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The reversible electron transfer from donor to excited molecule (acceptor of electron) is shown to be the
irreversible energy quenching, if it is completed by subsequent irreversible recombination radical-ions which
are produced. The StertVolmer constant of fluorescence as well as the Markovian rate constant of triplet
quenching are calculated analytically, assuming the electron transfer is contact. The multiple\Relen

effect is shown to be peculiar to both constants.

I. Introduction

The modern integral encounter theory (IET) is the unique
theoretical method for investigation of reversible transfer
reactions between metastable reactarifbe earliest kinetic
theories considered only the irreversible forward electron
transfer. According to Figure 1A, it turns the neutral reactants
into the radical-ion pair (RIP) subjected to irreversible recom-
bination and charge separation (with a yieiyl
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HereW(r) andWk(r) are the rates of forward and backward
electron transfer (ionization and recombination) in a pair of
reactants separated by distancprovided the electron acceptor
is excited and decays with time.

The classical theories developed by Smoluchotvskid
Collins and KimbaPR for irreversible and contact reactions
(proceeding at the closest approach distamceere used for
very long for studying the quenching of luminescence. If the
latter follows thed-pulse excitation, then the luminescence
guantum vyield is defined via the kinetics of energy quenching
N*(t)

1
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1.2)
HereN*(t) = [A*] is the survival probability of excitations and

¢ = [D] = constant is the concentration of quenchers which
are present in great excess. Under such condition the -Stern

Volmer constant of luminescence quenched by irreversible and

contact ionization is known to Be

_ ki
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where the kinetic and diffusional constants of ionization are

(1.3)

K

k= [ Wi(r) dr andk, = 470D
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whereasD = Dp + Dp is the encounter diffusion coefficient.
The last term in the denominator of eq 1.3 accounts for the
non-Markovian transient effect (during encounter tirpe= 0%/

D).

Being extended to remote electron transfer, the classical
theory became known as differential encounter theory and later
on as the unified theory of ionization and recombinafion.
However, these theories as well as their contact precursors are
inapplicable to reversible electron transfer (Figure 1B). The latter
can only be considered by means of IET whose spin-less version
was first applied to the geminate reaction, that follows reversible
ionization switched on by instantaneous light excitatibm)
o(t)®
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A*4+D = [D*...A7] 5 Dt 4+ A (1.4)
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IET made possible the calculation of the fluorescence
qguantum yield (1.2) on a time scale where the bulk recombina-
tion of radical ions can be completely neglected. There the
Stern—-Volmer dependence on concentration remains the same
except that the geminate quenching constentshould be
substituted for;.57 In the contact approximation

Ki
K=— 15
9 1+ k/K(ky + k) (1.5)

where the equilibrium constant
K = kik, = exp(—AG/T) (1.6)

while the constants of the forward and reverse electron transfer
are

(AG; + A¢)?
k= [ W(r) dr =Ke zx
(AG; — 20)?

k= Wy(r) d’r =kje a7 (1.7)
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Figure 1. Spin-less models of electron transfer: (A) highly exergonic irreversible transfer and (B) endergonic forward transfer, followed by
backward transfer and charge recombination to the ground state. Spin sensitive models: irreversible (C) and reversible (D) triplet formation follo
reversible electron transfer between the RIP and excited singlet state.

and the rate constant of RIP recombination to the ground stateaccording to eq 1.5. That is, the reversible geminate ionization

is becomes irreversible. The same happens even for quasi-resonant
e transfer K ~ 1, ki ~ ky), if the RIP state is exhausted faster by
(e + AG — Ao oo ;
. T e A recombinationk;) and/or separatiorkg) than populated by the
ko= f Wr(r) T = kee AT (1.8) forward electron transfer. In the endergonic cas&i(> 0, K

< 1), the excited and RIP states are equilibrated and their decay
is controlled by the RIP dissipationtg — K(kp + ko).

The situation is qualitatively different if the stationary
fluorescence is studied using permanent illuminatien lg =
constant. After charge separation, the free ions recombine in
the bulk to either the ground state or backward, to the excited

