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ABSTRACT: A new scheme is proposed for diffusion-controlled excimer formation between polymer chain
ends. Unlike the Birks scheme,! the new scheme makes no use of rate expressions for excimer formation
and dissociation. Instead, excimer formation is described as the natural consequence of chain end diffusion.
Computer simulation based on the new scheme yields monomer and excimer decay curves similar to the ones
experimentally observed. When used for intramolecular excimer formation kinetics, a convenient and sensitive
method can be developed from this theory for measuring the diffusion coefficients, D, of polymer ends, the
free energy, ¢, for excimer formation, root-mean-square end-to-end distances, Ry, of polymer chains, and

fluorescence lifetimes of excimers, 7p.

I. Introduction

The kinetics of excimer and exciplex formation has pre-
viously been described by the well-known Birks scheme:!

hv Ky
M—= M* + M — D* (1
-1

ik.. ik o

where ky and kp are rate constants for self-deactivation
processes of the excited monomer M* and excimer D*; &,
and k-, are rate constants for the interchange reactions
between M* and D*.

The above scheme has been widely used to describe both
intermolecular?* and intramolecular®$ excimer or exci-
plex formation. When used to describe excimer formation
between two reactive groups connected by a long polymer
chain undergoing Brownian motion, the intramolecular rate
constant k; can be calculated for different polymeric
dynamic models using the-general theory for diffusion-
controlled reactions first proposed by Wilemski and
Fixman’? and subsequently modified by others.10-18
According to Wilemski and Fixman,”9 rates of reactions
between end groups of a polymer chain can be depicted
as the rate at which one end of a polymer chain enters a
sink, such as a reaction sphere of radius R,, selected around
the other end group. The rate constant & has been found
to be time-dependent. At very short times, the reaction
is controlled by the intrinsic rate kCy, where k is the
intrinsic second-order rate constant and Cy is the
equilibrium sink concentration, the portion of polymer
chains that possess the configurations enabling the end
groups to react at time ¢ = 0.18 In the long-time limit (¢
— =), the reaction can be described by a uniquely defined
rate constant kq(t—«) that is independent of k&, the
intrinsic second-order rate constant, if the reaction is
diffusion-controlled.'® Rather, 1/k;(t—) is characteristic
of the longest relaxation time of the polymer chain that
connects the reactive groups. In the intermediate times,
k1(t) has a complicated time dependence.!®

In fortunate cases, k1(¢t) in certain systems actually
reaches its asymptotic value k;(—>) very rapidly (~1 ns)
and the experimental determination of ki(t—«) by
studying excimer formation reactions between groups
attached to polymer chain ends has been possible.19-21
These studies greatly contributed to the understanding
of the dynamic behavior of polymer chains.
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However, the general use of the Birks scheme in
describing intramolecular excimer formation has a few
disadvantages. (1) k,(t) do not necessarily reach their
asymptotic values fast enough in the time domain in which
the experiment is performed. (2) It makes unnecessary
use of rate equations. The reaction of excimer formation
is diffusion-controlled, and it is sufficient to describe the
process by diffusion equations. Due to the unnecessary
use of rate laws, time-dependent rate constants arise
sometimes that are in contradiction to the conventional
definition of a constant. (3) The kinetic description of the
system becomes unnecessarily complex when one intro-
duces the time-dependent rate constant k;(t).22

This paper presents a simple and straightforward scheme
for describing intramolecular excimer formation kinetics.
In this approach, no rate equations will be used for
describing excimer formation and dissociation. Since ex-
cimer formation is assumed to be diffusion-controlled, ex-
cimer formation is described as arising from the natural
diffusion motion of the chain ends.

I1. Theory

Excimer or Exciplex. A molecule M in an electroni-
cally excited state M* may be a very polarizable species
and interacts with other polar or polarizable species. If
M* interacts with M and forms a collision complex D* that
is more stable than M* + M, D* is called an excimer. If
M#* forms a collision complex with a different molecule
N, the complex formed is called an exciplex.2® Diffusion
and kinetic equations are developed below for the system
based on a discussion of excimer formation. The equations
are equally applicable to exciplex formation kinetics,
provided that there are no accompanying electron-
transfer processes.

