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ABSTRACT: Transient intensity profiles of monomer and excimer emission are computed numerically using
equations derived from the new approach proposed by Liu and Guillet for the description of the kinetics of
excimer formation and dissociation involving chromophores attached to the opposite ends of a polymer chain.
The profiles generated are fitted with expressions for the transient monomer and excimer intensities derived
from the Birks scheme. The validity of these equations of the Birks scheme in approximating these profiles
is judged from the goodness of fitting and the appropriateness of the fitting parameters generated. The Birks
scheme is shown to be valid only under limited circumstances, and the criterion for the validity is established.
The significance of the rate constants of the Birks scheme and factors which affect the magnitude of them
are discussed in terms of the Liu and Guillet model. Finally, the transient monomer and excimer intensity
profiles, monitored by Winnik et al. experimentally, for pyrene groups attached to the opposite ends of
polystyrene chains of different molecular weights are fitted using equations of the Liu and Guillet theory
toyield the coefficient of relative diffusion, D, between polystyrene chain ends. The values of D are compared

with those calculated from rate constants k; and equations of the Wilemski-Fixman theory.

I. Introduction

The rate of diffusion-controlled intramolecular exci-
mer formation from chromophores attached to opposite
ends of a polymer chain after excitation of one of the end
groups by pulse radiation depends on two factors. First,
it depends on how the end groups M are distributed at the
time of pulse excitation. If they are close to one another,
slight adjustment of conformations of the connecting chain
due to segmental rotation can lead to the formation of an
excimer. Iftheend groups areseparated by alargedistance
at t = 0, large-scale segmental motion of the chain is
required to bring the end groups close to form an excimer.
Thus, excimer formation is slower in the latter case than
in the former case. Then, the rate of excimer formation
depends on how fast the end groups move relative to one
another. If a phenomenological diffusion coefficient, D,
can be used to describe the relative motion of the ends of
a polymer chain, a larger D leads to faster excimer
formation. In conclusion, the study of the kinetics of
diffusion-controlled excimer formation from M* and M
attached to the ends of a polymer chain can provide insight
into the statistics, the initial end-to-end distance distri-
bution function, and the dynamics, i.e., the fluctuation of
the end-to-end distance with time, of the connecting chain.

Previously, the kinetics for intramolecular excimer
fo;;mati?n and dissociation has been described by the Birks
scheme
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where &y is the rate constant for the self-deactivation of
M* and is equal to the inverse of the fluorescence lifetime,
™, of M* in the absence of excimer formation, kg is the
rate constant for the self-deactivation of an excimer M...M*
and is equal to 1/7g, and k; and k_; are rate constants for
excimer formation and dissociation, respectively. If k;
and k_; are uniquely defined, the Birks scheme predicts
that the intensity of fluorescence of monomer M* decays
as a sum of two exponential terms:?

Iy(t) = Aje™ + Ae7™ M

where A;/As, A1, and \; are functions of k;, k-1, ky, and
kg. Under the same conditions, the excimer emission
intensity Ig(t) should grow in and decay as the difference
of two exponential terms:

Ig(t) = Age™ + A e @)
where
A, =-A, (3a)
DY (3b)
A=A, (3¢)

If the Birks scheme holds, the rate constants k;, k-;, and
kg can be calculated from decay parameters recovered
using the following equations:2

Ade = U/DUY + X) = (Y- X0 + 4kk 1YY (@)
and

AfA; = (X -N) (- X) (5)
where
X=ky+k, ()]
and
Y=kp+k, ¥))

Rate constant k;, obtainable from the Birks scheme,
can yield information about the statistics and dynamics
of polymer chains. According to Wilemski and Fixman,?-
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the diffusion-controlled quenching of the fluorescence of
an excited chromophore attached to one end of a chain by
a quencher attached to the other end makes the intensity
of the fluorescence of the excited chromophore decay as
a sum of exponential terms:

x(t) = Za,- exp(-kt) 8)
where k; is the ith-order quenching rate constant and a;
are the amplitude coefficients. For a polymer chain
represented by the harmonic spring model,® k; of the
fluorescence quenching reaction is related to the root-
mean-square end-to-end distance R, of the chain and the
relative diffusion coefficient D of the chain ends by’®

k, = (6/7/HDR/R,%, for R/R,—0 9)

where R,, the effective radius for the quenching reaction,
denotes the separation distance at which the quenching
reaction between an excited chromophore and a quencher
group takes place instantaneously. From eq 9, the
knowledge of k; can thus lead to either R, or D.

Fluorescence quenching rate constant &; is equal to k;
of the Birks scheme for excimer formation due to the
similarity between the two processes. In both cases, a
short-lived light pulse is used to excite one of the end
groups and then the formation of an excimer or the quench-
ing of the fluorescence occurs at a diffusion-controlled
rate. In the fluorescence quenching case, fluorescence of
the excited end group is quenched by a group of a different
kind attached to the other end, and the process is usually
irreversible. Inthe caseof excimer formation, fluorescence
of excited monomers is quenched due to excimer formation.
The fundamental difference between the two processes
lies in the reversibility. Excimer formation is reversible
and the kinetic scheme for describing the process is more
complicated. As far as the forward reactions, excimer
formation and fluorescence quenching, are concerned,
similar factors, the diffusivity of the chain ends and the
initial distribution of the end groups, determine the
magnitude of k.

The disadvantage of the Birks scheme is that it is valid
onlyif the excimer formation process can be approximately
described by a single rate constant. That is, k; <« ks < k3
in eq 8. This condition may not be satisfied all the time.
In cases when a single rate constant is insufficient to
describe the excimer formation process, more than one
exponential term is needed to describe the decay in
monomer intensity due to excimer formation. Thekinetics
of excimer formation and dissociation thus becomes very
complex.

The sum of a few or more exponentially decaying terms
can be approximated by a single exponential term with a
rate constant k;(t) which is time-dependent;® i.e., k1 (t) is
large when ¢ is small and approaches a constant, i.e., k;,
as t — =, This makes the kinetics simpler, but the final
expressions for Ip(t) and Iu(t) are still far more complex
than those given by eqs 1 and 2.1%-12 Furthermore, the use
of a time-dependent rate constant contradicts the con-
ventional definition of a rate constant, and no one has so
far discussed the likely dependence of k; on ¢t. In
summary, the particular case of excimer formation needs
specific consideration from a statistical mechanical point
of view.