Here AG; and . are the contact free energy of ionization and
the reorganization energy of the polar solvénis the thermal
energy ks = 1), ande is the energy of acceptor excitation,
which is the sum of the ionization and recombination free
energies|AGi| and|AG,|

e=—AG, — AG, neutral products, which contribute again to the total fluorescence
The rate of single channel electron transfer in any direction is 4" +D ;é [D*..a] 5 DY 4+ a4 i‘% [D..A— D+ A" (110)
defined by the Marcus formula Io 11 7a VW VW |74 174
A D.. A D+ A D .. A A
W(r) = V2 exp( 2(r — a)) Jr ox (AG + ,1)2) o) [ I + (D ... A]
S0 L /2T AAT ' The quantum yield of such a luminescence is defined differently

than the nonstationary oh¥
whereAG andA are known functions of reactants separation,
r.L5Equation 1.9 was generalized for the multichannel (phonon- _ Ng . 1
assisted) transfer by Bixon at&? However, we are concerned T = 1Nz, 1+ cer
i / oNGTA ofa
here only with the simplest phonon-less model of transfer (1.9)

with electron couplingVo and tunneling length. In contact  HereN* andNg are the stationary densities of the acceptors in

formulas 1.7 and 1.8AG; = AG(0) and4c = A(0), whereas  heijr excited and ground states and the corresponding -Stern
the pre-exponents marked by the upper index 0 are the rates of/q|mer constant i

the corresponding activation-less transfer

(1.11)

o= kg1 — 7] (1.12)

K~ f Wy —; . )
It is smaller than the geminate Sterdolmer constant because
With increasing exergonicit)k — . As a result,kg — «;j, not all excitations are quenched forever at first encounter. Some
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of them are restored with an efficiengyn the subsequent bulk
encounters of the free ions, separated with the yjeldll of
the components of eq (1.12) are well defined in IET and when

calculated in the contact approximation, reduces this expression

to the following one*3

Ki

Ko = mc (1.13)
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II. Irreversible Triplet Production

As is clear from the preceding, the photoionization produces
not only the free ion€D* and2A-, but also the triplet products
of their recombination®A*, detectable by their characteristic
absorption spectra. Since the ions are actually radical-ions, their
pairs are formed in either the singlet or triplet states. Further-
more, the singlet RIP produced from the singlet precufgdr,
is subjected not only to luminescence and recombination but
also to spin-conversion into the triplet RIP, from where the

The principle difference between this result and the geminate 'ecombination to a triplet excitation of neutral acceptor is

one, eq 1.5, is an absencekgfin the denominator. Diffusional

allowed. If this recombination is completely irreversible, as well

RIP separation cannot make the stationary energy quenchingdS the singlet one (Figure 1 C), then there are two parallel
irreversible. It does not put an end to the reversible reaction channels of RIP recombination competing between themselves:

but just interrupt it for a while. Only the irreversible recombina-
tion to the ground state of the neutral product proceeding with
the rate constark causes this to happenkf= 0, the ionization
is fully reversible; that isko = 0 and the fluorescence is not
quenched at all. But a& — c the quenching becomes
irreversible; that isxo = ;. Almost the same is true when
K > kilk;, whereas in the opposite case, the ionization is
mainly reversible and proceeds with the rate conskam
Kke.

Considered as a function a&fG;, the Stera-Volmer constant

Instead of the distant dependent raté#r), we are using in

2pt 4 24
4 @ NN\
k
A" 4 D k:’ D* AT e DT AT] (2.1)
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this scheme the corresponding rate constdats, / W(r) dr,

demonstrates the typical stepwise behavior: at large negativeincluding a new onek; which determines the triplet RIPs

AG;, whereK — oo, it is almost a constankg ~ «; ~ kp, but
this diffusional plateau is cut abruptly whé&nreduces to 1 (at

recombination producing the neutral tripletsy.
It was shown that the spin-conversion proceeding with a rate

AG; = 0) and then turns to zero at the endergonic region (when ks affects not only the kinetics of ionizatiohl*(t), but also the

AG; — ). Such behavior first obtained by Rehm and Weller
in ref 14 was considered as universal for a very long time, until
it was found recently that in different families of reactants the
cut off is placed at differenAG;.*> Such a phenomenon was
called by discoverers “the multiple Rehriveller effect”. We
have already related it to the different rates of irreversible
recombination of different singlet RIPsr to different rates of
triplet formation from triplet RIPs, provided this recombination
is also irreversiblé? The last condition is met if the triplets die
soon after formation, due to their annihilation. This was shown
to be the case in the system perylen®MA where the triplet
decay was studied and fitted well assuming the biexciton
annihilation is the only quenching mechanis&hHowever, it

yields of ions,p, as well as the singlet and triplet products of
geminate recombinatioys and ¢1.181°Evidently, @ + ¢t +

