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Summary

In this paper we present general equations for the treatment of sensitized
reactions when two different excited states of the sensitizer both contribute
to the photosensitization. In the case of diffusion-controlled reactions,
classical equations based on stationary diffusion are not valid under the usual
experimental conditions and have to be modified. We propose a kinetic
model which takes into account static quenching and non-stationary diffusion.

1. Introduction

In a recent paper Wagner [1] has pointed out the interest in kinetic
studies of inhibition for the determination of the lifetime of excited states
and of the quantum yields of intersystem crossing. In particular, it is shown
that the sensitization yield of electronic energy transfer gives valuable
information including the detection of more than one donor excited state
and the lifetimes of these states. An extensive set of relationships is given to
aid the interpretation of experimental data.

However, in the particular case of very short lifetimes, ranging from
10 ps to 1 ns, the kinetics of sensitization are in fact that of a practically
diffusion-controlled reaction, and lead for conventional solvents to the use
of quencher concentrations between 10 and 0.1 mol 12, If the reaction is
not diffusion controlled the concentrations have to be much larger than this,
a situation which cannot be realized in practice. Under these conditions the
only answer is to look for diffusion-controlled transfer reactions. We have
shown [2 - 4], in agreement with earlier studies (see for example refs. 5 and
6), that for very short lifetimes, usually shorter than 100 ns, and in conven-
tional solvents non-stationary processes must intervene; this does not allow
us to use simplified relationships which require the apparent rate constants
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to be time independent. Moreover, for the quencher concentrations concerned,
static quenching can occur and can perturb the kinetics.

We intend in this work to show the influence of the phenomena of non-
stationary diffusion and static quenching on partly diffusion-controlled
reactions of sensitization and to give a more extensive theoretical treatment
in terms of a competition between ‘‘chemical’’ and ‘‘diffusional’’ kinetics.

2. Review of partly diffusion-controlled reactions

2.1. Review of the principles of the treatment of diffusion-controlled reactions

The conventional treatment first used by von Smoluchovski [7] is as
follows, where A and B are the reactive species (see Fig. 1).

(1) A particular A molecule is used as a relative reference of the motion
of surrounding B molecules in a system of spherical symmetry (i.e. the only
space coordinate is the distance r measured from A).

(2) To solve the description of the relative moticn of these B molecules,
we ‘‘superpose’’ a large number of particular systems as in (1) and define an
average A molecule surrounded by a continuous distribution of B molecules
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Fig. 1. Use of the superposition rule to obtain a mean continuous distribution of B mole-
cules around A molecules. Aj, Ag, ..., A, are particular A molecules surrounded by B;,
By, ... . The lower curve is obtained by superposition of the representations above (0 is
the encounter distance).
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(i.e. alocal concentration [B(r, t)]) to which Fick’s laws of diffusion can be
applied.

Let us note the following further assumptions. (a) The concentration of
A molecules is sufficiently low so that they can be considered to be indepen-
dent. (b) The relative diffusion coefficient of B towards A is taken as the
sum of the diffusion coefficients of A and B, independent of concentration.
(c) There is no mutual electrical potential between A and B.

2.2. Mathematical treatment

2.2.1. Strictly diffusion-controlled reactions

Let us consider a homogeneous population of spherical molecules B in
solution in an inert solvent and the generation at a time ¢ = 0 of spherical
reacting molecules A (produced by light excitation, for example). The mole-
cules A react with the molecules B:

A+B > C

Let us then consider that every encounter leads to chemical reaction,
i.e. that the reaction can occur during an infinitesimal time. Then we can
determine the apparentrate constant &, (t) of the reaction using the following
relation, given previously by Wilemski and Fixman {8] :

ap(r,t)/ot +Gp(r,t) =0 (1)

Here ¢ is a distribution function and is the ratio of the local concentration of
B to the mean concentration {[B]) of B, i.e. ¢(r,1) = [B(r,t)] /{[BD); ris the
distance between the centres of a molecule A and a molecule B; (is the time
evolution operator (relating to the diffusion process). For uncharged particles
we can write

g = —Dv?

where D is the sum of the diffusion constants of the two species A and B and
v2 is the laplacian operator.

