Diffusion-influenced excimer formation kinetics®
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A model for reversible monomer-excimer kinetics is developed, taking into account that
different distributions of monomers around the excited ones are created by light absorption
and excimer dissociation. The excimer formation rate coefficient departs from the Collins—
Kimball equation owing to reversibility, originating significant deviations to Birks’ kinetics in
the monomer and excimer decays. The contribution of the geminate pair created by excimer
dissociation on the overall kinetics is significant for low monomer concentrations and high
viscosities. Simultaneous analysis of the monomer and excimer decay curves according to the
model developed should allow to extract all the relevant information concerning the excimer

formation diffusion controlled process.

I. INTRODUCTION

The appearance of a broad structureless emission in
concentrated solutions of aromatic compounds was first ob-
served for pyrene by Forster and Kasper.! This emission was
attributed to the formation of an excited dimer,' or ex-
cimer,? on the encounter of a monomer in its first excited
singlet state with other monomer in the ground state. Ever
since, the same phenomenon was observed for many other
organic and inorganic compounds in the condensed and gas
phases.’> The mechanism for the excimer formation process
was proposed by Forster and Kasper without allowance for
reversibility.!® In latter work by Williams inclusion of re-
versibility was found necessary,* and the mechanism modi-
fied accordingly.* The kinetic equations of the mechanism
were solved by Birks, Dyson and Munro® assuming that the
excimer formation process is diffusion controlled with a rate
constant equal to the long-time limit of the Smoluchowski
equation.’

Since the rate coefficient for diffusion controlled pro-
cesses was obtained by Smoluchowski® for the case of nonin-
teracting spherical particles diffusing in a continuous medi-
um, many theoretical studies appeared, clarifying and
extending Smoluchowski’s pioneer results.® In particular, it
is found that the rate coefficient is time-dependent owing to a
non-steady-state distribution of reacting molecules at early
times. This was directly confirmed by time-resolved fluores-
cence quenching measurements. '°

Monomer-excimer kinetics are generally studied using
time-independent rate coefficients (Birks’ kinetics® ). Nev-
ertheless, the excimer formation step is diffusion controlled
and a time-dependent rate coefficient should be used. This
was experimentally established for both excimer!!"!2® and
exciplex'*® kinetics in solution. Although different ap-
proaches were used to analyze the decay data, all these stud-
ies assumed that the excimer/exciplex formation rate coeffi-
cient is given by the Smoluchowski equation. For reversible
systems, this is clearly a poor approximation, as “‘transient

*) Dedicated to Dr. J. C. Conte, 1938-1990.
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effects” are repeatedly reoccurring, Several authors'®!*
have recently adressed the theory of reversible diffusion-in-
fluenced bimolecular reactions. Lee and Karplus' used a
formalism based on a hierarchy of phenomenological kinetic
equations for the reduced distribution functions of the reac-
tant molecules and Agmon and Szabo'* use modified
boundary conditions in the evaluation of the survival proba-
bilities to introduce reversibility. The particular case of mon-
omer—excimer kinetics was addressed by André, Baros, and
Winnik'® following the principle of superposition of config-
urations.

Here, a model that considers the successive generations
of monomers and excimers created at different times due to
the consecutive processes of excimer dissociation and forma-
tion is used to obtain the excimer formation rate coefficient.
The model also accounts for the fact that excited monomers
created via light absorption and excimer dissociation have
different distributions of ground-state monomers, this being
mainly due to the pair of monomers (excited plus unexcited)
created by excimer dissociation. The geminate pair contribu-
tion is significant for low monomer concentrations and high
viscosities when excimer reversibility is considerable. It is
found that the excimer formation rate coefficient depends on
monomer concentration, monomer and excimer lifetimes
and excimer dissociation rate constant, the Smoluchowski
(or Collins—Kimball) expression being recovered only when
the dissociation step is negligible. The model allows simple
relationships between the excimer and monomer decay
curves that can be useful in the analysis of the experimental
results in contrast with previous approaches.’*!* In particu-
lar, the contribution of the geminate pair to the excimer for-
mation rate coefficient can be calculated.