The interaction between M* and M is orientation- and
distance-dependent. For planar molecules such as pyrene
(Py), parallel pairs of Py and Py* with overlapping center
axes are energetically more favorable orientations.# Since
the relative rotational motion between M* and M is, in
general, much faster than the relative diffusional motion
between them,? it can be assumed that most of these M*
and M pairs that are brought together by the relative
diffusion between them are in the energetically more
favorable parallel orientations with center axes of M* and
M overlapping. For pyrene molecules, Py* and Py,
approaching one another in the parallel fashion, the
attractive part of the interaction potential has been shown
to be inversely proportional to the third power of the in-
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terplanar separation distance,! or
Uy(r) « 1/ 2

In this paper, kinetic equations for excimer formation
are derived assuming that the interaction potential between
M* and M is described by the Lennard-Jones equation:2

U(r) = —¢[2(ro/1)° - (ro/ 1™ 3)

The methodology can, however, be applied equally
effectively when different interaction potentials are
assumed between M* and M. The validity of different
interaction potentials can be judged from the agreement
between kinetic curves theoretically predicted and those
obtained experimentally.

In light of the Lennard-Jones interaction potential, the
interaction energy between M* and M approaches zero
when the two species are separated by infinite distances
and —¢; when they are separated by a distance rg. For this
system, we define the following. If the two interacting
species are separated by a distance rq, they form a perfect
excimer; if they are infinitely apart, they are a perfect
monomer pair M* + M; and if they are separated by any
intermediate distances, they are intermediates between a
monomer pair M* + M and an excimer. Suppose that M*
and M are separated by r. The extent of excimer formation
is quantified by

X(r) =20ry/P) = (ro/1)? r2r, (4)

because the stabilization energy for this monomer pair is
X(r)ep. The extent of monomer behavior is given by 1 -
X(r). We set the excimer self-deactivation rate constant
to be kp = 1/7p and that for the monomer pair to be ky
= 1/7m, where rp and 7y are fluorescence lifetimes of ex-
cimers and monomers, respectively.

When the separation distance between M* and M is
smaller than ry (~4 A for pyrene),2® we further assume
that the monomeric pair M + M* behaves as a typical ex-
cimer and self-deactivates with rate constant kp. This
definition is questionable, especially when r is smaller than
ro/ (21/8), after which the interactive potential is repulsive
according to eq 3. We do not need to worry, however, about
the arbitrariness in the definition in this r range due to
the small probability of finding a monomeric pair M* and
M to be separated by an distance shorter than ro/(21/8).

Diffusion Equation for Chromophore Pairs
Attached to Polymer Chain Ends. In this case, we will
study the kinetics in 8-solvents and assume that the chro-
mophore end groups are not interactive in the ground state.
By further assuming that polymer chains are long enough
so that chain conformations are not perturbed by the
introduction of the chromophore end groups, the end-to-
end distance distribution function is then described by the
Gaussian form G(r) at time zero.

At time zero, a 6-pulse of radiation excites one end chro-
mophore of a polymer chain. M* interacts with the other
end chromophore and may form an excimer. The
interaction energy between the chromophore end groups
has been assumed to be given by Lennard-Jones interaction
potential U(r). It is further assumed that if enough time
is allowed for the system to relax, the new equilibrium end-
to-end distance distribution P(r) of a Gaussian chain
bearing a pair of interacting monomer pairs M* and M is
a Gaussian form modified by a Boltzmann energy
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correction factor:

P(r) = ¥y 'G(r) exp[-U(r)/kT]
= y7'G(r) expl(eg/ KT [2(ro/1)® = (ro/r)"1] (5)

where kT is the thermal energy. y71, a normalization factor,
is given by

v= [ "G UOAT g ®)

for a chain of infinite length. The é-pulse shifts the system
from the old equilibrium state to a new equilibrium state.