Liu and Guillet have recently proposed a statistical
theory specifically for the treatment of the kinetics of
excimer formation and dissociation.'’®* The theory made
no use of rate constants k; and k-, for the description of
excimer formation and dissociation. Instead, the excimer
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formation and dissociation processes are identified with
the coming together and diffusing apart of the ends under
theaction of an excimer interaction potential. The theory
has been shown to generate reasonable monomer and
excimer transient intensity profiles. In this paper, the
theory will be subjected to further scrutinizing by seeing
whether it can be used to account for the applicability of
the Birks scheme in describing intramolecular excimer
formation kinetics in certain cases and to generate
reasonable parameters from treating experimentally ob-
served data. In section II, the Liu~Guillet (L-G) theory
will be outlined. Section III describes the computational
techniques employed. Section IV discusses the equiva-
lence of the LG theory and the Birks scheme under certain
conditions and the breakdown of the Birks scheme under
other conditions. The criteria for the validity of the Birks
scheme will be established. Incases whentheBirksscheme
holds, the effect of various parameters appearing in the
L-G theory on the rate constants k; and k-, will be
discussed. In section V, the transient monomer and
excimer intensity profiles, monitored by Winnik et al.!
experimentally, for pyrene groups attached to the opposite
ends of polystyrene chains of different molecular weights
are fitted using the L—G theory to yield the coefficient of
relative diffusion between polymer chain ends. The
coefficients are then compared with those calculated from
rate constants k; and equations of the Wilemski-Fixman
(W-F) theory.

II. Outline of the Liu—Guillet Theory

The L~G theory assumes that before the excitation of
one of the end groups of a polymer chain the end-to-end
distance distribution function of the chain is Gaussianl

3\ ( 332)
GR) = ) - 10
® (21rR i) P 2R 2 a0

n

where R,, the root-mean-square end-to-end distance, is
related to the statistical bond length 8 and the number of
bonds N in a chain by

R,= (N8 (11)

For a chain of finite length m,, the Gaussian distribution
function is normalized so that

G'R) = GR)/ fo""uRzG(R) dR (12)

After one of the end groups is excited, an excimer
interaction potential U(R) is switched on between the ends.
The relative diffusion of the end groups is now governed
both by a potential derived from the connecting chain and
by the excimer interaction potential. If the excited state,
either as M* or M--M*, does not deactivate and enough
time is allowed for the system to adjust to the newly
switched on excimer interaction potential, the final new
equilibrium end-to-end distance distribution function
should bel?

P(R) = aG(R) exp[-U(R)/(kgT] (13)
where kpT is the thermal energy; o, the normalization
factor, is given by

o' = ["4rR*G(R) exp[-UR)/ (kgD dR  (14)

The distribution function P(R) is thus derived from the
original Gaussian end-to-end distance distribution func-
tion modified by a Boltzmann energy weighting factor
exp[-U(R)/(ksT)].
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The excimer interaction potential is assumed to possess
the general form

UR) = -¢,[2(RyR)" - RyR)™] (15)

where n is less than m, indicating that the attractive part
of the potential is longer-ranged than the repulsive part.
For m = 2n, R, is the distance at which U(R) is minimal,
and —¢ is equal to the Gibbs free energy for excimer
formation at R = R,. For an arbitrary set of n and m
values, the energy minimum occurs at end-to-end sepa-
ration distances R, and R, are related to Ry by

R, = [(m/@2n)]Y™ ™R, (16)

The value ¢, in this case, is related to the Gibbs free energy
of excimer formation at R, by

UR,) = -¢{22n/m)*/ ™™ ~ @2n/m)y™/ ™™ (17)

The disagreement between R,, and R or that between
U(R.) and -¢ for m = 2n should not be of particular
concern, because the interaction potential is hypothetically
independent of n and m. Furthermore, the difference
between R, and R, and that between U(R,,) and —¢, are
quite small for the frequently used m and n combination,
m = 10 and n = 3, in this paper.

The shift of the system from the first equilibrium state,
with end-to-end distance distribution function given by
eq 12, to the second equilibrium state, with end-to-end
distance distribution function given by eq 13, is usually
described by a diffusion-type partial differential equa-
tion.!3 The form of the partial differential equation
depends on the dynamic model used for describing the
chain.®-® Inaprevious paper,!® the harmonicspring model
was used, and the partial differential equation obtained
has been found to be difficult to solve analytically. A
difference equation approach was thus attempted. The
solution of the difference equation leads to the probability
S(R,t+1/¢) for finding chains with end groups separated
by a distance R at time ¢t + 1/ from S(R,t):

SQR,t+1/Y) = p(R+65—R) S(R+85,t) +
p(R-8;—R) S(R-0p,t) (18)

Since S(R,t=0) is known and is equal to 47R2G’(R)dg, eq
18, in principle, can be used to solve for S(R,t) for any
subsequent times.

Equation 18 was derived based on a jumping model.!¢
In this model, the fluctuation in the end-to-end distance
of a polymer chain due to diffusion is visualized as derived
from the random jump of one end group in space around
the other fixed in the origin of a spherical coordinate
system. The jumps occur at high frequencyy. By making
each jump, the end-to-end distance is changed by a very
small average value dp. 6z and ¥ of the jump model are
related to D, the relative diffusion coefficient, of the
macroscopic diffusion model by the Einstein—Smolu-
chowski equation!’

D = (1/2)y8," 19)

The function p(R+6z—R) of eq 18 denotes the proba-
bility for the moving end to make a jump from separation
distance R + 6z to R, and p(R-6—R) is that from
separation distance R - 6 to R. p(R—R+0p) is defined by

p(R—R+8) = P(R+55)/ [P(R+8) + P(R-8p)] (20)

where P(R), the equilibrium radial distribution function,
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Figure 1. Evolution of end-to-end distance distribution function
S(R,t) with time after the excitation of one of the end groups of
a polymer chain by a é-pulse at time ¢ = 0. Curves (- - -) are the
end-to-end distance distribution functions at t = 1 X 107 ns,
curves (~) are those at ¢t = 1 ns, and curves (—) are those at ¢
= 2 ns. In (a), neither monomers nor excimers are assumed to
deactivate. In (b), monomers are assumed to deactivate with
rate constant 4.14 X 108 571, and excimers deactivate with rate
constant 1.93 X 107 ¢71,

is related to P(R), the equilibrium end-to-end distance
distribution function of eq 13 by

?(R) = 47R*P(R) @n

The significance of eq 20 is obvious. If the moving end
is R distance away from the other end at time ¢, it will
definitely move somewhere else at time ¢ + 1/y. There
are two possible ways for the moving end to make a jump:
i.e., either to position R + &y or to position R ~ 6g. The
probability for it to jump to a position with the end-to-
end distance of R + dg should be proportional to the equi-
librium probability of finding the end groups separated
by that distance. The probability for the end group to
make a jump to decrease the end-to-end distance by &g is

p(R—~R-b) = P(R-bp)/[P(R+3p) + P(R-5p)] (22)

A sample solution of eq 18 is shown in Figure 1a. To
solve eq 18, the end-to-end distance distribution function
at the time of é-pulse excitation, i.e., t = 0, was assumed
(Gaussian as given by eq 12. The root-mean-square end-
to-end distance R, for the Gaussian chain was assumed to
be 30 A. The coefficient of relative diffusion between the
chain ends D was assumed to be 2.0 X 106 cm?/s. The
excimer interaction potential was assumed to possess the
form given by eq 15, of whichn =3, m = 10, R, = 3.6 A,
and ¢; = 8.45kgT. As can be seen from Figure 1a, the peak
centered around 3.9 A, close to R,,, whichis 3.87 A, increases
as time delay after the é-pulse increases from 1 X 1073 ns,
curve (- - -), to 1 ns, curve (), to 2 ns, curve (—). Ex-
cimers are thus formed as a consequence of end-group
diffusion, and no rate constants are required for the
description of the process as is done in the Birks scheme.