@s =1, but the partial values of these yields and their viscosity
(diffusional) dependence are different. Even at equal rates of
triplet and singlet RIPs recombination, the yield of the triplet
excitationsgr, is usually much smaller than that of the ground
state productsgs.! This is because the recombination of the
triplet RIPs does not start from the beginning of the encounter
but only after the triplet states are populated by spin conversion.
This takes part of the encounter timgwhile the recombination

of the singlet RIP proceeds all of this time. This conclusion
was recently confirmed with a more consistent theory using the
coherent (Hamiltonian) description of spin-conversion instead

was shown recently that the dominant quenching mechanismof the incoherent one (with the rake).?°

of other triplet molecules is the transfer of electrons to them

A different situation arises when the stationary luminescence

from the same donors that execute the ionization of singlet is studied. This phenomenon includes not only the geminate
excitationst” In such a case, the triplet RIPs recombination to €ffects but the recombination of ions in the bulk as well. Since
neutral triplet products has to be considered as reversible whenthe spins of radical-ions meeting in the bulk are uncorrelated,
calculating the SteraVolmer constant, as well as the triplet the RIPs appear in either the singlet or triplet states with their
quenching rate. This is what we are going to do here, revising stochastic weights, 1/4 and 3/4, respectively. On the contrary,
the free energy dependence of both and Comparing themthe redistribution of the RIP Spin states pOpUlationS by Spin-

between themselves and with the available experimental dataconversion during the encounter is negligibleksify < 1. This
from ref 17. is usually the case if it is carried out by an HFI-mechanism,

~ —1 i TP 10
First we will consider in the next section the irreversible triplet whenks ~ 10° 5™, whereas the encounter timezig~ 10*%s

RIP recombination, which is so fast that the singlet one can be at normal viscosities! Under such conditions one can &et=

ignored, as in ref 12. The irreversibility of RIP recombination 0, I(;](.)kl'ng for tlhe s;]tanonar()j/ phe.nomfenza. . . he Ste
to the triplet acceptor state is conditioned by even faster V-ll- IS1S exactwaat Was.b?@ in ref 1 elstlmatmlgt € otem d
exhausting of the latter due to biexciton annihilation or other olmer constant of reversible ionization. It was also assume

triplet quenching. In the opposite case when triplets decay with that the recombination of triplet RIPs, being irreversible, is .also
their long life time, they may be considered as the stable the st[)qngtgst one. :'n.élhe .te;(tzleme fcase Wi;enl ﬂ;e ?Tglet
particles ionized in encounters with donors (Figure 1D). In such recomoination IS negligiole, it foflows from €q 4. 1 ot re
a case, their formation being reversible affects differently the

ko(1 + ki/ko)

geminate production of ions and triplets, as well as the yields  _
of the stationary luminescence. All of them are calculated in ko(1 + k/ko) + 3K[1 + kiko (1 + /7 47,) + kKol
providedk_, =k.=0

section Il as well as the asymptotic (Markovian) rate constant
of triplet quenching after the light is switched off.
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Figure 2. (a) Free energy dependence of the Stérplmer constant,

Ko, for different rates of irreversible triplet recombinatilfikp = co;

20; 0.1; 10°%; 10°8 (from right to left) atk. = 0. The external curve
represents the SteriYolmer constant of irreversible ionization(AG)),
composed from the FEG parabola for forward electron trang{&G;)

and diffusional plateau; ~ ko = constant which cuts the top of it. (b)
Interpolation through the experimental points in acetonitrile (borrowed
from Figure 10 of ref 12).

Since@ = 1, in the absence of spin conversion Kat= 0), the
Stern—Volmer constant is

Ki

14 k(1 + 4k/ko)/3kK

Ki

L+ /3K
Ki

1+ 4i/3kK

Ko =Kol =)=

triplet production control
(2.2)
RIP separation control

There are evidently two limits: when triplet RIP recombination
proceeds slower than its diffusional separation, the whole
process is under triplet production control, and in the opposite
case, it is controlled by RIP separation.

As seen from the comparison of egs 2.2 and 1.13, the
irreversible triplet RIP recombination plays the same role as
the singlet RIP recombination, exhausting the RIP states.
However, this concerns only the triplet states while the singlet
population survives and contributes to the backward electron
transfer. Therefore, the singlet ionization remains partially
reversible even ak — o, when the quenching, controlled by
RIP dissociation, proceeds with the rate (84K. This is

Burshtein

This can be the origin of the multiple RehtiVeller effect
revealing itself in a number of the descending branches (Figure
2b) particular to different families of reactarifs At least this
was the explanation given to such a phenomenon in ref 12,
assuming that the recombination of triplet RIPs proceeding with
the rate constant

PRY:
k = K exp[— (4G~ 41 (2.3)