The change in system properties due to an outside
perturbation can be described by response theory.?” We
are interested in the variation of the end-to-end distance
distribution function of the system with time. The time-
dependent end-to-end distance distribution function can
also be obtained from the generalized diffusion operator
approach introduced by Kirkwood.?® Neglecting
hydrodynamic interactions between polymer segments,28
an earlier technique using probability theory?® can be used
for the derivation of the diffusion equation. One first
ignores the self-deactivation of excimers D* and excited
monomers M*, and the system is assumed to have sufficient
time to relax from one equilibrium state to the other.
Before the é-pulse excitation, the relative diffusion is
governed by a Gaussian end-to-end distance probability
distribution function. After the é-pulse excitation, the
relative diffusion of the ends is governed by the end-to-
end distance probability distribution function given by eq
5. Following the procedures described by Liu and Guillet,
we picture the relative diffusion of the end groups as being
comprised of many small jumps of distance é occurring with
very high frequency y. Inspherical coordinates, one end
of a polymer chain is taken to be fixed at the origin. The
relative change in the end-to-end distance of a chain is
visualized to be caused by jumps of the other end in space.
Since we are interested in distance changes between the
end groups, only the radial component &, of jump distance
6 must be considered. It has been shown that®

82 =(1/3)8% )

Denoting the probability of finding the moving end to
be r distance away from the origin at time ¢t + 1/y as
S(r,t+1/y), the difference equation for S(r,t+1/y) is2®

S(rt+1/¢) = p(r+6,—r)S(r+6,,t) + p(r-6,—r)S(r-s,t) +
[1-p(r—r-3,) — p(r—r+8)]S(r,t) (8)

where p(r+8,—r) and p(r-6,—r) are the probabilities that
the moving end of a chain that has an end-to-end distance
of r + 6, or r ~ &, will make a jump and move to a position
with an end-to-end distance of r; p(r—r-6;) and p(r—=r+é,)
are the probabilities that the moving end of a chain that
has an end-to-end distance of r will make a jump and move
to a position with an end-to-end distance of r + 6, or r —
8 S(r+64,t), S(r,t), and S(r-6,,t) are the probabilities of
finding the moving end to be r + &, r, and r - §; distances
away from the origin at time ¢. Following the same
procedure used by Liu and Guillet,? the expressions for
p(r+é,—r) and p(r-6,—r) have been shown to be

p(r+8,—1) = p(r—r-8,) + (3,2/0)[[2/r* + 3/R %] -
(¢/rD)[84(ry/r)® - 156(ry/r) 1] + OG5, (9)
and
p(r=8,—r) = p(r—r+8,) + (5,2/4)[[2/r* + 3/R,] -
(¢/r)[84(ry/r)® - 156(r,/r)*E]] + 0(5,%) (10)
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where ¢ is given by
€ =¢/kRT 11)

where kT is the thermal energy, O(é,%) means that terms
containing &, of order 3 or higher have been omitted, and
R, is the root-mean-square end-to-end distance of the
polymer chain. The expressions for p(r—r+4,;) and
p(r—r—6;) have also been evaluated following the procedure
previously described?® and are found to be

p(r—r+6) =1/2 + (5,/4)[(2/r - 3r/RD -
(12¢/P)[(ro/1)8 = (ro/P21] + 0(5,H) (12)
and
plr—r-5) =1/2 - (8,/4)[(2/r - 3r/RD -
(12¢/P)[(ro/1)® - (ro/D)11 - 05,D) (13)

Expanding S(r,t+1/¢) in eq 8 in Taylor’s series, truncating
after the term containing 1/y and expanding S(r+4,,t) and
S(r-6,,t), truncating after the second-order terms of 3.2,
and inserting eqs 9, 10, 12, and 13 yield

aS(r t) D[GZS(r £)

- [(2/r-3r/R2D - (12¢/r)[(ro/r)® -

2] c')S(r t)

(ro/7 +1[2/r® + 3/R.2) - (¢/r))[84(r,/r)° -

156(’0/’)12]]S(r,t)] (14)

where D is the coefficient of relative diffusion between the
polymer end groups and is defined by

D=ys2/2 (15)
according to Liu and Guillet.?®

Equation 14 is a diffusion equation for the end groups
of polymer chains labeled with monomeric chromophores
M* and M in a differential form. The equation can be
solved with the use of the following initial and boundary
conditions:

S0 =G (r) (16)
S©O,t) =0 (17)
S(r>m_t) =0 (18)

where m; is the contour length of the polymer chain and
G’(r) is a modified Gaussian end-to-end distance
distribution function. By definition

j;M’G'(r) dr=1 (19)

and

M,
=G0/ .G dr (20)
where G(r) is a Gaussian end-to-end distance distribution
for a chain of infinite length and a root-mean-square end-
to-end distance of Ry, or

G(r) = 4”2[%5]3/ ? exp[-(3/2)(-/R,)%  (21)

e

The difference between G’(r) and G(r) is negligible when
my /Ry is greater than 3. The reason is clear from studying
eq 21. As r increases, G(r) decreases exponentially with
the square of r. It is easy to show that the probability
density function G(r) has negligible readings if r is greater
than 3R,.
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Monomer and Excimer Fluorescence Decay Kinet-
ics. In this section, we incorporate the sink terms caused
by self-deactivation processes of excimer D* and monomers
M* following the procedure described previously.®® In this
new context, S(r,t) is the probability of finding the end
groups still in the excited state either as M* or D* at time
t. The extent of the excimer feature is defined by the
separation distance between the end groups and quantified
by eq 4. The differential equation for S(r,t) of the system
is

-2/r-3r/RY-
aS(r t)

2
aS(r,t) = D[f’ S(r,t) (12¢/1)[(ro/r)® -

(ro/PB—+ [[2/r* + 8/R ) -

(e /r2)[84(r0/r)6 - 156(ry/r)*]1S(r,t) ] -
X(NS(r,t) [1-XE]S(rt)

D ™

(22)

where 7p and 7y are the fluorescence lifetimes of a perfect
excimer D* and a perfect monomer M*, respectively. The
initial and boundary conditions for the differential equation
are the same as those required by eq 14.

S(r,t) can be solved from eq 22 numerically following
the previous procedure.3 The probability of finding ex-
cimers in the system at time ¢ is given by

Sp(t) = f"XOSre dr+ [ St dr (23)

0/(21/8)

The probability of finding a monomer in the system at time
tis

Su(t) = f"[1- X(MIS2) dr (24)

Since Sp(¢) and Sm(t) are proportional to excimer and
monomer emission intensities at time ¢, plotting Sp(t) and
Swm(t) versus time ¢ yields transient excimer and monomer
emission intensity curves.

II1. Experimental Section

All numerical solutions were performed on an Apollo
computer. A numerical solution for S(r,t) using eq 14
requires that the contour length of a polymer chain be
divided into numerous distance intervals, and the
computation is therefore extremely time-consuming. The
small distance increment required for performing the
computation is caused by the approximations made in
deriving eq 14 from the more general diffusion equation
given by eq 8. The probability of making a jump from a
position with an end-to-end distance of r to a position with
an end-to-end distance of r + &, was approximated by eq
12. The terms containing §,2 and terms containing &, of
even higher orders have been omitted. The truncation is
valid only if the second term on the right-hand side of eq
12 is much smaller than !/5. It can be shown that the
condition is satisfied at small r values only if very small
6; values are used. Instead of solving eq 14, we used eq 8
and the exact expressions?® of p(r+é,—r), p(r-é.—r),
o(r—r+6,), and p(r—r-é;) for S(r,t). For all simulations,
the 6, value is typically assumed to be 0.1 A.

The kinetic equation given by eq 22 is time-consuming
to solve numerically. The more general kinetic equation
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is

S(rt+1/y) =
X(r+s) 1-X (r+6r)
p(r+é,—r)| 1- — - ]S(r+6r,t) +
D
X(r-s, ) 1-X (r—6 )

p(r-6 -*r)[ 1- ]S(r—é,,t) +[1-

oY
p(r—sr5,) - p(r—*rﬁ)][l X(’) 1- X(’)]S( £ (25)

where ¢ is the jump frequency of the chain end which is
related to diffusion coefficient D by eq 15. After S(r.t)
values are obtained numerically from eq 25, the probability
of finding an excimer or a monomer in the system is
computed by using eqs 23 and 24.