The resolution of this system leads to the classical expression of the
apparent rate constant k,(¢) [2], ie. to

k.(t) = 4nNoD{1 + o(nDt) 12} (2)

where o is the encounter distance (between the centres of the encountering
molecules) and N is Avogadro’s number.

At times much longer than ¢2/D, k,(t) is approximately equal to 4nNo.D
and stationary state diffusion takes place; the instantaneous rate constant
then ig almost time independent.

In contrast, at times shorter than ¢2/D, or near to this value, k,(t) is
time dependent; this leads to non-stationary state diffusion kinetics.

2.2.2. Reactions dependent in part on diffusion
If the chemical reaction between A and B does not occur with an
infinite rate constant, as supposed in Section 2.2.1, but occurs with a rate
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constant k(r)* which is dependent on the distance r between A and B, the
former treatment is no longer applicable and a new treatment is required.

2.2.2.1. Equations which define the reacting system. Using the formula-
tion of Wilemski and Fixman [8] and of Doi [9], relation (1) can be written
as

ag(r, t)/ot + Gp(r, t) = —k(r)e(r,t) (3)

Knowing G and k(r) it is possible to determine the variation of ¢(r,t) with ¢,
either using Green’s functions [8] orusing the Laplace transform or numerical
techniques. The apparent rate constant is given by the expression

El(t) = f 47r2NE(r)o(r,t) dr (4)

2.2.2.2, Expression of k(r). In the case where a chemical reaction occurs
as discussed, the variations of k(r) are not well known and a simplified model
must be used. Reaction or interaction between molecules requires the overlap
of the external molecular orbitals of the two molecules. The value of the
overlap of molecular orbitals is known (see for example ref. 10); it is a
decreasing function of r and beyond a value of r of some angstréms there is
practically no overlap. In this sense the problem is very similar to the case of
electronic energy transfer described by Dexter [11].

In the case of resonance energy transfer described by Forster [12}, the
expression of k(r) is well known and rigorous computing could be possible.
However, here we consider only interactions at short distances.

In our model we suppose that k(r) is approximately constant and equal
to a given value % for a distance smaller than a given value ¢’ (i.e. for o < r < ¢')
and that &(r) is negligible for r greater than o'. Then expression (4) becomes

ka(t) = fo 4nr2Neo(r,t) dr (5)

2.2.2.3. Expression of G. The operator Q is determined using classical
macroscopic concepts well known in the case of diffusion in the solid state
and also applicable here. The expression of the flow J of particles is given by

J=—DV[B] (6)
¢(r, t) is derived from eqn. (4) together with Fick’s second law, i.e.
3¢ /ot = —VJ/[B] (7

By assuming VD = 0, G¢ is given by

*For two particles A and B at a distance r, the probability of chemical reaction
during time df is equal to k(r) di.
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Qe = —DV? (8)

Thus a diffusion model is developed by considering two distinct volumes
in the reacting system centred on a molecule A towards which molecules B
diffuse (see Fig. 2):

(1) areaction range comprised of the volume between a sphere of radius
o' and a sphere of radius ¢ wherein the chemical reaction occurs with a rate
constant k; we assume that no diffusion occurs in this range, i.e. ¢(r,t) is
independent of r;

(2) an external volume (r > ¢') in which no chemical reaction but only
diffusion occurs.

2.2.2.4. Equations which define the system in our simplified model
(see Fig. 2). Forr>= o'

3?-=DV2¢=D(—,_- +—-—) ®)

For ¢ < r < ¢’, the flow of molecules B at a distance ¢’ from A has to
be equal to both the accumulation of B inside the reaction volume and the
disappearance of B in the chemical reaction A + B » C. Thus, we must have

3 4 d¢°
4N'2D(-—) B} = — nN(a'? — o®
nNo > a'([ ) 3" (o o )dt

{[BD +

4
+ 3 #N(o'® — o3) k¢ X[B]> (10)

where ¢° represents the value of ¢ inside the reaction range.
The macroscopic bimolecular rate constant k., (mol™! s71) is related to
the rate constant k by the equation