In reality, both excimers and excited monomers deac-
tivate to the ground state, and those deactivation processes
need to be taken into account for the correct description
of the kinetic behavior of the system. An excimer,
according to previous definition,!3 is an M* and M pair
which are separated by R, because the interaction free
energy, defined by eq 15, is minimal when M* and M are
separated by R,,. M* and M are a perfect monomeric pair
when they are separated by infinite distances, because at
such distances the excimer interaction potential for the
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pair is zero. At intermediate end-to-end distances, M*
and M are intermediates between a monomeric pair M*
+ M and an excimer. In addition, chromophores which
are separated by distances shorter than R,, are arbitrarily
defined as excimers. The arbitrariness is inconsequential
because the probability of finding chains with ends
separated by distances less than R,, is small. Supposing
that M* and M are separated by R, the degree of excimer
feature is quantified by

X(R) = [2(Ry/R)" - (RyR)™V/[2(Ry/R,,)" -
(R/R,)™1, R=R,, (23)

because the relative stabilization free energy U(R)/U(R )
for the pair is equal to X(R). The extent of monomer
behavior is then given by 1 - X(R).

It is further assumed that a perfect monomer decayed
with a self-deactivation rate constant &y and an excimer
with a rate constant kg. An intermediate between an ex-
cimer and a monomer decays with rate constant

k(R) = kyll - X(R)] + kX (R) (29

The diffusion-reaction equation was obtained by in-
corporating theself-deactivation processes of excimers and
monomers into eq 18:

SR,t+1/Y) = p(R+3z—R)[1 - R(R+8)/Y1S(R+dp,t) +
p(R-05—~R)[1 - k(R-35)/Y1S(R-dp,t) (25)

Equation 25 is derived from eq 18 by realizing that during
thetime interval 1/y, the excitation energy of an end group
which is R distance away from the other end group at the
origin decays following the rate law

dS(R,t)/dt = -k(R) S(R,t) (26)

where S(R,t) is now the joint probability for finding an
end group which is distance R away from the other end
and excited at time ¢.

A sample solution of eq 25 is shown in Figure 1b. In
addition to those parameters used in generating the curves
of Figure 1a, the numerical solution in this case made use
of the rate constants: ky = 4.14 X 108 57! and kg = 1.93
X 107 1. Due to the deactivation of excimers and
monomers, the readings of S(R,t), especially ~3.9 A, are
seen to be lower than those in Figure 1a.

If S(R,t) is known, the probability of finding excimers
in the system at time ¢ is

Se®) = [,"SRH AR+ ["X® SRHAR (@)
The probability of finding monomer M* is then

Su®) = [ (1~ X®)SR) dR (28)

These probabilities are proportional to intensities Ig(t)
and Iy(t) of fluorescence emission from excimers and
monomers at time ¢, respectively.

I11. Computational Techniques

Numerical Solution for Su(¢) and Sg(t). Compu-
tation was performed on an IBM RISC system/6000 Model
320 workstation. For a chain of the contour length, m,,
of 200 A, 10 min is usually required to simulate the results
of 107 jumps of the jump distance of 0.2 A. Obviously, as
3r increases, the contour length of the chain is divided
into fewer divisions and thus less computational time is
needed. The main advantage of using larger oy values,
however, derives from the fact that , according to eq 19,
decreases inversely to the second power of 85 for a given
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Figure 2. Best fits, curves (-), to the Sm(t) and Sg(t) curves,
(- - -), generated from eqs 27 and 28 of the Liu and Guillet theory
by eqs 1 and 2 of the Birks scheme.

D value. Thus, a larger 8z corresponds to a smaller y and
thus fewer jump steps for a given delay time ¢t after the
pulse excitation. However, the use of too large a 6z results
in inaccuracy in S(R,t). The optimal 8z value was found
to be between 0.15 and 0.20 A. The 65 value of 0.20 A was
used in most of our numerical calculations. The 6z value
of 0.15 A was used only if the value of 0.20 A was found
to give insufficiently accurate results.

Fitting of Su(t) or Sg(t) with Eq 1 or 2. The fitting
of transient intensity profiles, i.e., Sm(t) or Sg(t) generated
from the Liu and Guillet theory, using eq 1 or 2is achieved
with a program which minimizes x2, the square of the
percentage error in fitting:

x* = [AIt)/ () (29)

In eq 29, I(t), Sg(t), or Sm(t), computed from the L-G
theory using eq 27 or 28, is the probability of finding ex-
cimers or monomers in the system at time ¢t; AI(t) is the
difference between I(¢) computed from the L-G theory
and that calculated using eq 2 or 1.

Inanalogy todatafrom a TCSPC measurement, a typical
Sm(t) or Sg(t) curve consists of 260~500 data points. The
sum of Sym(t) and Sg(t) at t = 0 is normalized to 1. In the
last channel, the Sy(t) value should be ~0.001. The time
interval between two adjacent data points is usually 7y/
100. Figure 2 illustrates such a fit. Curves (- - -) are the
transient monomer and excimer emission intensity profiles
generated from the L-G theory. The curves were gen-
erated by assuming that R, =67.6 A, m, =350A, D = 3.0
X 106 cm?/s,m = 10, n = 3, eo/ksT = 8.05, Ry = 3.6 A, tm
= 242.8 ns, and 7g = 58.1 ns. Curves () are the best fit
tothe above transient profiles usingeqs 1 and 2. Excellent
fit is obtained for the monomer decay. In cases when the
Birks scheme works, the typical x? obtained from fitting
monomer decay curves is 106-10-7. This explains why
one cannot see the monomer decay curve (-+) in Figure 2,
because the fit is so good and the monomer decay curve
(~) is completely buried in the monomer decay curve
(- - -). The excimer intensity profile from the L-G theory
and that calculated using eq 2 agree with each other very
well as well. The typical x? for fitting excimer transient
intensity profiles is ~104-10-5,