IV. Results and Discussion

In cases when k;(t) approach their asymptotic values
so rapidly that k{(¢t) can be assumed to be time-
independent, the Birks scheme predicts that monomer
emission should decay as a sum of two exponential
components:

Spu(t) = Aje™ + Ape™ (26)

where A1, As, A1, and A, are complex functions of &y, k-1,
km, and kp. Under the same conditions, the excimer
emission Sp(t) should grow in and decay as the difference
of two exponential terms with the same rate constants Ay
and A\

Sp(t) = Agle™ —e™) £ <\, 270

where Aj is a constant. In cases where the time dependence
of rate constant k,(¢) needs to be taken into account, kinetic
equations become more complicated. The same qualitative
behavior, that monomer emission decays consistently with
increasing time and excimer emission grows in and decays
with time, is, however, observed. All kinetic curves
generated from our model agree with this basic trend. The
detailed differences between results obtained from our
approach and those of the Birks scheme will be examined
in a subsequent paper.

Equilibrium End-to-End Distance Distribution
Function for Chains Bearing Interactive Monomeric
Pairs. As discussed previously, if the excitation energy
of monomer M* and excimer D* survives for a sufficiently
long time after the é-pulse, the interaction between the
end groups M* and M will shift the system to a new
equilibrium. The end-to-end distance distribution function
for the system at the new equilibrium is given by eq 5. The
equilibrium end-to-end distance distribution function for
a hypothetical chain possessing a contour length of 200
A (corresponding to ca. 160 C~C bonds) and a root-mean-
square end-to-end distance of 50 A is illustrated in Figure
1. Parameters needed for describing the interactions
between the end groups are assumed to be ro = 4.0 A and
e/kT = 1.0. At equilibrium, the probability of finding that
the ends of a chain exist as an excimer is computed to be
21.5%. Equilibrium probabilities for excimer formation
using different ¢/ kT parameters are summarized in Table

Diffusion Behavior of Chromophore Pairs Attached
to Polymer Chain Ends. In Figure 2, the end-to-end
distance distribution functions of a polymer chain after
different numbers of jump steps are shown. The following
parameters are used for performing the simulation. Ry,
the root-mean-square end-to-end distance of the polymer
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Figure 1. An end-to-end distance distribution function computed
with eq 5: Rn =50 A, m, =200 4, ro = 4.0 A, and ¢/kT = 17.

Table I
Probability of Finding Excimers in an Equilibrium System
Characterized by an End-to-End Distance Distribution
Function Given by Eq 5*

¢/kT Sp, % e/kRT Sp, %
4.0 1.96 8.0 40.0
5.0 4.46 9.0 61.5
6.0 10.1 10.0 78.3
7.0 21.5

¢ The Gaussian chain has been assumed to have a root-mean-
square end-to-end distance of 50 A and a contour length of 200 A.
{he distance rq at which excimer forms has been assumed to be 4.0

S(r,t)

0] 14 28 o 42 56 70
r{A)
Figure 2. Time evolution of end-to-end distance distribution
function: (—) after 100 jumps; (— - -) after 4000 jumps; () after
40 000 jumps.

chain, is arbitrarily assumed to be 25 A; m,, the contour
length of the chain, is assumed to be 70 A (corresponding
to ca. 50 C—C bonds); é,, the average distance change along
the radial direction achieved by each jump, is assumed to
be 0.1 A; ¢/kT, the energy parameter appearing in eq 3,
is assumed to be 3; and ry in eq 3 is assumed to be 4 A
In the simulations, chains of short contour length are
assumed because of their time-saving feature. As the
number of jumps made by the moving chain end increases,
the Gaussian end-to-end distance distribution function at
time ¢t = 0 changes and eventually approaches the end-
to-end distance distribution function given by eq 5.