In Sec. I1 the model is presented and both the excimer
formation rate coefficient and the monomer and excimer
concentrations time evolutions are explicitly obtained con-
sidering both identical and distinct distributions of mon-
omers around the excited ones created by light absorption
and excimer dissociation. In Sec. III numerical calculations
are performed in order to study the effect of concentration,
excimer reversibility, diffusion coefficient, and pair effects
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on the excimer formation rate coefficient and monomer and
excimer decay curves. At the end the main conclusions of the
treatment proposed are summarized and a method of analy-
sis of the experimental decay curves presented.

Il MODEL

Consider the monomer—excimer kinetic scheme

" < (1) "
M+ M <« — D

\ /

7 rd

CHON N /L
M 4+ M

where excited monomer (M *), produced at a rate I(¢), may

decay at an intrinsic rate ['; = 1/7,, 7, being the monomer

lifetime, or may react with unexcited monomer (M) by a

usually diffusion-controlled process to yield the excimer

(D *). This may reverse back to the excited-plus-unexcited

monomers with rate constant k, or decay at an intrinsic rate

I', = 1/7,, 7, béing the excimer lifetime. The forward rate

coefficient k, is in general time-dependent owing to the time

evolution of the distribution of M around M *.

For & production of M *, and in the absence of reversibi-
lity, the rate coefficient k, is given by the theory of bimo-
lecular diffusion-controlled processes.® Neglecting hydro-
dynamic forces and interaction potentials the
pseudofirst-order rate coefficient for molecules diffusing in a

continuous medium is given by the Collins~Kimball for-
mula'®

kis (1) = [M1[a + b exp(c*t)erfe(ct )], (1)

where [M] is the monomer concentration (mol dm?),

erfc(x) the complementary error function and
1

a=—- (2)
l/ar+ l/aR
b=~ (3)
ar
1/2
c=(1+“—")p , (4)
. ar R
with
ag =k, (5)
47DN,R
= A2 6
T =000 : ©

D being the mutual diffusion coefficient of M and M*
(D=Dy +D,;,), R the encounter radius, N, the Avoga-
dro’s number and k,. (M ~'s — 1) the intrinsic rate at this
distance. When 'k, is very large, (or more generally, for
¢t %3 1), the well-known Smoluchowski equation is recov-
ered
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For a general production rate of excited monomers, P,
that continuously creates a distribution of monomers identi-
cal to that produced by the initial § pulse and assuming lin-
earity, i.e., absence of interference and saturation effects,

[M*]=P sf, (8)

/i being the survival probability of the excited monomer and
® denoting the convolution integral. Similarly, for an ex-
cimer production rate P, one has

[D*] =P, 8f, 9

/> being the survival probability of the excimer. The survival
probabilities are given by

fi(0) =exp(— F,t)exp[ —f kw(u)du] ,
o

L (1) =exp(—T,1)exp( — k,1). (11)

Reversibility creates excited monomers, via excimer dis-
sociation, at a rate k, [ D *]. The excited monomer produc-
tion term is therefore composed by an external component 7,
owing to photon absorption and by an internal component
k, [ D *]. The excimer production term is on the other hand
P, =k, [M*], since excimers are only created in the ex-
cimer formation step. Hence,

Py =I+k[D*], (12)
P, =k [M*]. (13)
Assuming that the distribution of monomers around the ex-

cited one is identical for both external and internal produc-
tion terms, Egs. (8) and (9) apply, yielding

(10)

(M*] =T+ k,[D*])ef, (14)
[D*] = (k, [M*]) of,, (15)
with!”
k1=Pl®(kl¢ifl):(I_*‘kZ[D*])@(kl&fl) (16)

P sfi I+ k[D*])ef
This being different from k.
Application of Laplace transform .# to Egs. (14)-(16)

allows the separation of [M *] and [D *], these being ob-
tained after Laplace inversion as

[M*|=IgJ&f,, (17}

[D*l=IeJe (kisfi) ®Sss (18)
I

k, = J® (kisf1) =I®J®(k,5f,) ’ (19)

IeJef, [M *]
where the secondary production rate J is given by

- 1

J= l[ ] (20)

1 — Zkisf/i 1-L k12 ] '

The time evolutions of the monomer and the excimer, Egs.
(17) and (18), respectively, were obtained before by Sien-
icki and Winnik'® by an iterative procedure and Vogelsang
and Hauser'® using the concept of convolution kinetics.