3[C] o o1 F drr2
=7 - k-[AI[B°]1 = [AIN[B 1 [ 4nr2kar
o
O (ro0) ® (r,h)
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Fig. 2. Separation of space into two volumes where chemical reaction (r < ¢’) and dif-
fusion (r > 0’) occur: (a) distribution at time t = 0; (b) distribution at time ¢t > 0,
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where [B°] represents the value of [B(r, t)] inside the reaction range. Then
k. = %WN(O'S — ok =NV k = 4aNo'3ak (11)
with

s 11—
a | J— — —
3 o'
By including this macroscopic term in relation (10), we obtain the following
relation:

koo'(3¢/0r)er = NVi(de /dt)e + ke (9)o: (12)

where ko = 4nNo'D.
Equations (9) and (12) together define the system.

2.2.2.5. Apparent rate constant k,. Assuming r = Dt/o'2, we obtain
from eqn. (5)

ko(7) = NV1k¢°(7) = ke9°(7) (13)
The variations of k,(7) are therefore given by the expression of ¢°(r).

2.2.2.6. Simplified relationships. At large values of time we obtain

Py~ 1+ ey (14)

g+1 g+1
with
B=k.|ko
and
k() ~ —r0ke ;1 .k o } (15)
ko + k. k. + ko (nDt)'/2

This simplified relationship is identical with that proposed by Nemzek
and Ware [5].
When t increases infinitely we obtain

lim k.=__k°__ or lim _1_=_1.+._1._ (16)
> 1+ ke/ko £ ka ke ko

and when k. /kq goes to infinity k,(¢) becomes
ko(t) = ko {1 + o'(zDt) 12}

which is identical with relationship (2) given in Section 2.2.1, except for the
value of ¢ which is now ¢'.

Expression (15) can be used for experiments on fluorescence quenching
using conventional flash excitation.
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2.2.3. Consequences
Consider the following scheme for the deactivation of A":

hy * . .
A — A excitation

k=1
A k=1/7o, ... natural relaxation
k(L
A" +B ket (8) ... deactivation

Then after é-pulse excitation

d[A" ]} /dt = —{k + k([BD¢° ()HA"] (17)
Equation (17) leads to

1 d[A"] _ _;ko'z . k.o'?

[A"] dr D D
with 7 = Dt/o'%, Then if

Z(t) = log([A"]/[A)¢=0)

for small values of 7 (greater than or equal to 0.2), a good approximation of
the time evolution of Z(¢) is

([B]>¢°(1)( (18)

kczko 20 't

kcko
th—(k )————-——— Doar VB
) + ko kg ([BD])t (kc*'ko)z([B])( e NVI{BD]
= —at _bt112 —ec (19)
with
k2R k
NV{ = 4aN¢'3 —= °__ { ( +*°)— z
1 #No (k. + ko) all %o |

2.3. Photosensgitization reaction
Taking into account the simplifying assumptions given in Sections 2.1
and 2.2, we can express the probability of photosensitization as

A+B > A+B'

2.3.1. Probability of photosensitization at time t = 0
This is derived from relationship (19) as

Py =1 — exp (—NV{{[B]D) (20)
2.3.2. Probability of photosensitization at time t > 0

Knowing the concentration of A’ as a function of time we can calculate
the rate of energy transfer

r=k,(tX[BDPI[A']



184
leading to a probability of sensitization over the lifetime of A* of
kok, -1
Pa = exp (—NV{([B]))gl —IQ\) (1 + 07 ro([B])) g (21)
ko + k.
where 7 is the natural lifetime of A" and

IN) = f exp (—au —\ul’?) du
o

with
a= l + M_([B])
To ko + k.
and

X = 20' ke2koTQ([B]> (1 + kcko
(nD1)12 (k. + ko)® ke + ko
Then the overall probability of photosensitization can be written as

—1/2
To([B]))

p=ps+pd

k.k -1
~1—I(\)exp (—NV{{[B) (1 + 2 -ro([B])) (22)
kc + kO
2.3.3. Linear representation
For long lifetimes of A® (in practice larger than 100 ns) and in usual
(low viscosity) solvents it can be shown that

N=0 IN)y~1 NV{[BPp =0
Then
1 ko+k, 1 1
— =1 +( ——) (23)
p kok. 7o/ ([B]

This relationship is close to that used by Wagner and coworkers [1, 13, 14].