4T

is irreversible. Generally speaking, this is not true. According
to the detailed balance principle, the backward transfer (ioniza-
tion of triplet excitations) has the rate constant
k_, = kK, whereK, = e *%T (2.4)
At AG; < 0, the ionization of the triplets is faster than their
production and cannot be ignored unless the triplets are very
unstable. This instability may be due to reaction with solvent
or biexcitonic quenching which is rather fast under strong
light illumination. This was implied in ref 12, and our other
works addressed mainly the quenching of Perylene by DMA.
In such a system, the triplet ionization is highly endergonic
(AG; = +0.72 eV) but triplets were shown to be quenched by
a biexcitonic annihilation (as in Chapter XIII of a recent revigw
Ar + A—3A+3A—3A + A (2.5)
This reaction which is mainly responsible for the quenching of
triplets, when they are copiously produced by a strong light
pulse, was studied in ref 16. Not only the triplet quenching
kinetics was well fitted in this work but the delayed lumines-
cence of singlets produced by their annihilation (2.5) was
detected and fitted as well. The annihilation of triplets prevents
their ionization and allows one to neglect the ionization during
the geminate stage of the reaction. However, this becomes more
problematic for stationary fluorescence because the light il-
lumination is weaker and consequently the stationary triplet
concentration is lower, as well as the annihilation rate quadratic
in it.

Ill. Reversible Triplet Production

Recently reported experiments indicate that in a few systems
studied the triplets are mainly quenched by electron transfer
from the same donors as the singlets: their quenching rate was
found to be proportional to donor concentratidmlso a close
similarity was found to exist between the free energy depend-
encies of the SternVolmer constant and the triplet quenching
rate constant. Here we will calculate both of them, neglecting
completely the biexcitonic annihilation but accounting for triplet
ionization.

In the general reaction scheme of such a reactipe= ts
andrr is the triplet life time

DT+ 2A°

because only 75% of the separated ions recombine into the triplet

product at the next encounter.

If under triplet production control the triplet RIP recombina-
tion is rather fasko = «; < 3k:. In the opposite case, when the
recombination is the slowest onek(3< «g), the highly
irreversible ionization gives way to its reversible analog with
ko = 3kK. The former is indicated by the diffusional plateau
ko[l + (zd/ta)Y? reached by at strongk; > kp, whereas the
latter shifts withk; to the higher free energies, making the

A

AT L

NN
ket

SD*... A7) = D + 34
k¢

D+ 4 D* ... (3.1)

L 7s I ke Lrr

The scheme allows studying the luminescence quenching (and
its Stern-Volmer constant) proceeding from left to right, as
well as the triplet quenching going from right to left. Assuming
ks = 0, we will demonstrate that the reversible ionization of

resonant and even endergonic reaction irreversible (Figure 2a).quasistable triplets does not affect the stationary fluorescence.
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Only the recombination of the singlet RIP to the ground state 99 = 1 9,9 = 1
makes the luminescence quenching irreversible. Therefore, not0 o9 TRV
ki as in eq 2.2 buk. controls the endergonic energy quenching kol1 + ‘/gd] ko1 + /(s + 4kl
as in eq 1.13 of the spin-less theory in ref 13. The variation of as) = 1 . (3.4)
this very rate constant must be responsible for the multiple ko[l + /(s+ ALH
Rehm-Weller effect in luminescence, at a reasonably weak
stationary illumination. There are two different ways to study the quenching of the
The general IET equations for the densities of the excited fluorescence initiated by the light of intensitgt). The oldest
singlet acceptordls = N*, the radical ions of both sign® = and most common way is to study the stationary illumination
[D*] = [A7], and the excited triplet product of their recombina- () = lo which allows measuring the permanent fluorescence
tion, Ny, are taken from the Appendix to ref 12 quantum yield (1.11). A similar yield could be found from eq
1.2 studying only the geminate reaction during a short time
) Ng . interval, following the instantaneous light excitation of e
Ng=— . cﬂ) R*(t — 7)Ng(7) dr + acceptors](t) = Nod(t).
s A. Geminate Reaction.The geminate production of ions and
fot R#(t — f)pZ(T) dr+c fot R§(t — 7)N.(7) dr (3.2a) triplet excitations, shortly after instantaneous excitation, has to
be investigated ignoring the bulk reactions: charge recombina-
_ . . tion and ionization of triplet products. This can be done setting
P=c [ R'(t— Ng() dr — [ Rt — 7)P*(z) dr + P = Nt = 0 in the right-hand side of egs 3:2a which reduce
to the following set:

¢ [i RO(t— DNy (z) dr (3.2b)
0 T '

N Ng= — T—j —¢ [IR(t— )Ng(1) dr Ng(0)=N, (3.52)
NT=—7:+c£RA(t—T)NS(z)dr+

P=c [Ri(t—7)Ng)dr P(0)=0 (3.5b
[o Rt — 0)P(1) dr — ¢ [ R*(t — ))Ny(2) dr (3.2)  Jo R = ON(D) dr P(O) (330)

‘ Ny t
If there is an effective quenching of triplet acceptors making Ny = — T_T e fo RA(t ~ONg(r) dr Ni(0)=0 (3.5¢)