If the process of excimer formation is irreversible
(k, = 0),thenJ = §(¢); otherwise it is a composite function
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of 1, 5(¢) plus a bell-shaped function. The shape of the sec-
ondary production rateJ is best seen by its calculation within
Birks’ kinetics (time-independent &, = a[M ]). From Eq.
(20) one obtains

ki k,
J=56+
, —
where A, and A, are the decay constants in Birks’ monomer—
excimer kinetics

Az =34y +4y) +J(dy — A7 + 4k, K, }, (22)
Ay, Ay being given by

Ay =T, + %, (23)

Ay =T, +k,. : (24)
The significance of Eq. (21) is clear: superposed to the direct
production by external means (photon absorption) is a de-
layed term that closely parallels the excimer time evolution,
resulting from excimer dissociation back to excited mon-
omer, that creates a time lag between external and internal
production contributions. These findings are not qualitative-

ly modified upon consideration of the transient contribution.
In fact using the identity

(e M — e, 2n

H

Je (ksfi)ok,fy =J -6, (25)
one obtains from Eq. (18) that, for I =6,
J=6+k,[D*] (26)

hence a time lag between external and internal production
contributions always arises. -

Nevertheless, the assumption made of an uniform distri-
bution of monomers around the excited ones created by ex-
cimer dissociation is a poor aproximation at least for low
monomer concentrations and high viscosities. Indeed, the
contribution to the overall excimer formation rate coeffi-
cient of the pair of excited plus unexcited monomers in prox-
imity created by excimer dissociation should be important
since the other monomers are far apart and the viscosity
prevents on the one hand the “dissociation” of the pair and
on the other hand the approximation of the other monomers
towards the excited one. The model can be extended to in-
corporate these effects since the rate coefficient for the distri-
bution of monomers around the excited one created by ex-
cimer dissociation, & |4, is known. If all the monomers but
one are randomly distributed, and that one is at the encoun-
ter distance, as is approximately the case (see Sec. IV), the
rate coefficient has a simple expression given by*® (Appen-
dix A)

dink,,
dr

The first term of Eq. (27) is related to the distribution of
monomers around the excimer just before dissociation while
the second refers to the geminate pair of monomers (excited
plus unexcited) created when the excimer dissociates. Mon-
omer and excimer concentration time evolutions [ Egs. (14)
and (15)] should be modified given the presence of both
types of excited monomers, hence

M*]=Ief, +k[D*]ef], (28)

kis=ks—

(27)

[D*)=[kiUef)]of + [ki(k[D*]ef)] of,
(29)

k{ and k| being the rate coefficients for external and inter-
nal production of excited monomers, respectively,

ke_IQ(klafl)

= , 0
1 Tof (30)

i _ RalD*l e (kiafi) an
‘ k[D*lef;

and

1) =exp( — I“lt)exp{ —J k{,s(u)du}, (32)-
(¢

this being the survival probability of the monomers created
by excimer dissociation.

Application of Laplace transforms to Egs. (28) and
(29), now gives

M*]=Iof, +I0J' e (kisfi) @ (kL) ef], (33)

[D*] =IeJ' & (kf,) 8, (34)
with
J— g 1 ] (35)
1= Z[kief11Z kot ]

Equations (33)-(35) are therefore a more general model for
monomer—excimer kinetics.

Within the present formalism, the usual rate equations
of formal kinetics

5’-[-3@=1+ k,[D*] — (T, + k) [M*],  (36)
d[z*] — &y [M*] — (T3 + k) [D*] 37)

still hold, provided k;, is a generalized rate coefficient, given
by (Appendix B)

_I@(kmfl)+I®J'®(k1&f1)®(k7fz)®(kiafi)
Ief, +IsJ & (kisf,) ® (kfs) ®f)

1

(38)
Using again the identity similar to Eq. (25),
J'e (kisf1) ek, f, =J — &onecanrewrite k, as
IeJ'® (k
1=;®___(‘_‘5f‘), (39)
(M*] '

which still has the form of Eq. (19). Adding Egs. (36) and
(37) one obtains

2 (M) +[D*D) =I-T, [M*] ~T,[D*],  (40)
which can be written in an integral form in two alternative
ways,

[M*] + [D*] =Teexp(—T,1)

+ (I, =T [M*]eexp(—T,1),
(41a)
[M*] + [D*]=Toexp(—T,1)

