A. B. Doktorov, Physica 255 347
(1998.

2LA. A Kipriyanov, O. A. Igoshin, and A. B. Doktorov, Physica268, 567
(1999; O. A. Igoshin, A. A. Kipriyanov, and A. B. Doktorov, Chem.
Phys.244, 371(1999.

lvanov et al.

22M. Yang, S. Lee, and K. J. Shin, J. Chem. Ph{88 117 (1998; 108,
8557(1998; 108 9069(1998.

23K, L. Ivanov, N. N. Lukzen, A. B. Doktorov, and A. I. Burshtein, J. Chem.
Phys.114, 1754(2009), preceding paper.

24W. Naumann, J. Chem. Phys10, 3926(1999.

253, Sung, J. Chi, and S. Lee, J. Chem. PHyisl, 804 (1999.

263, Sung and S. Lee, J. Chem. Phy&2, 2128(2000).

2’R. Balescu, Equilibrium and Non-equilibrium Statistical Mechanics
(Wiley, New York, 1975.

2M. Yokoto and O. Tanimoto, J. Phys. Soc. Jg&, 779 (1967.

29K Allinger and A. Blumen, J. Chem. Phyg2, 4608(1980.

303, Lee and M. Karplus, J. Chem. Phy§, 1883,19041987).

1S, Lee, M. Yang, K. J. Shin, K. J. Choo, and D. Lee, Chem. Ph§s,
339(199)).

323, Sung, K. J. Shin, and D. Lee, J. Chem. PHyal, 7241(1994.

33A. Szabo and W. Naumann, J. Chem. P37, 402 (1997.

34K. L. Ivanov, N. N. Lukzen, A. B. Doktorov, A. A. Kipryanov, and A. I.
Burshtein, Workshop on Diffusion Assisted Reactions, Weizmann Insti-
tute of Science, Rehovot, Israel, 14—19 March 1999.

35H. Mori, Prog. Theor. Phys33, 423(1965; 34, 399 (1965.

363, Mukamel, Chem. Phy&7, 33 (1979.

S7A. I. Burshtein, inReaction Dynamics in Cluster and Condensed Phases,
edited by J. Jortneet al. (Kluwer Academic, The Netherlands, 1994p.
343-359.

Downloaded 24 Mar 2002 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