IV. An Interpretation of the Birks Scheme

Validity of the Birks Scheme. As will be explained
later, the various parameters used above for generating
the Su(t) and Sg(t) curves are typical of those for excimer
formation and dissociation involving pyrene groups at-
tached to ends of polystyrene chains of the molecular
weight 9200 studied by Winnik et al.! The curves
generated can be fitted using eq 1 or 2. The fitting
parameters Ay, Ag, A3, Ay, A1, Ay, A3, and A, thus produced
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Table I
Parameters Ay, A, Az, A3, Ay, A3, My, and A, Generated from Fitting Sy(t) and Sg(t) Curves Shown in Figure 2 Using Equations
1 and 2 of the Birks Scheme*

monomer excimer
A; A X 1077 (57 Ay A X107 @6 x2Xx107 As A3 X 1077 (s71) Ay MX107 (1) x2X 106
0.921 0.727 0.061 2.32 34 0.288 0.726 ~0.275 2.22 0.91
¢ Sm(t) and Sg(t) curves generated using R, = 67.6 A, m, = 850 A, D = 3.0 X 106 cm?/s, m = 10, n = 3, &/kgT = 8.05, ri = 242.8 ns, and
75 = 58.1 ns.
Table 11
Effect of the Variation of ry on the Validity of the Birks Scheme*

AL X A2 X k1 X kg X kg X Az X Ag X
mms) A 10761 A 107G 1076 1086 107G6YH A 107 () Aq 107 (s1)
25 0.071 2.13 0.878 5.89 0.382 1.85 -0.358 7.50
50 0.148 1.84 0.791 3.88 0.686 1.76 -0.656 4.43
70 0.202 1.68 0.734 3.32 0.865 1.64 -0.830 3.65
100 0.278 1.58 0.654 2.94 1.58 2.51 1.73 1.066 1.57 -1.026 3.11
150 0.394 1.53 0.539 2.70 1.54 2.17 1.81 1.2156 1.51 -1.172 2.83
300 0.494 1.36 0.435 2.43 1.53 1.87 1.74 1.358 1.36 -1.305 2.48

¢ Sm(t) and Sg(t) curves generated using R, = 38.6 A, D = 2.0 x 105

0.5

o . 1
00 100 200 300 400

Ty (ns)

Figure 3. Plot of (A2 — A\)/\; as a function of fluorescence
lifetimes, 7y, of monomers. Parameters A; and A, are obtained
when eqs 1 and 2 are used to fit Si(t) and Sg(¢) curves generated
from using eqs 28 and 27 and different 7y values.

are listed in Table I. They obey relations 3a-c within
+4% of error. The Birksscheme is thus proved applicable
within experimental error in this case as was found by
Winnik et al.!

The solutions of Sy(t) and Sg(t) are determined by the
choice of the excimer interaction potential and the values
of D, R,, v, and 7g used. The excimer interaction
potential has been assumed to possess the general form
as given by eq 15 in which four parameters, n, m, R, and
¢p, arecontained. Intotal, there are eight parameters which
determine the shape of the Sm(t) and Sg(t) curves. The
Sm(t) and Sg(t) curves are generated each time with a
given set of parameters. The parameters can then be
varied and new Sy(t) and Sg(t) curves are generated. The
newly generated curves can be further tested tosee whether
they can be fitted by the Birks scheme. In this way, the
effect of the variation in seven of the eight parameters
excluding R, on the validity of the Birks scheme will be
examined in the sections to follow. The effect of varying
Ry is not examined because R, in reality, can only assume
values out of a very limited range.

Listed in Table II are the AL Ag, Az, )\4, Al, Az, Aa, and
A4 parameters obtained from fitting Sy(t) and Sg(t) curves
generated using eqs 28 and 27 and different 7y values. As
v increases, the agreement between A; and \; or \; and
Ay improves or the Birks scheme works better. The
variation of (A2 — Ag)/Az as a function of 7y is illustrated
in Figure 3. Though the data are not shown, a similar
trend was observed when rg increased. The conclusion is
that the Birks scheme works better when ) or 7g values
are large. .

The same conclusion was reached by the Wilemski and
Fixman (W-F) theory, which predicts that the fluorescence

cm?/s, e = 58.1ns, n = 3, m = 10, Ry = 3.0 A, and ¢y/kgT = 8.45.

quenching process can be described approximately by a
single rate constant at times which are considered suffi-
ciently long after the pulse excitation. A typical transient
monomer fluorescence intensity profile from a TCSPC
measurement registers the decay of monomer intensity
from the initial normalized intensity of 1 to the final
intensity of 10-%. Increasing the lifetime 7y of monomer
fluorescence or the lifetime 75, of excimer fluorescence can
extend the time range in which the kinetics of excimer
formation and dissociation is studied. When fitting the
decay curves of monomer or excimer emission intensity
over a longer time interval in which the intensity of
monomer intensity is decreased by 1000-fold, the contri-
bution of short-time behavior to the overall kinetics
becomes less important. So, as 7y or 7y increases, one
expects that the Birks scheme works better.

The effect of the variation in D and R, on the validity
of the Birks scheme was examined. It was revealed that
small D and large R, can lead to the failure of the Birks
scheme. The relative magnitude of the rate of monomer
or excimer deactivation to that of internal relaxation of
the connecting chain appears to determine whether the
Birksschemeis applicable. Thelongestinternal relaxation
time 7; for a polymer chain described by the harmonic
spring model is defined by™®

r, = R,%/3D) (30)

For the Birks scheme to be valid, it is preferred to have
both lifetimes of monomer and excimer emission much
larger, e.g., at least 2-3 times larger, than ;. However,
when one of the lifetimes is slightly smaller than r;, the
other one should be much larger than 7, so that the overall
rate for excimer and monomer deactivation is comparable
to the rate of chain relaxation. In conclusion, if ry and
7g are fixed, increasing 7; in whichever way, e.g., by
decreasing D or increasing R, can eventually make the
rate of chain relaxation slower than the overall rate of
deactivation and thus leads to the breakdown of the Birks
scheme.

The excimer interaction potential has been shown to
have a large effect on the shape of the transient excimer
and monomer intensity profiles but have little effect on
the validity of the Birks scheme as long as 7 and 7y are
much larger than r;. The effect of varying ¢, n, and m on
the magnitude of rate constants &; and k-, will be discussed
in the next two sections.
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Table I
Variation of k; and k., as a Function of Dor R,*
Dvaries and R, = 38.6 A R, varies and D = 2.8 X 106 cm?2/s

D x 108 D/R,2 x 10-13 ky X kg X D/R,3 x 10713 Ry X ko X

(cm?¥/8) (cmg71) 107 Y 108 (571 R, (A) (ecm~sl) 107 (&) 10¢ s7)
1.5 2.61 1.16 1.27 67.6 0.91 0.41 2.60
2.0 3.48 1.54 2.01 57.4 1.48 0.64 2.09
3.0 5.22 2.28 3.46 47.7 2.58 1.10 2.33
4.0 6.96 3.03 4.95 44.5 3.18 1.36 2.44
5.0 8.70 3.79 6.53 38.6 4.87 2.11 3.17

10.0 17.4 7.58 14.2

3 Sm(t) and Sg(t) curves generated using rv = 241.8 ns, 75 = 58.1 ns, n = 3, m = 10, and «/kgT = 8.45.

10.0
80r
6.0 1
4.0r

k, (x107s77)

20f

0.0 ; : s
0.0 50 10.0 150 200

DR (x10°18 s Tear])

Figure4. Plot of k;, obtained from fitting Sy(¢) and Sg(t) curves
generated from eqs 28 and 27 of the Liu and Guillet theory with
eqs 1 and 2 of the Birks scheme, as a function of D/R,%. The
coefficient, D, of relative diffusion between polymer chain ends
and the root-mean-square end-to-end distances, R,, are param-
eters inputted to generate Sw(t) and Sg(t) curves.