+ ('), =Ty [D*]eexp( —T' o).
(41b)
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These equations relate monomer and excimer in a simple
way. Note also that Eq. (37) implies a simple convolution
relation between monomer and excimer,

[D*] = (k [M*])ef,. (42)

This relation resembles the one obtained in Ref. 15, but with
the important difference that k,; has been replaced by k; .
" This difference remains even in the case of equivalent exter-
nal and internal production terms, where k, is given by Eq.
(19). Only when the external production term is a  function
and k, = O is the rate coefficient equal to k5.
When the primary production rate I(¢) is of 6 type, the
time-dependent rate coefficient becomes

(ki) + la[D*] 8 (kisfD)
fi +k(D*lef;

It can be anticipated from this relation that a limit value,
k, (), will be obtained for sufficiently long times.

It is of interest to put bounds on k; ( o0 ). The lower bound is
attained for irreversibility conditions (k, = 0),

k, (43)

ki(0)=lim k5(t) =a[M]. (44)
t—
On the other hand, when k, is very large, [ D *] rises very
fast, and then decays at a slower rate. If this decay is suffi-
ciently slow so that {D *] is approximately constant on a
sufficient time scale,
S |

k¥ =lim

Lo (kisfi) + 1, 8T @ (kisfi) @ (kyf3) @ (kisf1)
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k1(°°) - <k15>

=£ kis(0)f1 (t)dt/f fi(nadt,
0

hence the decay-weighted rate coefficient &, is obtained, as
occurs in an irreversible system for the photostationary
state.

Whenever k, (o0 ) is attained very fast compared to the
time scale of the overall decay, Birks® kinetics (time-inde-
pendent rate coefficients) become approximately valid as
the rate coefficient k; is time-independent. In such a case,
therefore, Birks behavior is expected, but with a rate con-
stant k, given by k, () and not by lim,_, _ k,5(#).

The photostationary state, i.e., the limit of large time
when the primary production rate is constant, I(t) = I, is
obtained from Egs. (36) and (37) as

(45)

I,

M* s =TT 46
[ar*] ra+iwm 0

I
[D*]y = —"——, 47)

r(1+h) (
A being given by

(& r
p=—ratl) (48)

Lk?

which is a generalization of the analogous equations in Birks’

kinetics,®> with the rate constant & §* given by

tmoo Lyofi+I,9J' e (kisfi)e(kf,)ef]

Note that owing to the concentration dependence of k 7', z is
also concentration-dependent. The corresponding equation
for equivalent external and internal production of excited
monomers is recovered for k {5 = kys.

lil. NUMERICAL RESULTS

Monomer and excimer decays, as well as the forward
rate coefficient k, are now numerically computed for several
realistic cases, assuming a § pulse as the external production
rate. The results obtained according to the convolution mod-
el for both equivalent and nonequivalent modes of external
and internal excited monomer production are compared
with those obeying Birks’ kinetics.

The monomer and excimer decay curves for nonequiva-
lent excited monomer production modes were calculated
from Egs. (33) and (34) with I =, and the counterpart
equations for equivalent production modes from Egs. (17)
and (18). The secondary production rates J [ Eq. (20) ] and
J' [Eq. (35)] were evaluated by numerical inversion of the
Laplace transform (Appendix C). The forward rate coeffi-
cient was calculated for both equivalent [ Eq. (19) ] and non-
equivalent [Eq. (39)] excited monomer production modes
after knowing [M *].

The decay curves and rate coefficient k, were evaluated
using monomer and excimer lifetimes, respectively, of 10

(49)

r

and 20 ns, monomer concentrations varying between 102
and 1 M and within each concentration for various degrees
of reversibility, the backward rate constant &, taking values
between 0 and 10% s ~*. The rate coefficient k,; was calculat-
ed by the Collins—Kimball expression [Eq. (1)] with
D=10"%cm®s 'orD=10"%cm?s™ ', R = 8 A and the
intrinsic rate constant k, = 10" M~ 's~ ",

Figure 1 shows the time evolution of the forward rate
coefficient k,, calculated for [M] = 0.1M and D=10"°
cm?s ™' for k, = 107 s~ ! and k, = 10® s~ ! taking and not
taking into account pair effects.