Nr small, the last terms in the eqs 3-2acan be neglected and
the whole set reduces to that used in ref 12 and in the previousThis set was studied in section I11.B in ref 12 assuming that the
section for studying the irreversible triplet formation. triplet recombination is irreversiblé(; = 0). This is impossible
Assuming that any transfer reaction proceeds at contact thein principle due to the detailed balance relationship (2.4) but
following exact definitions for the Laplace transformations of can be used as an approximation, provideds abnormally
all the kernels of the integral eqs 3-2a are obtained short (orAG; > T).
In reality 71 is the longest time, that may be set infinite, when

R =k[4 + g2k k . + 0.(3k. + k) + + 3k + 4k, + the geminate reaction is studied. In such a case, one can easily
il Oo kel + 01(3ke ) + ol + 3 ' find from the Laplace transformed egs 3.5
g1k + 4gikK)I/Y (3.32)

NoTs

WO T aR©

R = k(1 + gok_ + gik)/Y, R'= (3.62)

— Rf =
(9 — kK Y, R =4k(1+ gk + g,K)/Y (3.3b) P(eo) = |SiLT(1) sP(s) = cR(0)Ng(0) = Ngy@  (3.6b)
R* = [ky(L + gok_, + 4g;k) + (1 + gyke)(3k + k; + Nr(e0) = lim sN(s) = cR*NS(0) = Nyy¢;  (3.6C)

GokeK T 4g1kK)IY (3.3¢)

where the total yield of iongy = 1 — #.

o Using the result (3.6a) in an equation identical to (1.2), we
R™ =4k (1 + gd)(1+ giko) + gikel/ Y, reproduce the SterVolmer law

R =3(g; ~ g)kk/Y (3:30) N _ 1 ot
_ B _ g

Nots  1+cegs * 1+ ckgs

(3.7)

RE=3K[(1+ gL+ gik) + gikl/Y  (3.3e)
whose constant is

R = K_[(1 + gJk)(4 + gok. + 3g3k)) + kg = R¥0) (3.8)

k(o +30,)] (3.37) )
By using the last results ands(0) in other egs (3.6), we get
Hereafter tilde will denote the Laplace transformation with s the quantum yields of the separated ions and triplet products
being the Laplace variable. Here . .
RO _RY(

= . Pr==
Y = (1+ gk )I(L + k) (4 + gk, + 3gk)) + ky(go + RO) 7T RYO)
39)] + [(1 + gka)(9; + 39y 1 4949:K) + 4909:Ky1 K In the present article, we are concerned with the reversible

(3.9)
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ionization of triplets whose appearance on the geminate stage

of the reaction (2.1) is conditioned by the spin-conversion. If
the latter is negligibleks = 0) then

90(0) = 6,(0) = 1o, 940) = 1k

1 _
ko[l + /7474 (3.10)

and for anyk; andk-;, we obtain in the contact approximation
RA(0) = 4k(1 + k/ko)[1 + (k + Kk /o]l Y
R'(0) = 4k{L + (k + k_)/kol/Y

(3.11a)

(3.11b)

RY(0) = { [k, + k(L + k/Ko)I[1 + (k_, + 4k)/kp] +
3k(1 + k/K )Y (3.11c)

R(0) = k1 + (k + k_)/ko)/Y (3.11d)

R°(0) = 4k [(1 + k/K)(1 + klk) + ky/kol/Y = R*(0) =

K,
* R*0) (3.11e)

where

Y=4(1+ ki) + ki/ko + k/kp(L+ kKDL + (ko +
k)/kol

The geminate SteraVolmer constant

. k(L + ko) .
[1 4 K/Ko[L + kKo + ky/kp(1 + ki/kp)]
+ (3.12)
S

is identical to that given in the spin-less eq (1.5). The other
yields

Ky = R*(0)

andg; =0 (3.13)

1
YT T kg

also are exactly the same as in the spin-less unified tHeory.

B. Stationary Fluorescence.When the system is under
permanent illuminatior, = o, the luminescence quantum yield
should be calculated from the definition (1.11) using thsfe
= Ns = Ng(), obtained from the stationary solution of eqs
3.2a—c

o loNgTs
s = TCKOTS (3143)
. RO |[. R%O0).
p?= c% st 20 N, (3.14b)
A\ T
R = g R} O0)R'(0) + R*"(O)R'(0) (3.140)

R*(0)R'(0) — R*(0)R"(0)

Here Ns, Ny, and P are the stationary concentrations of the
excited states and ions, whereass the Stern-Volmer constant
of the quantum yield defined in eq 1.11

Burshtein

,_ROR©O
RF(0) R¥(0)
[R(0)R'(0) + R(O)R°(0)][R*(0)R(0) + R*(0)R'(0)]
R(0)R*(0)[R*(0)R'(0) — R*(O)R°(0)]

Ko =

Everything becomes much simpler if we neglect the spin
conversion settings = 0. Then according to eq 3.10 in such a
case

R¥(0)=R0)=0

and the last expression for the SteMolmer constant takes
the form of eq 1.12, with the following microscopic definitions
of all its components:

(= R), 7= R*(0)R(0)
’ ’ R(0) R*(0)R(0) — R"0)R°(0)
()

It should be noted thalilr = 0 in this case, unlikepr in eq
3.13, because triplets are produced from the triplet RIPs formed
in each encounter of the spin uncorrelated free radical ions.