Figures 3(a) and 3(b) show the effect of static quenching and non-
stationary quenching on a plot of 1/p against 1/{[B]} in a practical example.
In particular they indicate that these phenomena lead to a much higher value
of p and to a non-linear relationship between 1/p and 1/{[B}). Moreover, if
an approximate linear variation is plotted from experimental data, wrongly
assuming the validity of relationship (23), incorrect values of the parameters
are obtained, as pointed out in ref. 4.

Besides, under these conditions it becomes very difficult to carry out a
kinetic treatment capable of handling experimental data when two donors
are involved since other problems arise. These are discussed in Section 3.
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Fig. 3. Representations of 1/p vs, 1/([B!> (a) a strictly diffusion-controlled reaction,
ke > ko, 0=6A, D=11x10"58 cm2 ;(b) a partly diffusion-controlled reaction,
kolkg = 3, 0=6A,D=01%x10"5cm?2 a1 ,0' =10 A. In both cases curve 1 is drawn
from relation (23) by neglecting static quenchmg and non-statlonary diffusion, curve 2 is
drawn from relation (22) assuming no static quenching (¢ = o'=6 A) and curve 3 is
drawn from relation (22) taking into account both static quenching and non-stationary
diffusion.
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o

3. Photosensitization where two electronically excited donor states contribute

Let us consider the following scheme [1]:

l]ight

a, 1 as=1—a,

W klz
— A, = A; —
k1o ko koo
+B
kcl l l kcz

¥ g

where oy and o, are the probabilities of formation of A, and A, respectively.
We shall assume in the following that the reacting distance o’ is the same in
both sensitization processes.
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The kinetic treatment can be carried out to give the values of the rate
constants. However, relationship (15) giving the rate constant of sensitization
is not valid in this case. It is derived by expressing the diffusion of B mole-
cules around an average A molecule starting from a random distribution at
time ¢ = 0 of the appearance of A. In the case of two interacting donors A,
and A,, when such an excited molecule is formed by irradiation, relationship
(15) is in general still valid. However, when A; for example originates from
the other type A, by intersystem crossing, the distribution of B molecules is
no longer random at time ¢ = O because it is that which was around the A,
molecule at the time when it was generated from an A; molecule. This inter-
connection between the distribution functions of B, ¢, around A; and ¢
around A, is schematically represented in Fig. 4; the evolution during dif-
ferential time dt is decomposed in two parts, the diffusion of B around A,
and A, and then the exchange between A, and A, by intersystem crossing
which alters the distribution functions ¢, and ¢,.

distribution around Al distribution around Az

spontaneous
evolution
during dt

time t +dt

Fig. 4. Representations of the influence of exchange between A; and Ag on the distribu-
tion functions ¢; and ¢5.
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3.1. Equations defining the reacting system

3.1.1. Time evolution terms of ¢; and ¢y forr > o'

Let {B,(r,t)] and [Bz(r,?)] be the mean local concentrations of B
around A, and A, respectively and let us consider that, at time ¢ = 0, Ny and
N3 molecules of the types A; and A, respectively are formed.

At time ¢ these numbers become Nj; (t) and Ny(t) and their values at
time t + dt can then be derived as follows:

dt
Ni(t + dt) = Ny(8) — — Ny (t) + ko dtNa(t + di)
71

dt
N, (t + dt) = Ny(t) — —No(t) + k1o diN, (t + di)
T2

where
1/1y = ko + k1z + kea{[B])¢7 (¥)
1/ra = koo + kn + ke2([BDo2(t)
¢1 and ¢; are the values of the configurational distribution functions ¢, and

¢, at distance o'. The time evolutions of the concentrations [B, (r,t)] and
[Ba(r,t)] are then expressed as, for example for B,,

[Bi(r,t + dt)] Ny (¢ + de) = {[By(r,¢)] — GIB1(r, )] dE}N; (#)(1 — dt/ry) +
+ [Byo(r,t + dt)] kyy AN, (2 + db)

which become
3[B N;
[at‘] +GIB1] = k1~ ([B2] — [Ba])
3[B N,
[atz] +Q[B;] =k“1_\fi ([B,] — [B:])