For short times k; decreases with time as k4, since at
early times only the excited monomers created by photon
absorption are important. With the passage of time reversibi-
lity creates a new kind of excited monomers that decay with
a higher rate coefficient (k {;) leading to a progressive in-
crease of the overall rate coefficient. This growth is the more
important the higher k, this being especially notorious when

 pair effects are considered. The depart of k, occurs early for

larger k,, attaining for long times a near constant value. The
contribution of the geminate pair recombination is signifi-
cant for both k, values, the rate of growth being slower for
the smaller backward rate constant k,. For k, = 10° s ™!
reversibility is unimportant and the rate coefficient k, is near
k.5 over the time range of interest. This explains why a good
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FIG. 1. Excimer formation rate coefficient vs time with D = 10 " *cm?s ~,

[M]=0.1Mandk, =10°s~"' (1,1'); &k, = 107 s~ ' (2,2'). The curves la-
beled withouth a prime were calculated from Eq. (19) (without pair ef-
fects) and with a prime from Eq. (39), considering the geminate pair contri-
bution. (0) Collins—Kimball rate coefficient calculated from Eq. (1).

fit was obtained for the simultaneous analysis of the excimer
and monomer decay curves of pyrene solutions,'' near room
temperature (k, ~10® s~ ') using the convolution relation
42 with k, = k,5, which allows the evaluation of D and R of
the Smoluchowski’s equation. Nevertheless, the use of the
Smoluchowski rate coefficient is always an approximation,
and not an exact result. In order to see the influence of the
diffusion coefficient we plot on Fig. 2 k, for D= 1073
cm?s~ ! and D = 10~ ° cm? s ! maintaining the monomer
concentration equal to [M]=0.1 M, and k, = 10® s %,
Comparison of the set of curves with and without pair effects
for both diffusion coefficients clearly show the increasing
importance (for long times) of the geminate pair recombina-
tion contribution with the decrease of D.

This is understandable since the decrease of D on one
hand makes pair separation difficult and on the other hand
prevents the approximation of the other monomers towards
the excited one. The growing of k, with time is slower for
D =10"°cm?s~ !, essentially due to the shape of the ex-
cimer decay [see Eq. (43)]. Indeed after the minimum, &,
increases with the rise of the excimer attaining a quasista-
tionary value when the excimer decay can be considered
nearly constant [see Eq. (45)]. As the rise time of the ex-
cimer decreases with an increase of D, the rate of growth of
k, is lower for the lower diffusion coefficient. In order to see
the influence of monomer concentration the rate coefficient
k, was ploted in Fig. 3 maintaining D = 10~ ¢cm?s~! and
k, =100 s for [M]=10">M, [M]=10""'M, and
[M]=1M.

The higher the monomer concentration the smaller are
the differences between the curves calculated with and with-
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FIG. 2. Excimer formation rate coefficient vs time with k, = 10® s~ ,
[M]=0.1M,and D=10"%cm?s~' (1,1'), D=10"%cm?s~' (2,2).
The curves labeled without a prime were calculated from Eq. (19) (without
pair effects) and with a prime from Eq. (39), considering the geminate pair
contribution.
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FIG. 3. Excimer formation rate coefficient vs time with k, = 10° s,
D=10"° cm’s~' and [M] =001 M (1,1, [M]=01 M (2,2,
[M}=1M (3,3"). The curves labeled without a prime were calculated
from Eq. (19) (without pair effects) and with a prime from Eq. (39), con-
sidering the geminate pair contribution.
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F1G:4. Monomer and-excimer decay curves with [M] = 0,1 M, k, = 10°
57 and D'=10"%cm?s ' (a), D= 10> cm? s~ (b). (0) -According to
Birks>model; (1) from:Egs. (17) and (18) (without paireffects); (1') from
Eqs..(33) and-(34) considering the geminate pair contribution. Excimer
decay curves are normalized with respect to the maximum of the highest
one in each figure.