Rate Constant k;. In Table II, the effect of varying 7y
on the magnitude of k; is illustrated. The Birks scheme
seems valid if 7, is larger than 100 ns. In cases when the
Birks scheme holds, eqs 4 and 5 were used to calculate
rate constants k;, k-, and kg from fitting parameters A;,
Az, and A1/As. The kg values were found not to vary with
7y within the error associated with the use of egs 1 and
2 to approximate the Sy(t) and Sg(t) curves and compare
well with the inputted kg value, 1.72 X 107 71, The value
of k; does not vary with 7y either. As the rate constant
k, is obtained from fitting Sym(t) and Sg(f) curves generated
from equations of the L-G theory using the Birks scheme,
the invariability in k; with 7y is thus the prediction of the
L-G theory. The same conclusion is reached by the W-F
theory. The rate constant for fluorescence quenching,
derived from the W-F theory using the harmonic spring
model, is given by eq 9 in the limit of Ry/R, — 0. Since
R., R, and D are fixed in eq 9, k; should not vary with ry.

In Table III, the effect of varying D and R, on the
magnitude of &, is illustrated. The values of &, increase
with D. The increase of k; with D is expected due to the
fact that excimer formation is diffusion-controlled, and
an increase in the diffusion coefficient naturally leads to
an increase in the rate constant.

The ki values decrease with R,. The W-F theory
predicts that when %, is plotted versus D/R,?, a straight
line should be obtained. This was done for k; values of
Table III obtained from varying D and R,, and a straight
line was indeed obtained as shown in Figure 4. The best
fit to the data points is

k, = 8.764 x 10* + 4.329 X 107D/R,? (31

where D is in cm?/s, R, in ¢m, and k; in s!. From the
slope, R. of eq 9 was calculated to be 12.8 A,

The observation is important. The k; values of Table
III were obtained from fitting Sm(t) and Sg(t) curves
generated from the L-G theory using the Birks scheme.
They obey the relation given by eq 9 derived from the
W-F theory. This indicates that the final expression for

k, should be very similar in form for both The L~G theory
and the W-F theory despite the apparent differences
between the two approaches: The L-G theory uses an
excimer interaction potential to govern excimer formation.
The W-F theory assumes that excimers are formed as
soon as the end groups are within an effective reaction
radius R..

Theshape of the excimer interaction potential has been
demonstrated not to affect the validity of the Birks scheme.
Here, two potentials of different shapes are shown to be
quantitatively equivalent in describing excimer formation
if the adjustable parameter R, of eq 9 is chosen properly.
What these results suggests to us is that when solving eqs
27 and 28 analytically for Sg(t) and Sy(t), the n and m
parameters of eq 15 can be assigned values for the con-
venience of mathematical derivations. The final expres-
sion for k1 may not be affected as long as ¢ is left as an
adjustable parameter, because errors in the assignment of
n and m values can be compensated by an error in «.

The increase in ¢, i.e., increasing the depth of the
potential well, leads to larger k; values (Table IV). The
increase in the value of k; with ¢ seems to contradict the
definition of a diffusion-controlled reaction, because the
rate of such a reaction is deemed to be determined by D
and not to be determined by ¢. In conventional theories,®
the energy factor is not involved. What is used is R,, the
effective reaction radius within which a chemical reaction
between two molecules occurs instantaneously. The
magnitude of R, is determined by ¢. As ¢ increases, R,
increases and so does k;. The R, values shown in Table
IV are calculated using eq 9 and the %, values tabulated
in column 2 of the table.

Table IV also shows the variation of k; with n and m.
Decreasing the n value extends the attractive range of the
excimer formation free energy. Thus, as expected, smaller
n values lead to larger k; values. The variation of m from
8.5 to 11 barely affected the magnitude of k; values. This
is understandable, as k; characterizes the rate at which
the end groups come together. The rate should be mainly
determined by the attractive part of the interaction
potential.

Rate Constant k., and Ratio ky/k ,. The value of k_;
in Table Il was found to increase on increasing ky. Further
examination showed that k_; decreased if kg increases
(Table V).

The variation of k-, with kym or kg is not expected.
Conventionally, 4-; has been assumed to be an intrinsic
first-order rate constant, which implies that k.; shouid be
independent of factors such as the chain length and the
magnitudes of ryand 7g. Anintrinsic rate constant should
depend on the intrinsic properties of an excimer.

Winnik et al.! studied a limited number of samples of
different molecular weights and observed that k_; varied
within £30% (Table VII). They thus concluded that k_;
was the intrinsic rate constant for excimer dissociation.
They further suggested that the ratio ki/k_; should be
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Table IV
Variation of k) and k as a Function of ¢, n, and m
€ varies® n varies? m varies®

ky X kX ky X kX Ry X ko X

eo/kRgT 1077 (g71) 1078 (s71) Re (A) n 1077 (s71) 1076 (s71) m 1077 (s71) 108 @)
6 1.17 16.5 9.9 2.0 2.46 1.71 11 1.54 1.59
7 1.35 7.01 11.5 2.5 1.88 1.62 10.5 1.54 1.76
8.45 1.53 1.90 13.0 3.0 1.53 1.90 10 1.53 1.90
9 1.59 1.25 13.5 3.5 1.32 2.33 9.5 1.53 2.20
10 1.68 0.62 14.3 4.0 1.16 3.24 9 1.52 2.34
25 2.43 0.17 20.6 4.5 1.05 4.15 8.5 1.51 2.73

¢ The Sm(t) and Sg(t) curves are generated using R, = 38.6 A, D = 2.0 X 10 cm?s, 7y = 241.8 ns, 7g = 58.1 ns, Ry = 3.6 A, n = 3, and
m = 10. ® The same parameters as in case g are used except that ¢/kpT = 8.45 and n varies. ¢ The same parameters as in csae b are used except

that n = 3 and m varies.