In the contact approximation and absence of spin conversion,
there is the relationship (3.11e) which makes the probability of
singlet restoration much simpler

_ R
T =T 0) - 7%0) (3.16)

Taking into account other kernels (3.11), eq 3.16 appears to be
even simpler

_ kb  xlkK
Tk ki) L ekK

x (3.17)

It coincides with that for a spin-less theory which is independent
of k and k.13 This is because the stable triplets do not
participate in the fluorescence quenching, although there are
permanently a definite number of them, given by eq 3.14c. They
can be detected by either light absorption or phosphorescence,
as well as the stationary density of idAgjiiven in (3.14b) could

be found from the electric current measurements.

Hence, the reversible triplet production does not affect the
luminescence quenching which proceeds only through the singlet
RIP recombination. If the latter is absekt € 0) then according
to eqs 3.17 and 3.13,= @ = 1 andxo = «g(1 — x@) = 0, that
is the luminescence quenching is not possible at all.

As a matter of fact, the general spin-less equation for the
Stern-Volmer constant (1.13) remains also valickat= 0, that
is regardless of whether the stable triplets are formed or not.
One can find from there that

0T T kKK,
Ky = L ask, — o jonization control
1+ k/K, (3.18)
kK ask, — 0 recombination control

Under ionization control, the free energy dependenceof
reproduces that af, which coincides with the bell-shaped curve
ki((AG;) from eq 2.3, except that the top of the latter is cut by
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Figure 3. Free energy dependence of the Steviolmer constant at
different RIP recombination rate constants, whose Arrhenius prefactor

k2 = « for the upper curve and for the reidks is 20 (A), 0.1 (B),
1075 (C), and 108 (D). The singlet excitation energy is 2.83 &4, =
10 1/Ms, 74 = 2.8 ns,ta=5.5ns 1 = 1 eV.

the diffusional plateaks; = kp/[1 + (zdTa)¥] = constant
(Figure 3). With increasind\G;, the singlet ionization becomes
quasireversible and occurs earlier when the RIP recombination
is slower (Figure 3). As soon as the diffusional ionization gives
way to recombination control, the latter abruptly cuts the right
branch of the free energy dependenceo® k.

C. Triplet Quenching by lonization. The triplet decay can
be easily obtained after the geminate reaction, followirmulse
excitation, or after suddenly switching off the permanent
illumination. Soon after the singlet life time, the vast majority
of excitations are triplets that decay much longer, unless they
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Figure 4. Rate constant of the triplet quenching via triplet ionization:
(a) atkko = 10 andk¥k, = 1P (A), 20 (B), and 105 (C); (b) at
differentk%kp = 1, 20, and 100 (from bottom to top) ah@fko = 20.
The singlet excitation energy= 2.83 eV, whereas the singtetriplet

are not quenched by ionization (the electron transfer from Splitting is taken as 0.28 eV adiko = 20. The rest of parameters are
donors). Since the triplets live long, the concentration of ions, e same as before.

produced quasistationary, follows them as well as the singlet
concentration. All of them obey equations following from the
general set (3.2), which are lf= 0 the following ones:

0= —cR¥0)Ng + R(0)P* — ':—S (3.19a)

S
0= cR'(0)Ns — R'(0)P? + cR°(O)N;  (3.19b)
N, = R®(0)P? — cR*(O)N; — ? (3.19¢)

T

Solving them, we obtain

cr R (0)R°(0)

Ng

" R(0) + crd RO)R(0) + ROR(0)] M
(3.20a)
o RO crR(OR'(0)

ﬁ*(O)[ RH0) + crR0)R*(0) + RI(O)R'(0)]
(3.20b)

. N,
Ry = — — — ckoNy (3.20¢)

T

As was expected at low concentratiorids is small com-

triplet quenching is

ko = R*(0)[1 — RY(O0)/R(0)] (3.21)
In the contact approximation
o= k 1+ k(L + kkg)
"L k(1 kKD + (K + 4k)/ks + 3Kk,
(3.22)

The general overview of the free energy dependende, @it
different charge recombination rates is given in Figure 4.