The number of jumps the moving end has made, n, is
related to chain end diffusion time ¢ by the following
relation:

2Dt = nj 2 (28)
where D is the coefficient of relative diffusion between the
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Figure 3. Effect of end-group interaction on monomer and ex-
cimer fluorescence decay curves. The chain is assumed to possess
R,=25A,m;=T0A, ry=100ns, rp =200ns, ro = 4.0 A, and
D =5.0 X107 ecm?/s. (a) Monomer decay profiles: (—) ¢/kT
=9; () ¢/kT = 15; (- —-) ¢o/kT = 25. (b) Transient excimer
fluorescence intensity profiles.

chain ends and 6, is the average distance change along the
radial direction achieved by each jump. If a diffusion
coefficient of 1.0 X 10 cm?/s, close to that obtained by
Xu®t for chains of such length, is assumed for our case,
the n value of 40 000 corresponds to a ¢ value of 20 ns. The
system reaches monomer—excimer distribution equilibrium
fairly rapidly.

Effect of End-Group Interaction. Figure 3 shows a
set of transient fluorescence intensity profiles obtained
numerically for monomer and excimer emissions by
assuming various interaction energy parameters. The
hypothetical chain bearing the fluorescent end groups is
assumed to possess a root-mean-square end-to-end
distance, Ry, of 25 A and a contour length, m,, of 70 A.
For these calculations lifetimes of monomer and exci-
mer emissions are arbitrarily assumed to be 100 and 200
ns, respectively. Birks! reports 7y and 7p values for a
number of aromatic chromophores. In polar solvents such
as 95% ethanol, the rp values for excimers are ca. 2-3 times
that of monomer emission. In nonpolar solvents, the
naphthalene excimer has almost the same lifetime as the
monomer (~100 ns). On the other hand, the pyrene ex-
cimer in cyclohexane has a rp value of 65 ns as compared
to v of 450 ns. This compares well with data on pyrene
end-capped polystyrene reported by Winnik et al.6 for
which rp = 58 ns and v = 242 ns. The effect of particular
choices for v and 7p will be discussed later. Finally, the
ro value in eq 3 is assumed to be 4.0 A and the coefficient
of relative diffusion between the chain ends is assumed
to be 5.0 X 10-7 cm?/s.

Plotting log Sm(t) versus time ¢ does not yield linear
curves (Figure 3a) because at short times, monomer is
consumed by self-decay and conversion to excimer. Astime
progresses, an equilibrium excimer-to-monomer concen-
tration ratio is reached. Since the monomer decays with
a larger rate constant, at long times, it is expected that
excimers will dissociate back to monomers, and the log
Sm(t) vs t plot is curved.

As the interaction energy parameter ¢/kT increases, the
maximum curvature in log Sm(t) vs ¢t plot occurs at a
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Figure 4. Effect of end-group diffusion on monomer and ex-
cimer fluorescence decay curves. The chain is assumed to possess
R,=25A m;="T0A, v =100 ng, 7p = 200 ns, ro = 4.0 A, and
€/kT = 9. (a) Monomer decay profiles: (—) D =2.0 X 10”7 cm?/
8; (---) D = 5.0 X 1077 cm?/s; (-} D = 4.0 X 1076 cm?/s. (b)
Transient excimer fluorescence intensity profiles.

smaller log Sy(t) value. This is as expected. The larger
the ¢p/kT value, the larger the equilibrium excimer-to-
monomer concentration ratio.

The back-dissociation of excimer into monomer at long
times can be seen from the excimer emission decay curve
obtained by assuming an interaction energy parameter of
eo/kT = 9. The excimer decay curves obtained by assuring
interaction energy parameters of 15 and 25 are almost
parallel at long times. The curve with an interaction energy
parameter of 9 is obviously concave downward at long
times. Both the transient emission intensity profiles of
the monomer and excimer are sensitive functions of the
interaction parameters assumed.

The maximum positions of the transient excimer
fluorescence intensity profiles are almost unchanged by
various interaction energy parameters. The maxima for
the three curves all occur ca. 76 ns after the é-pulse
excitation.

Effect of End-Group Diffusion. In Figure 4, a set of
transient fluorescence intensity curves computed with
different diffusion coefficients for the chain ends is shown.
The modeling was performed for the same hypothetical
chain as discussed above and the interaction energy
parameter is assumed to be 9. As the diffusion coefficient
increases, a more rapid decay is seen for monomer emission
intensity at short times. As the equilibrium excimer-to-
monomer concentration ratio is reached, since in this case
the excimer decays more slowly than the monomer, ex-
cimers dissociate back to monomer at long times. The
larger the diffusion coefficient, the more abrupt the
transition from short-time decay behavior to long-time
behavior. The smaller the diffusion coefficient, the later
the transition occurs.