Table V
Variation of k; with ry and g
k_l X 106 (S_l)
™= ™ = ™ = ™ = ™ =
g (ns) 150 ns 24.18 ns 350 ns 450 ns 550 ns

60 2,19 1.96 1.86 1.78 1.76
100 2.80 2.56 2.43 2.36 2.33
200 3.28 3.03 2.90 2.84 2.80
300 3.44 3.18 3.06 3.00 2.96
400 3.52 3.27 3.14 3.08 3.04
500 3.58 3.32 3.19 3.13 3.09

a The Sm(t) and Sg(t) curves are generated using R, = 386 A, D
= 2.0 X 10 cm?/s, Ry = 3.6 A, n =3, m = 10, and e/ksT = 8.45.

equal to the equilibrium constant for excimer formation
and dissociation. Since both &, and k_; were assumed to
be independent of 7y and g, the ratio ki/k-; has thus
been assumed implicitly to be independent of 7y and 7g.

The LG theory clearly suggests that k_; depends on ky
and kg as shown in Table V. The excimer dissociation
here is assumed to occur if the two ends diffuse away from
one another. The diffusion of the chain ends is to ensure
that the equilibrium relative concentration of excimers to
monomers is achieved and maintained. The actual relative
monomer to excimer concentration is determined by three
concurrent processes: i.e., the end-group diffusion, mono-
mer deactivation, and excimer deactivation. Depending
on the magnitudes of kg, kym, and D, the required equi-
librium between excimers and monomers may never be
achieved. Ifexcimers,for example, deactivate much faster
than their formation, the ratio of excimer to monomer
concentration is constantly lower than the equilibrium
concentration ratio. Inthis case the excimers are less likely
todissociate, and the rate constant for excimer dissociation
islower than the equilibrium value. The rate constant k-;
should increase with g if 7y is constant. This is exactly
what is observed in Table V. If ry is fixed, decreasing km
shifts the equilibrium between excimers and monomers
to favor excimer formation but to disfavor excimer
dissociation. The rate of excimer formation is diffusion-
controlled and thus k; cannot be further increased by
changing the value of ry. Increasing ry therefore only
results in the decrease in k_; values.

Since k-; varies with ry and 7g, the ratio k;/k-; varies
as well. The ratio determined from a kinetic experiment
thus does not necessarily represent the equilibrium
constant between excimer formation and dissociation. The
ratio approaches the equilibrium constant only when 1/
™ and 1/7g both approach zero or at least the internal
relaxation rate of the chain is much faster than the
deactivation processes so that the equilibrium between
excimers and monomers is constantly maintained.

The k_; value in the limit of 7y — « and 7g — = can
be obtained by plotting k_; of Table V versus kg + 2ky

1' 1 1
u.0 1.0 20 3.0

ke + 2ky (x107 571)
Figure 5. Plot of k_; as a function of kg + 2ky.

as shown in Figure 5. The group of lines with negative
slopes depict the dependence of k-; on kg. The group of
lines with positive slopes illustrate the dependence of k—;
on ky. The k- value in the limit of ry — « and 7g —> =
can be extrapolated in two ways. One way is to start with
the extrapolation of k_; values in the limit of ry — « for
various 1/7g values. Plotting the extrapolated k-; values
versus 1/7g and extrapolating to the limit 1/7g — 0 yields
the desired k-; value for the limit 7y — « and 7g — =, Or
by taking the other approach, one starts with the extrap-
olation of k_; values in the limit of rg — « for various 1/ry
values and then plots the extrapolated k-; values versus
1/7ym to obtain k-; in the limit 7y — « and g — «. The
same k_; value, 3.075 X 108 571, for the limit 7y — « and
7 — = was obtained from the two different approaches.
Since k; was found to be independent of 7y and rg and
equal to 1.54 X 10781, the equilibrium constant for excimer
formation and dissociation for the chain defined above is
thus 5.01.

Provided that neither monomer nor excimer deactivates
to the ground state, the equilibrium constant is related to
the probability, Sg(t—=), of finding excited end chro-
mophores as excimers long after pulse excitation by

where Sm(t—«), equal to 1 ~ Sg(t—), is the probability
of finding excited end chromophores existing as monomers
at equilibrium. Using the above equation and ky/k.; =
5.01, Sg(t-—+=) was found to be 83.4%.

The value of Sg(t—«) can also be calculated from
another approach. The equilibrium end-to-end distance
distribution function with interacting end groups is given
by eq 13. Interesting eq 13 into eq 27 to replace S(R,t)
yields the equilibrium probability, Sg(t—=), of finding
excimers in the system. The value of Sg(t—<«) calculated
from this approach using parameters originally inputted
togenerate the Sm(t) and Sg(t) curvesis 84.2%. The value
84.2% is very close to 83.4%. The slight difference might
be due to the use of the Birks scheme in describing the
kinetics of excimer formation and dissociation.
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Then k-; of Table III was found to increase on increasing
D. The excimer dissociation reaction is controlled both
by the excimer interaction potential and by the diffusiv-
ity of the chain end. That a higher diffusivity leads to a
higher rate constant is not surprising.

The value of k1/k-; was observed, in Table III, to decrease
with increasing D. In the discussed case, rg is shorter
than 7y, and the rate of excimer formation is not much
faster than the rate of excimer deactivation. The con-
centration ratio of excimer to monomer at any given time
t is expected to be lower than its equilibrium value. The
trend for excimers to back-dissociate into monomers is
reduced and so is k_; relative to its equilibrium value.
Therefore, the ratio ky/k-, is larger when D is small. The
ratio is expected to approach the equilibrium value as D
approaches infinity.

The value of k_; in Table III was found to vary with R,,.
This again contradicts the concept of an intrinsic rate
constant k_; in conventional theory. As R, increased from
38.6 to 67.6 A, k., varied within £26%, which is coinci-
dentally close to the error, £30%, observed by Winnik et
al. for their samples.

As¢pincreases, k- decreases asshownin TableIV. Since
k, increases with ¢, the ratio k;/k_; increases with ¢, as
expected.

The decrease in n extends the range of the attractive
part of the excimer interaction potential and thus decreases
k_; values as shown in Table IV. Larger m values lead to
smaller k_; values due to the fact that larger m values
make the repulsive part of the excimer interaction potential
even more short-ranged. The fitting parameters A;, A;,
As, and \; did not change significantly as m varied from
8.5 to 11. This is important because it means that the
shape of the transient intensity curves is not affected by
the value of m to a large degree. Thus an uncertainty in
the assignment of m value will not introduce significant
error to the final shape of the transient intensity curves.