This can be expressed in terms of the configurational distribution functions
¢, and ¢, and of the concentrations [A;] and [A;] of the donors:

01 _ [Ap]
ot +G¢1 = kn [A1](¢'2 1)
Op2 [A4] 24
— 1 _
pos +G¢a = k1a [Az]'(% ¢2)
Introduction of §= —DV? as the time evolution operator gives
A
a—i%l =D,V2%¢, +ky [44) (62 — ¢1)
[A,] (25)
3 A
32 o Dyt kis 22 (g, — 4)

at [A2]
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where D; and D, are the relative diffusion coefficients of B towards A; and
A, respectively. The reasonable assumption that D, and D, are equal can be
made, since A; and A, are the same molecule:

Dy =~ Dy =D

3.1.2. Time evolution terms of ¢; and ¢, forg < r< ¢’
In the absence of intersystem crossing between A; and A,, we would
write for example for A,

3[B 11) - ag?:l

4nNo '2D( + NVika [Bi]

ol

where [B]] and [B3] are the values of [B1(r, )] and [Ba(r,t)] respectively
foro<r<o'.

When there is an exchange between A, and A,, following the same
principle as in Section 3.1.1, this becomes

NV, [B3(t + dt)] Ny (t + d¢t) = {NV4[B3(t)] + 4nNo'2D(3[B,]/or): —
— ke NV [BI (1IN, (t)(1 —dt/my) +
+ NV, [B3(¢ + dt)] ko dEN, (& + dt)

which leads to
d[B; B
nv, AT 41rNo'2D(a[ ‘]) — ko NVL[B3(D)] +
dt or /g
[Az]
+ NVykyy —— {[Ba(t + dt)] — [Bi(¢ + dt)]1}
[A4]
and
d¢S 41rNo'2D(a¢1) . [A2] o
= — ) —k, + R
dat NV, or ). 1H 2 [A1](¢2 1) 26)
d¢s 41rNo'2D(a¢2 ) [A:]
= — ] — ket + kR —
3 GARES 202 12 1A ] — ($1 — ¢2)
3.1.8. Time evolution of [A;] and [A;]
The rates of change of [A;] and { A,] with time are given by
d[A
<[it i (R1o + k12 + ko1 ([BD91)[A1] + kan[A2]
(27)
d[A.]
ar = — (kg + Ry + keal[BD¢2)[A2] + k12[A4]

The set of six relationships (25), (26) and (27) defines the evolution of
the reacting system.
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3.1.4. Problems arising in the solution of the system

As the mathematical system defined is non-linear, it is not possible to
find an analytical solution in Laplace or Fourier spaces. The only possibility
is to carry out a numerical resolution leading to the values of [A;] and {A,]
and therefore to the yield of energy transfer from A; and A, to B. One
example is shown in Figs. 5 and 6 where ¢, and ¢, are represented to illustrate
the effect of the exchange between A, and A,.

3.1.5. Remark on ‘‘superquenching”

An interesting example is the case where A, for instance is not liable to
be quenched by B (k. = 0) whereas A, can be quenched. Under these condi-
tions ¢q(r, t) is always higher than ¢, (r, t) and its contribution to the value of
¢1(r, t) leads to a value of ¢; much greater than that which would be expected
in the absence of exchange between A; and A,. This constant ““feeding” of
¢1 leads to a deactivation which is more effective than when k15 = kg = 0.
This effect of “‘superquenching” is pictured in Figs. 5 and 6.