The free energy dependence of eitlgror kg is usually
studied at negativéAG;, where according to the Marcus free
energy gap (FEG) lafvky is expected to be small unlikie,
passing through the maximum AG; = —e + 4. In this area,
expression 3.22 can be simplified assumigg< ke

Kk
0T T Tk + Aol + 3K
K ko
ko + k_, + 4k,
K

3K

ask, > k; (ionization control)
(3.23)
ask, <k (recombination control)

In the last expressiork; = k-/k; introduced in eq 2.4 is an

pared toNr and the second term in the square brackets in equilibrium constant for reversible transitions between the triplet
eg 3.20b can be neglected in the first order approximation RIPs and neutral triplets. The origin of the coefficient 1/3 is
with respect toc. In this approximation, the rate constant of also easy to trace. The recombination of RIPs proceeding
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through only one, from their four sublevels, has the r&té (
4)P. Since there is an equilibrium between the four-level RIP
and its three-level neutral produ®,= (4/3)K:Nr. Hence, the
rate of quenching under recombination control Kg4)(4/3)-
KtNT = (k¢/3)K1 NT.

If the charge recombination proceeding from the singlet RIP
is the fastest one, then

k

J— 7t f
=17 (k_, + 4k)/k;
K, under kinetic control
L (3.24)
1T aK 4K, under diffusion control

Under kinetic control, the free energy dependende,dbllows
the parabolic FEG law inherent o but the top okg(AG) is
cut by the diffusional plateau. This is the region of diffusional
control wherekg = kp becauseK; > 1.

The Stera-Volmer constant also levels off there, reaching
the maximum value inherent in its own platears = ki =
ko[1 + (za/7a)¥?. The latter lies a bit higher than that flg <
ko (Figure 4). This is the theoretical confirmation of the fact
obtained experimentally in ref 17 and particularly emphasized
in this work. As a matter of fact, the ratio of the plateau’s heights

Ko

ko

due to the non-Markovian contribution t@. This difference
can be varied by changingy, which is proportional to the
solvent viscosity.

As to the descending brancheskgfAG;) andko(AG;), they
are very similar under recombination control. It follows from
egs 3.18 and 3.23 that

= Kp/kp = 1+ /T4, > 1 under diffusional control,

ko= k(AG)e 2%
Q=3 k(AB)e T = ZK(AG, ~ e ** (3.25)

sinceAG; = AG; — ¢. Heree is the energy splitting between
the singlet and triplet energy level#y* and 3A*, equal to 0.31

eV in the system studied in ref 17. This splitting is responsible
for the parallel shift of the descending branch to the right, when
going from xo(AGp) to ko(AGg) in Figure 5. Following the
authors of ref 17, we seiGy = AG; in kg but AGy = AG; in

ko when depicting them in this figure as functions of the
common coordinateAGy. Two black «ko(AGp) curves join
together at largaAGy, as well as two retig(AGy) curves because

in the recombination control limit nothing depends on the
ionization ratesk or k. However, the splitting between these
linearized descending branchesceindkq stabilizes wheAGq

Burshtein
10" 3
rFy
iy
\ &
\
A
N\
\
‘IO?-; .
E e
T T T T T . T
12 10 -08 -06 -04 -02 00
AG

Figure 5. Experimental results from Figure 2 of ref 17 for the Stern
Volmer constants, (a, ®) and triplet quenching constarits (A, O)

fitted with our theory. Black lines areo, and red ones arky. The
upper curves and triangles are related to lumicrome (LC) quenched by
aromatic donors in methanol, whereas the lower curves and circles
belong to the LC quenched by aliphatic amines in the same solvent.
The upper curves are calculated for strong electron trangfer, k =
30kp), whereas the lower ones are obtained for much weaker, kinetic
controlled transfer,l¢ = ki = 0.5¢). It is assumed that; = 0.8 eV,

ko = 8 x 10> M7t st andk; = 10y are the same in both cases, as
well as the singlet excitation energy= 2.48 eV and singlettriplet
splitting, 0.31 eV, particular to this system. The blue line shows the
Stern-Volmer constant for irreversible ionization of LC singlet,
ki(AGy), at the very same parameters.

Solving it, we obtain for reasonably small

X=6(1—

Hence, the splitting of the descending lines is approximately
the linear function ofe and should be about 0.14 for our
parameters (aAGp ~ 0, » = 2.48 eV,Ac = 0.8 eV,e = 0.31

eV) as it is.