V. Fitting of Previous Data Using the Liu-Guillet
Model

The previous section compared the L-G theory to the
Birks scheme in general. In this section, the data of Win-
nik et al.1 will be treated using the L~G theory to generate
the coefficient of relative diffusion, D, between polymer
chain ends. As mentioned before, the partial differential
diffusion-reaction equation derived from eq 25 of the L-
G theory has not been solved analytically, and no explicit
functional forms are available for Sm(t) and Sg(t). The
transient intensity profiles of excimer and monomer
emission experimentally monitored cannot be fitted di-
rectly using eqs 27 and 28. Fortunately, the Birksscheme
has been shown to be valid in this case by Winnik et al.!
They have determined the fitting parameters A, Ag, Az, Ag,
A1/Az,and Az/Ay. What is needed is to generate the Sy(t)
and Sg(t) curves using eqs 28 and 27 and to fit the curves
generated using eq 1 or 2 depending on whether the
transient monomer or excimer profile is fitted. If the
parameters A;, Az, A3, Ay, A1/A2, and A3/ A, obtained from
fitting the transient profiles generated from eqs 27 and 28
agree with those obtained by Winnik et al., the fitting of
experimental decay curves using the L-G theory is
achieved.

As mentioned, there are eight parameters which de-
termine the shape of Sm(t) and Sg(t) curves. Fortunately,
many of the eight parameters can be determined inde-
pendently. The following few sections discuss the as-
signment of seven of the eight parameters. D will be left
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Table VI
Decay Constants for Decay of Monomer and Excimer
Fluorescence Measured by Winnik et al. for
Pyrene-Terminated Polystyrene

R, MXx Az X Ag X Ay X
M, Q) 107@ 1076 A4, 10767 107 () AyA,

2900 38.6 1.20 254 1594 143 270 098
3900 445 113 252 0521 121 24 097
4500 47.7 101 226 0362 112 233 097
6600 57.4 0.83 248 0.112 0.87 214  -0.96
9200 676 0.66 204 0099 072 214 095

as an adjustable parameter so that different Sy(t) and
Sg(t) curves can be generated for fitting by eqs 1 and 2.

Previous Data. The molecular weights of the samples
studied by Winnik et al. are shown in Table VI. Allsamples
possessed low polydispersity, i.e., <1.10. Data obtained
by carrying out the study in cyclohexane at 34.5 °C,a ©
solvent for polystyrene, will be treated.

The transient intensity profiles of monomers and ex-
cimers of all samples listed in Table VI could be fitted
usingeqs 1 and 2. Values of Ay, Ag, As, Ay, Al/Ag, and Ag/ Ay
measured by Winnik et al. are reproduced in Table VI.
Using eqs 4 and 5, the values of ky, k-;, and g were
calculated. The k; and k-, values are listed in Table VII.
The 75 value was found to be 58.1 ns and independent of
molecular weight.

Calculation of R,. Standard techniques such as light
scattering and viscometry can be used to determine the
R, values of polymer chains.!4 In fact, for polystyrene
dissolved in cyclohexane at 34.5 °C, R, for samples of
moderately high molecular weight, e.g., >8000, can be
calculated using?®

R, =5.04NY2 (A) (33)

where N is the number of bonds in the polymer chain.

Using eq 33, the R, value for each sample was calculated

and listed in Table VI. Since the molecular weights of the

samples used by Winnik and co-workers are low, relatively

iartgg errors may be associated with the R, values calcu-
ated.

Determination of ry and rg. The 7y value can be
measured by using a reference sample which bears only
one end chromophore. This value was determined by Win-
nik et al. to be 241.8 ns for a pyrene group attached to the
end of polystyrene solubilized in cyclohexane at 34.5 °C.

The lifetime, 7, of the excimer can, in principle, be
determined from a sample which contains pyrene mole-
cules all locked in the excimer conformation when dissolved
incyclohexane. Thisisdifficult toachieve experimentally.
In this case, the Birks scheme works well and g can be
obtained by treating the kinetic data using the Birks
scheme. The value was found to be 58.1 ns by Winnik and
co-workers.!

The LG scheme seems to depend on the validity of the
Birks scheme. This is due to restriction that analytic
solutions for Sm(t) and Sg(t) have not been possible at
this stage. If Sy(t) and Sg(t) can be solved and be
expressed, for example, as a sum of exponential terms,
Yia;exp(—k;t), up to four k; values can be determined from
curve fitting. If the relationship between k; and the
aforementioned eight parameters is derived, the four k;
values can at least be used to determine four of the eight
parameters. Thus, g can, in principle, be determined
from the L-G scheme independently.

Pyrene Excimer Formation Potential. The attrac-
tive part of the interaction energy potential between two
parallel pyrene rings was experimentally shown by Birks
to be inversely proportional to the third power of the
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Table VII
Comparison of Parameters \;, Az, As, A, and A;/A; and Rate Constants k; and k., Obtained by Winnik et al, (Exptl) with
Those Resulting from Fitting Sy(t) and Sg(¢) Curves Generated from the Liu and Guillet Model

A1 or Ag (X107 g71) Az 0r Ay (X1077871) Ay/Ap ky (X107 571) ko (X106 g71)
M, exptl caled exptl caled exptl  caled D X 108 (cm?/s) exptl caled exptl caled
2900 1.43 142 2.70 2.80 1.594 1.446 24 1.79 1.82 2.12 2.52
3900 1.21 1.27 2.44 2.32 0.521 0.552 2.5 1.21 1.23 2.79 2.04
4500 1.12 1.19 2.26 2.25 0.362 0.386 2.7 1.02 1.08 2.81 2.08
6600 0.87 0.93 2.15 2.14 0.112 0.114 2.8 0.57 0.65 2.55 2.10
9200 0.72 0.80 2.14 2.16 0.099 0.077 3.5 0.42 0.49 3.95 2.71
Table VIII

separation distance between them.220 However, the de-
pendence of the free energy of excimer formation on
separation distances is of concern here. The free energy
of formation and the excimer interaction energy may have
different distance dependences. As anapproximation, the
distance dependence is assumed to be the same for both
cases, and n in eq 15 is thus equal to 3.

For two spherical atoms, the repulsive van der Waals
interaction energy is usually assumed to be inversely
proportional to the twelfth power of their separation
distance.2! For two infinitely large planes, the van der
Waals repulsive potential is inversely proportional to the
eighth power of R.2228 Since pyrene contains 16 coplanar
carbon atoms and 16 hydrogen atoms, not large enough
to be approximated by two infinitely large planes nor small
enough to be accepted as two spheric atoms, the m value
must lie between 8 and 12. The repulsive interaction free
energy is assumed to be inversely proportional to the tenth
power of the separation distance between the two planes.
This approximation is justified by noting that the variation
in m from 8.5 to 11 had little effect on the transient
intensity profiles Sm(t) and Sg(t) as discussed previously.

In conclusion, the excimer free energy potential is
assumed to be

UR) = —¢[2(Ry/R)* - (RyR)] (34)

The energy minimum has been demonstrated by Birks to
belocated at ~3.6 A. This should have been assigned the
value of R,,. Considering the small difference between Ry
and R, and the relatively large 5 values (0.15-0.20 A)
used in computation, the differentiation between R, and
R, is not of necessity. Furthermore, the kinetic behavior
of the system is very unlikely to depend on the location
of the energy minimum as long as R, is much smaller than
R,. Thus, the value of 3.6 A has been used as R, out of
convenience.