3.2. Study of the particular case where k.; = k.,

3.2.1. Expression of ¢; and ¢3

The system defined in Section 3.1 cannot be sgolved in the general case
but a resolution can be carried out when k., = k.. Under these conditions
we have indeed ¢, = ¢, = ¢ and ¢; = ¢3 = ¢° since the diffusion and the

¢1 (r.H ‘ CD2 ("‘,')

] i 2 a 1 2
r"/r’— 1 I"‘/q"— 1

Fig. 6(a) (for caption see overleaf)
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1 (~o1) $2 (~.1)

. | ' 2 ] i 2
r/e-1 r/e_

(d)

Fig. 5. Time evolution of the distribution function for r > o’ (probability of formation of
Aj,a; =0.4; probability of formation of Ay, 02 =0.6;0 =10A;D=1.0x 107° em2 671,
ko = 0.5x10%8 2 kag = 1095 1;([B]) = 0.1 mol 171 ; kg fkg = 9; kea/kg = 0.25): (a)
o=10 A,k:lz =kgy =0, Ay ZAf;(b) o=10 A, k15 =0,ks =0.25X10 8_1,A1 zAz;
(c)0=10A ki3 =ky; =109s71 A, 2 A,;(d)o=6A4,k1p=ka; =109s1, Ay 2 A,.
The distribution functions ¢y and ¢4 are plotted for the following times (in nanoseconds):
t=10"3n2 forn=0- 14.

disappearance of B around A,; and A, are identical. The system giving ¢ is
then reduced to

99
ot ¢
(28)
, a¢) dg° o
koo'\— ) =N +k,
0? (at - Vi—gp ket

The solution of such a system has already been carried out [3], leading
to the following value* of ¢°(r) of ¢(r,t) at distance o':

*In the case where @(f§ + 1) < %, which is the usual case.
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Fig. 6. Time evolution of ¢} and ¢3 (values of the distribution functions ¢; and ¢ in the
reacting range) under the same conditions as those given in Fig. 5.

rO= 3 1 1 'y(zlmfi 7)eXp}(12;7)2"}“&;(1;;)71’2} *
* 7_(:13?7) *P rferte] ) (29)

with y = {1 — 4(8 + 1)a}"/? and where § = k. /ko, @ =3 {1 — (o /s")%} and
= Dt/oZ.
In particular, when « = 0 we obtain the relation

LB

g+1 g+1

This relation is close to that proposed by Nemzek and Ware [b], by
Owen [15] and by Collins and Kimball [16]. However, this expression
corresponds to the case where ¢' = 0. These authors assume ¢’ > o, but do
not take into account the accumulation of B corresponding to the term
NV,1(29¢/01).

For values of  greater than about unity (i.e. ¢t around 1071 g in usual
solvents) these relations reduce to

31 i i 1 (1:)1,2 % | (31)

exp{(8 + 1)?r} erfc{(8 + 1)'/?} (30)

$i(r) =

¢ () = Y]
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4 T T

e

1/7< (B)> mokeut 1/< {(B)> mole-".1

1/<(B)> mole A
(c)

Fig. 7. Variations of the inverse of the yield p of transfer from A; and Az to B, with the
inverse of the concentration ([B]) of the acceptor (probability of formation of Ay, @) =
0.4; probability of formation of A, 3 =0.6;0' =10A; D=0.1x10"%em2 s71;kyg =
0.2X10° s71;kog = 0.8X102 571k /kg = 3):(a) Ay & Ag, k12 = kg = O (relation (35));
(b) Ay 2 Ap, k12 =0, kg = 0.2x10° 571 (relation (36)); (c) Ay < Ag, k35 = 0.8 X10°
s, kg =0.2x10° s~1 (numerical solution). In each case curve 1 is drawn neglecting static
quenching and non-stationary diffusion, curve 2 is drawn assuming 0 = o'=104A (no
static quenching) and curve 3 is drawn taking into account both static quenching and
non-stationary diffusion (o = 6 A).

3.2.2, Time evolution of [A;] and [A,] when k,; = k.; and k5, = 0

The resolution of system (27) cannot be carried out analytically except
in particular cases. However, a numerical solution can be obtained and leads
to the results shown in Fig. 7.