out pair effects. This is expected since at higher monomer
concentrations, the uniform background concentration
should prevail over the comparatively small change due to
pair formation/dissociation, and k|, approximates k.
Nevertheless, differences are still significant for the highest
concentration -considered, 1 M. The time evolution of the
forward rate coefficient for sufficiently high values of [M]
and/or k; shows a minimum for short times and attain very
quickly a near constant value for longer times. This mini-
mum is shifted towards smaller times with the increase on:
concentratlon, occurrmg in the subnanosecond or even pico-
second time region for high:enough concentrations. In this
case approximate Birks’ behavior is expected with a rate con-
stant k, differing from lim, __ k. Similar results were ob-
tained by André, Baros, and Winnik'® using the prmc1ple of
superposition of configurations. However, these authors
were not able to obtain analytical expressions for the decay
curves and rate coefficient, Wthh limitates the applicability
of their model.
Monomer and excimer profiles are shown in Figs. 4 and
5 together with the results from  Birks’ kinetics with
k, =lim,_  kis=a[M] . :
_From the above results it is seen that deviations to Birks’
kinetics are the rule with the present model. These are clear-
ly shown on the excimer decay curves, that owing to the
transient contnbuuon of, the excimer formation rate coeffi-
cients have shorter rise tlmes than Birks’ kinetics pred1ct
The set of Figs. 4(a)—-4(d) show for a monomer concentra-

10°

im*]

10™!

TTTITHT

(=}
-
(=3

10°

(m*1

T TTTT7

107!

T

o 10 20 . 30 0 10 20 30
. t/ns t/ns

FIG. 5. Monomer and excimer decay curves with-[M] = 0.01 M, k, = 10*
s 'and' D'=10"%cm? s~ ':(a),; D="10"*cm? s~ "(b). (0} According to
Birks' model; (1) from Eqgs. (17) and (18) (withoutpaireffects); (1') from
Eqgs. (33) and (34) considering the geminate. pair contribution. Excimer
decay curves are normalized with respect to the maximum of the highest
one in each figure.

tionof 10! M and k, = 10%s~! the inﬂuence of the diffu-
sion coefficient (D= 10~° cm® 25=1, ' D=10""cm ’s™h
on both monomer and excimer decay curves. The decay
curves show that the geminate pair contribution is higher for
the lower diffusion coefficient, this being particularly: clear
in the excimer decays In Figs. 5 (a)-5(d) is also shown the
mﬂuence ‘of D on both monomer and excimer-decay curves
but now for a concentration of 10~ 2 M. The decay curves
show similar trends as observed in Fig. 4. Comparison of the
set of excimer decay curves in Figs. 4 and 5 indicates that the

geminate pair contribution is higher for the lower concentra-
tion, the opp051te being observed. for the monomer decay.

Although itis true that the contribution of the geminate pair
to k {5 increase with the decrease of concentration the same
need not be observed with k,. Indeed, k, depends not only
on k, 5 but also on the amount of delayed excimer, which
increases with concentration, Therefore to explain the con-
centration dependence of the pair effect these two effects,
which work in opposmon, must be considéred. The same
kmd of reasonmg is apphcable to the variations of k, with k,
or D, since. both parameters mﬂuence the degree of reversibi-

lity.

The shape of the decay curves show that a careful analy-
sis of the experimental curves should provide quantitative

_information on both the time dependence of the forward rate

coefficient and on the contribution of the geminate pair of
monomers. o
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1IV. SUMMARY AND CONCLUSIONS

A model for reversible monomer—excimer kinetics is
formulated under the assumption of linearity for the produc-
tion of excited species. This is reasonable for the low intensi-
ties of excitation light commonly employed. In such circum-
stances, excited species are, on the average, very far apart,
and interference and saturation effects are negligible for phe-
nomena occurring in the nano or subnanosecond time scale.
It is also assumed that light absorption creates excited mon-
omers with an uniform distribution of ground state mon-
omers and that excimer dissociation creates a ground state
monomer distribution that can be described as a superposi-
tion of an uniform distribution plus a pair of monomers (ex-
cited plus unexcited) in contact. While excitation via light
absorption is a spatially random process and therefore corre-
sponds to an essentially uniform radial distribution function
of ground state monomers around the excited ones, excited
monomer production via excimer dissociation can deviate
from the assumed superposition of configurations. Indeed,
the distribution of ground state monomers around the ex-
cimer just before excimer dissociation may not be uniform
since excimers are created from excited monomers with dis-
tributions that are not uniform. Molecular diffusion tends to
reestablish a uniform distribution of monomers around the
excimer. However, this effect is dependent on the rate of
excimer dissociation: For very fast dissociation it is negligi-
ble and the average distribution of ground state monomers
around the excited monomer is close to the one that originat-
ed the excimer. Conversely, for slow excimer dissociation, a
close to uniform distribution around the excimer can be at-
tained before dissociation occurs.