Increasing the diffusion coefficients of the chain ends
shifts the maxima in transient excimer emission intensity
profiles to shorter times. With a diffusion coefficient of
2.0 X 107 cm?/s, the maximum occurs at 87 ns. Increasing
the diffusion coefficient to 5.0 X 107 cm?/s shifts the
maximum to 77 ns. With a diffusion coefficient of 4.0 X
106 cm?/s, the maximum is shifted to 30 ns. Thus, the
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Figure 5. Effect of chain conformation change on monomer and
excimer fluorescence decay curves. 7y = 100 ns, 7p = 200 ns, rp
=404, /kT=9,D =20 X 107 cm?/s. (—) R, = 25 A and
me=T70A. (---)R, =504, my =200A. (a) Monomer decay
profiles. (b) Transient excimer fluorescence intensity profiles.

transient emission profiles of monomer and excimer are
both sensitive functions of the diffusion coefficients of the
chain ends.

Effect of Chain Conformation Changes or
Molecular Weight Changes. In Figure 5, decay curves
obtained for samples with different root-mean-square end-
to-end distances are shown. In the same solvent, the root-
mean-square end-to-end distances of polymer samples are
different if samples of different molecular weights are used.
In different solvents, the root-mean-square end-to-end
distances of a polymer sample can be different due to
different interactions between the polymer chains and
solvents and therefore different polymer chain conforma-
tions.

As the root-mean-square end-to-end distance of the
polymer sample increases, the curvature in the plot of log
Swm(¢t) vs t is reduced. The explanation is twofold. First,
as R, increases, the maximum in the Gaussian probability
distribution profile at time ¢t = 0 is more removed from
ro, the distance at which excimer forms. It is, therefore,
expected that as R, increases, the rapid consumption of
monomers to form excimers due to diffusion at short times
will be less important. Second, as R, increases, the
equilibrium excimer-to-monomer concentration ratio
decreases. As equilibrium excimer concentration decreases,
the dissociation of excimers into monomers at long times
will not increase the concentration of monomers
significantly.

As before, fluorescence decay curves of the monomers
are sensitive functions of the root-mean-square end-to-
end distances of polymer chains.

Effect of Changing 7y and 7p. In Figure 6 transient
fluorescence emission intensity curves obtained by using
different decay lifetimes for excimer and monomer
emissions are shown. The computation was performed for
the same hypothetical chain using a root-mean-square end-
to-end distance of 25 A. Again, the decay features are seen
to be drastically changed by varying the fluorescence
lifetime of each species.

Diffusion-Controlled Excimer Formation 4297

O T T T
N
\\\
- o \
/ . (a) A
- ~
£
& -2f 1
> S~
L s
_3L \\\\\ -
0

log Sp(t)

| I
0 180 360 540 720 900
Time (ns)

Figure 6. Monomer and excimer fluorescence decay curve
changes caused by variation in monomer and excimer emission
lifetimes. R, =25A,m;, =704, 1o =404, ¢/kT=9,D =20
X 107 cm?/s. (—) vy = 200 ns; 7p = 50 ns. (-~ --) rvy = 100 ns;
rp = 200 ns. (a) Monomer decay profiles. (b) Transient exci-
mer fluorescence intensity profiles.
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V. Conclusions

The model proposed makes no use of rate equations for
diffusion-controlled excimer or exciplex formation.
Computer modeling has demonstrated that the new model
yields decay curves similar to those experimentally
observed.

A new and convenient method can be developed based
on this model for the experimental measurement of the
following parameters: energy interaction parameter ¢/
kT, chain end diffusion coefficient D, root-mean-square
end-to-end distance R, and fluorescence lifetime of ex-
cimer emission 7p. Fitting monomer and excimer decay
curves requires that the experiment be performed in a
©-solvent. Once diffusion coefficients of the chain ends
in ©-solvents are known, the diffusion coefficients in non-
©O-solvents can be deduced. The model can then be further
extended and used to probe the conformations of polymer
chains in non-0-solvents.
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