In the case where kg = 0, system (27) can be reduced and solved, lead-
ing to an approximate solution for the mean concentration of A; under
constant excitation:
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kok -1
~ L (XN) exp (—NV{{BD) (1 2 f‘;<[B]>) (32)
kO + kc

([A, ]
A1 Dmp-0

where 7] represents the natural lifetime of A, (1/77 = k1o + R12) and

L) = f exp (—a,u — Mul?) du
0

with
1 k. ko
a; = — + (B
Ty kc + ko
and
, 20’ kckoT;([B]) ( kE.Ro )_1’2
AL = 1+ LB
L @Dr)YE (ke + ko)? ke + ko ! [B]
Also
A
EAII]" ~ exp(—NV([B]) exp (—a; t — bt"'?) (33)
1
where [A,]° represents [A;] at time ¢ = 0 with

kc2k0 20"
b =
(ke + ko)? (nD)'/?

From this simplified relationship the time evolution of A, can be
calculated.
(1) In the case when k5, =0

([BD

A
[ 2]o ~ exp(—NV{([B])) exp(—azt_btll2)
[A.]
where [A,]° represents [A,] at time ¢ = 0 with
1 k.k
ay= — + ———(B)

T; k. + ko
and 7% = 1/(kgg + ko1 ) = 1/kg in the present case.
(2) When &y, # O
exp(—NV{{(IBD
[Az] = i 1(BD) [k12[A1]1° exp(—a;t —bt1/2) +
Qs — a4
+ {(az — a;)[A2]° — Ry2[A;]°}exp(—azt —bt1/?)]
leading to
qAD 1 exp(—NVL(BD)
A2 qsp=0 72(71k12{A11°+ [AL]°) az —ay
kis[A41° (62 —a1)[A2]°—ky2[A,]°

X{———=I(\) +
a Gg

EATER
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with

2’ k,fkor;([B])( L, _Poko

A =
2 (nDr3)? (R + ko)? ke + ko

‘r;([B]))
and
I = f exp (—aqu— Aau'/?) du
0

3.2.3. Yield of sensitization
In the case of A, this yield is readily expressed using relation (22)

kok 1
P =1—I()exp(—NVi(BD) (1 + =2 r3(BD )
ko + kc

However, in the case of A, the calculation is more complicated. We define
the probability at time ¢ = 0 as p, 4. Then

P2,s =1 —exp(—NVi{[BD)
We define the probability at time ¢ > O as p; 4. Then
{[A:2]

([A2]) ¢Bp=0

This leads to the following expression of the total sensitization yield by
A, and Ap:

Pa2a= 2.8

_ I()exp(—NVi([BD) ‘ .

PA,,A,—>B=¢'1§1 °
@73

+ay (1 — {exp(—NV([B])} X

1 T3T2 X
T2(T1R120 + @p) 77 — 73
IS I(x
X [km‘h (a]) + {(az —ay)ag —Rypa3} 2 2)]) (35)
1 2

This complicated relationship was used to draw the curves shown in
Fig. 7 which show the complex influence of {[B]) on the yield of sensitiza-
tion. Taking into account the experimental accuracy and the number of
parameters involved, it does not seem likely that this type of experiment for
the determination of p,, p,, 71, 72, 0’ etc. can be easily exploited. Then, as
we have pointed out in the introduction, high concentrations of acceptor B
are often required and it is often necessary to look for very effective reactionsg
the rates of which are diffusion controlled, in order to characterize excited
states of short lifetime. Thus, we have shown how difficult it is to obtain
specific parameters from experimental data when two excited donor states
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A, and A, interact and have a short lifetime (about 1 ns for example). In
contrast, if the lifetimes of A; and A, are long enough (much more than
10 ns in usual solvents) linear relationships such as those presented in ref. 1
can be successfully used.

3.2.4. Case where there is no exchange between A; and A,
In this particular case, we have therefore k5; = 21, = 0 and the kinetic
treatment of the sensitization process can be carried out. This has been done
in the case of reactions with diffusion-controlled kinetics [4, 13, 14]. Rela-
tionship (35) yields
oy I(Ay) + azl(A3)

Pa,a B =03 + 0z — exp(—NV1<[B]>)§ ’ .
a7y Q2T 2

(36)

which is illustrated in Fig. 7.