Reversibility is shown to have the effect of making the
forward (excimer formation) rate coefficient depart from
the Collins—Kimball (Smoluchowski) expression. The mon-
omer and excimer decay curves show significant deviations
to Birks’ kinetics, which are more visible in the rise portion
of the excimer decay. The consideration of the geminate pair
recombination contribution influences the decay curves and
the forward rate coefficient, k,, this effect being more pro-
nounced for low monomer concentrations and high viscos-
ities. The expressions of the monomer and excimer decay
curves and forward rate coefficient are very complex, which
makes the analysis of the experimental results difficult.
However, from the simultaneous analysis of the excimer and
monomer decay curves following Egs. 41(a) and 41(b) the
reciprocal lifetime I", can be evaluated (I, is known for
measurements with diluted solutions). On the other hand,
the diffusion coefficient D, the encounter radius R, the in-
trinsic rate constant k, of the Collins—Kimball expression,
and k, can be evaluated from the simultaneous analysis of
monomer and excimer decay curves following Eq. (28).
This relation also allows the estimation of the geminate pair
recombination contribution that is apparent in /. Indeed,
when the geminate pair recombination contribution is negli-
gible /4 = f, and Eq. (28) reduces to Eq. (14).
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APPENDIX A: DERIVATION OF THE ASSOCIATION
RATE COEFFICIENT

The association rate coefficient k {5 applicable to a dis-
sociating excimer (D *) surrounded by an uniform distribu-
tion of monomers (M) is by definition

dInS(1)
d

where I'; is the reciprocal of the monomer lifetime and .S(¢)

is the survival probability of the excited monomer M *. With-

in the independent pair approximation the decay routes of
the excited monomer are independent and so?!

s=—I, — (AD)

S(t) =exp( — I“lt)[l -J h(u)du]
(o}

Xexp{ ——f k,(s(u)du] , (A2)
0

where h(2)dt is the probability that the pair of neighboring
monomers (M *, M) reform the excimer during a time inter-
val from ¢ tot + dt and k,; (1) is given by the Collins—-Kim-
ball equation. It relates with A (z)dt by

ks = [M]ka(l —f h(u)du),
0

as was shown by Noyes.?” Then, by insertion of Eqs. (A2)

and (A3) into Eq. (A1), the association rate coefficient & |,
is obtained as

(A3)

dlnk,;

ki,s:kxa— dt

(A4)

APPENDIX B: DERIVATION OF EQ. (38)

The generalized rate coefficient &k, is defined by the
equations

] r M4+ k(D ¥] - K (M2, (BD)
d ["—f,*] =k [M*] —T,[D*] —k[D*].  (B2)

The monomer concentration is on the other hand given by
(M*]=Ief, +k,[D*]of]. (B3)
Differentiation of Eq. (B3) yields, after some manipulation,

* .
L] 11 M) + 1 (D] - Ukt
+k, [D*¥)okisf1). (B4)
Comparison with Eq. (B1) yields
E 3 . f ’
kl:[@klaf.] +k2[D ]®I\l&fl. (BS)

Iefi +k[D*}ef]
Equation (BS) can also be obtained in a similar way from the
excimer Eq. (B2).
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APPENDIX C: CALCULATION OF THE SECONDARY
PRODUCTION RATE

The secondary production rate J given by Eq. (20), can
be rewritten as

J= g s+t ] 1)
s+, +kG6+T)ZL[A]
by use of the identities
Llksfil=1-6+TDNZLA] (C2)
k, '
LIk =, (C3)
[k2f2] s+, +k

The Laplace transform of f; is numerically computed by
means of the change of variable

<

LA =fd e M (t)dt

. .
= | pmswaa—w u ) du .
J;e f‘(l—u (1—u)

The function exp(x?)erfc(x) was calculated from Das and
Periasamy'%® empirical formula, found superior to other
analytical approximations.*
Calculations of inverse Laplace transforms were made
by the Gaver—Stehfest method.* ‘
The evaluation of J' [Eq. (35) ] was made following the
same procedure.
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