There is the qualitative difference between the two families
of quenchers, aromatic donors (upper curves) and aliphatic
amines (lower curves). These latter are well fitted, assuming
that ionization of either the singlet or triplet is almost kinetic:
ki = ki = 0.5p. Therefore, the points lay on the bell shaped
curves similar to those peculiar to the Marcus electron-transfer
rate, which obeys the famous free energy gap (FEG) law. On
the contrary, the transfer to aromatic donors are expected to be
much faster k = ki = 30kp > kp) so that the top of the
corresponding FEG curve is cut by the diffusional plateau
discussed above. However, the experimental points are lo-
cated not only within the plateau but also far to the right of it,

24, 22.TIn3
e+ AGy+ 1] e+ AG,+ A,

(3.26)

approaches 0. It can be characterized by the difference betweeryyt of the region restricted by the descending branches of

the ko and ko arguments, whereby these functions are equal,
ko(AGo) = ka(AGp + X). In view of egs 3.25, this difference,
X, is defined by the equality

K(AGY) = S k(AGy + x— )™

Using the definition ok; given in eq 1.8, we obtain from here
the quadratic equation fa= x — ¢

Z— 2+ AGy+ A)z+ 4A (e —TIN3)=0

theoretical curves. It looks like the diffusional plateau ex-
tends up toAGy = 0. This is hardly possible because even
the Stern-Volmer constant for irreversible transfesi{AGo),
shown by the blue line, does not extend so far. Moreowges

ki cannot approach the experimental points located so high
unlessk: andk; are hundred times larger. Since our values for
them (3&p and 1Gkp) are already rather high, this is scarcely
possible. Most likely the free energy is overestimated in the
experimental work under studly If the free energy was only
0.2 eV less, the theory and experiment would be in better
agreement.



Quenching of Singlets and Triplets J. Phys. Chem. A, Vol. 110, No. 51, 20083675

IV. Conclusions Acknowledgment. The author is very grateful to Drs. G.
Angulo and O. Igoshin for their useful suggestions as well as
to V. Gladkikh for his assistance in getting numerical results
and their graphic presentation.

The RIP formation by reversible electron transfer to or from
the excited molecules performs the quenching of the excitation
provided that the RIP itself recombines irreversibly from either
its singlet or triplet state. However, the recombination of the
triplet RIP to the neutral triplet molecules is irreversible if only
the triplets are also quenched, say, by fast biexcitonic annihila- (1) Burshtein, A. .Adv. Chem. Phys2004 129, 105.
tion. If this is not the case, the triplet production is reversible, ~ (2) Smoluchowski, M. VZ. Phys. Cheml917, 92, 129.

. . . (3) Callins, F. C.; Kimball, G. EJ. Colloid. Sci.1949 4, 425.
and the singlet RIP recombination to the ground state remains 4y | ykzen, N. N.. Doktorov, A. B.; Burshtein, A. Chem. Phys1986
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irreversible. (5) Burshtein, A. I.LAdv. Chem. Phys200Q 114, 419.

; (6) Burshtein, A. |.; Frantsuzov, P. A. Chem. Physl997 106, 3948.
In such a case, the Stetrivolmer constant of luminescence (7) Burshtein. A. 1. Neufeld, A. A.: Ivanov. K. LJ. Chem. Phy001

quenching and the rate constant of triplet quenching have similar 1 15 2652,
free energy dependencies. At negative free energies and fast (8) Marcus, R. AJ. Chem. Physl956 24, 966;1965 43, 679.
recombination, they are controlled by the excited states ioniza-  (9) Efrima, S.; Bixon, M.Chem. Phys. Lettl974 25, 34.

: ; R : ; ; (10) Jortner, J.; Bixon, MJ. Chem. Phys1988 88, 167.
tion and remain constant as long as ionization is diffusional. (11) Burshtein, A. 1J. Lumin, 2001 93, 229,

However, as soon as the free energy approaches zero, the (12) urshtein, A. I.; lvanov, K. LPhys. Chem. Chem. Phy2002 4,
diffusional plateau is cut off due to slower recombination which 4115. Appendix available online: http://www.rsc.org/suppdata/cp/b2/
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on the single quenching parameter the constant of the RIP Ch(elrg) Q”O%“éoiog-?eg{gmpp' G.; Neifeld, A.; Burshtein, A.J. Phys.
recombination to the ground state. At slow ionization, the free ™ 17) porcal, .. Bertolotti, S. J.; Previtali, C. M.; Encinas, M.Rhys.
energy dependence of both the Ste¥folmer and triplet Chem. Chem. Phy2003 5, 4123.
qguenching constants are well fitted with the bell-shaped FEG  (18) Burshtein, A. 1.; Sivachenko, A. Yi€hem. Phys199§ 235 257.
curve, whereas at faster ionization, the experimental data IayCh(elrﬁ) ggiﬂ"kﬁﬁ)éo%é EurZSShgi'”' A.1.; Angulo, G.; Grampp, Biys.
on the diffusional plateau which is unfortunately longer than ™ (20) Lukzen, N. N.; Pedersen, J. B.; Burshtein, AJ.IPhys. Chem. A

theoretically predicted. 2005 109 11914.
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