4. Conclusions

We have shown in this work the tricky problems that arise when the
experimenter wishes to carry out a complete kinetic treatment of the sensiti-
zation reaction of a species B by two electronically excited species A; and A,
which interact. When the lifetime of these latter species is relatively long
(much more than 10 ns in usual solvents) the relationships reported in ref. 1
remain valid as long as the concentration of acceptor is low enough to prevent
static quenching. In contrast, for shorter lifetimes of the donors, or for
solvents of higher viscosity, non-stationary diffusion is no longer negligible
and static quenching occurs. These phenomena alter greatly the kinetic
relationships describing the reacting system,
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Nomenclature

A reactive species

A%, Aq, Ap excited states of a reactive molecule

AL D, ([A2D mean concentrations of Ay and A, under continuous excitation
A1D¢BI=0> mean concentrations of Ay and Ag in the absence of B

(A2 DB1-0

B reactive species

[B(r,t)1, [B1(r,t)], local concentrations of B molecules around A or A*, A; and Ay
[Ba(r,t)] respectively

[B°], {Bi].[B3] local concentrations of B molecules between ¢ and ¢’ relative to

Aor A%, A, and A,



(B
D, Dy, D,

J

k(r)
ko
kcv kcli kcz

ka(t)
k, kyo, k11, k20, k21

N

Ny (t), No(t)
b, P, Pa
PAA,—B

r

t
Vy
\Z]
vz

Greek symbols

o
a;, Qp

Y
o

r

@(r,t)
¢9 ¢l s ¢2

¢°, 61, P2

References

B GO

(1979) 39.

[

(1970) 417.

197

mean concentration of B molecules in the bulk of the solution
diffusion coefficients relative to A or A®, A; and A,

time evolution operator

flow of particles

rate constant of the reaction of one molecule A with one molecule B
diffusional rate constant 4nNo'D

bimolecular chemical rate constant of the reaction of B with A
or A*, A; and Ay

apparent rate constant of reaction )

rate constants of the disappearance and formation of A or A*, A;
and Ag in the absence of B

Avogadro’s number

number of molecules A; and Ag at time ¢

probabilities of photosensluzatmn from A or A*, A; and A,
probability of sensitization of B* from both the A1 and Ag states
distance between A or A*, A; and Ay and B

time

reaction volume

apparent reaction volume

laplacian operator

coefficient equal to = {1 —(0/0')®}

probabilities of formatlon of the two excited states Ay and Ag
coefficient equal to k./kg

coefficient equal to {1 —4(f+ 1 )t:!}ll2
encounter distance

limit of the “reaction volume”
[(B(r,e)IX[B]D

configurational distribution functions relative to A or A*, A; and
Ay

values of ¢(r,t) between 0 and 0’ around respectively A or A*, A,
and A2

P. J. Wagner, J. Photochem., 10 (1979) 387,

d. C. André, M. Niclause and W. R. Ware, Chem. Phys., 28 (1978) 871.

J. C. André, M. Bouchy and W. R. Ware, Chem, Phys., 37 (1979) 103.

d. C, André, M. L. Viriot, M. Niclause and W. R. Ware, React. Kinet. Catal. Lett,, 12

T. L. Nemzek and W. R, Ware, J. Chem. Phys., 62 (1975) 477.
d. B, Birks, M. Salete and S. C. P. Leite, Proc. Phys. Soc. London (At. Mol. Phys.), 3

7 M. von Smoluchovski, Z, Phys. Chem, (Leipzig), 92 (1917) 129.
8 G. Wilemski and M. Fixman, J. Chem, Phys., 58 (1973) 4009,
9 M. Doi, Chem, Phys., 11 (19765) 107, 115.
10 R, C, Sahni and J. N. Cooley, Derivation and tabulation of molecular integrals, Suppl.
I, NASA Tech. Note D-146-1, 1959.
11 D. L. Dexter, J. Chem. Phys., 21 (1953) 836.
12 T. Forster, Z. Elektrochem., 64 (1960) 157.
13 P. J. Wagner and C. P. Chen, J. Am, Chem, Soe., 98 (1976) 2309,
14 P.J. Wagner and B. J. Scheve, J. Am. Chem. Soc., 99 (1977) 1858.
156 C. 8. Owen, J. Chem, Phys., 62 (1975) 3204.

16 F. C, Collins and G. E. Kimball, J. Colloid Sei.,

4 (1949) 425.