The magnitude of ¢ of eq 34 should be roughly equal
to the Gibbs free energy of excimer formation from pyrene
molecules. The enthalpy AH for excimer formation from
pyrene in cyclohexane was determined by Birks? as -9.4
kcal/mol. The entropy change AS accompanying the
process is —17.6 cal'mol K1, The Gibbs free energy for
excimer formation at 34.5 °C is calculated using

AG = AH-TAS (35)
and is —4.0 kcal/mol.

The exact ¢, value can be calculated by realizing that
ki/k-; in the limit of kg — 0 and &y — O represents the
equilibrium constant for excimer formation and dissoci-
ation. Using the equilibrium constant measurable ex-
perimentally and eq 32, the relative equilibrium excimer
concentration, Sg(t—=), can be calculated. As discussed
in section IV, Sg(t—=) can also be calculated from using
eqs 13 and 27. The values of Sg(t—«) obtained from the
latter approach depend on the magnitude of ¢y and should
agree with those calculated from the former method. If an
¢o value when inputted leads to an Sg(t—=) value which

Comparison of Sg(t—=) Values Calculated from Using
Equation 46 and Those from Using Equation 32

M, ki/ky® Sg(t—>=)° Sg(t—>=)
2900 8.44 89.4 84.2
3900 4.34 81.3 80.3
4500 3.63 78.4 78.2
6600 2.24 69.1 69.8
9200 1.06 51.5 60.4

s Obtained from data of Winnik et al. ® Obtained from using egs
23 and 32.

is the same as that from the former approach, the ¢, value
is considered to be the value being sought.

The k;/k-; values were determined by Winnik et al. for
samples of different molecular weights. Those values are,
however, not the equilibrium constant due to the fact ry
of pyrene monomers and 7g of pyrene excimers are not
infinitely large. However, it can be shown that ryand 7
here are significantly larger than the longest internal
relaxation time 7, so that k1/k-; obtained experimentally
actually approach the equilibrium constants.

The translational diffusion coefficient, Dy, of polystyrene
between the molecular weight range of 1.14 X 104 to 1.04
X 108 in cyclohexane at 35 °C can be calculated using??

D, =1.21 X 1074}, (36)

According to eq 33, the R, value of 50 A corresponds to
a molecular weight of ~5000, typical of the molecular
weights of the samples studied by Winnik et al. The D,
for samples of this molecular weight range should be ~2
X 1076 ¢em?%/s. The Kirkwood-Riseman—Flory theory?42
requires that the coefficient of end-group diffusion should
be larger than the translational diffusion coefficient of
the chain as a whole. The theoretical prediction has been
demonstrated by the experimental results of L~G.2 Using
the R, value of 50 A and the lower limit D value of 2 X
107% cm?/s, we obtain from eq 30 that r; = 41.6 ns, which
is smaller than both 7g and 7y. As an approximation, we
assume that k1/k-; determined by Winnik et al. approaches
the equilibrium constants. Using these k,/k-; values and
eq 33, Sg(t—) values for samples of different molecular
weights are calculated and listed in Table VIII. The values
are compared with the Sg(t—«) values calculated using
eq 13 and 27 and the ¢ value of 8.45kgT. The agreement
is good for samples of the molecular weights of 3900, 4500,
and 6600 and poorer for samples of the molecular weights
of 2900 and 9200. For the sample of the molecular weight
of 2900, the error is expected to be large due to the fact
that the chain is too short to be treated statistically. Then
the pyrene end groups are too big for the short chains, and
these groups are expected to perturb the Gaussian end-
to-end distance distribution function considerably even
when they are in the ground state. For the sample of the
molecular weight of 9900, the degree of excimer formation
is low and a large error is expected from treating
experimental data as was commented by Winnik et al.
Overall, the agreement between the two sets of Sg(t—«)
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is considered good. Since the study was carried out at
34.5 °C, the ¢ value corresponds to 5.16 keal/mol, which
is very close to 4.0 kcal/mol calculated from eq 35,
considering that the use of AG to approximate ¢, is a very
crude approximation because the measurement of AG has
implicitly made use of a square well potential for describing
excimer formation.

The excimer formation potential is applicable if two
planar pyrene groups approach one another face-to-face
with overlapping center axes. This is generally not the
case when the pyrene groups are far away and their
orientations are not correlated. However, as they come
closer, the face-to-face relative orientation will be pre-
dominant and the assumed functional form for the excimer
interaction potential is thus acceptable. The dominance
of the face-to-face orientation when two chromophores
are close arises from its thermodynamic favorableness and
its kinetic feasibility. Thermodynamically, the face-to-
face orientation is energetically morestable.”? Kinetically,
the relative rotational motion between chromophores is,
in general, faster than the relative diffusional motion.?”
Under this circumstance, the face-to-face orientation can
be achieved before two chromophores diffuse too close to
one another. This hypothesis is obyiously correct by
realizing that excimer formation from pyrene is controlled
by the rate of translational diffusion and not by the
rotational diffusion, which is responsible for the face-to-
face relative orientation of an excimer.

Fitting of Experimental Decay Curves. Seven of
the eight parameters required to describe the kinetics of
excimer formation and dissociation involving pyrene
groups attached to the opposite ends of polystyrene chains
have been assigned values so far. These include ry =
241.8 ns, rg = 58.1 ns, ¢ = 8.45kpT, Ry = 3.6 A, n = 3, and
m = 10. The root-mean-square end-to-end distance R,
varies with molecular weight. R, for each sample is listed
in Table VI.

To generate Sy(t) and Sg(t) curves for the sample of
the molecular weight of 4500, for example, the R, value
of 47.7 A was used. With the input of each D value, a set
of Sg(t) and Sm(t) curves was generated. Fitting the Sy-
(t) and Sg(t) curves using eqs 1 and 2 yields fitting
parameters Ay, Ay, Ay, Az, As, As, Ay, and Ay The parameters
are compared with those obtained by Winnik etal.. When
the D value of 2.7 X 106 cm?2/s was used, the best agreement
was achieved between the two sets of A1, Ay, Az, Ag, A3, A3,
Ay, and \ parameters. The value of 2.7 X 108 cm?/s is
thus the expected D value.

In Table VII, parameters, A;, Ao, A3, Ay, and Ay/A,
obtained from fitting Sm(t) and Sg(¢) curves generated
from the L-G theory and those obtained by Winnik et al.
are compared for samples of different molecular weights.
The ratio Aa/A4 obtained from the two different ap-
proaches are not compared because they bothlead to values
closeto-1 asisrequired by the Birks scheme. The validity
of the Birks scheme requires that A; = X3, i.e., the validity
of eq 3b. This relation is satisfied by the A; and A;
parameters that result from fitting Sm(¢) and Sg(t) curves
generated from the L—G theory within %0.1%. Those
obtained by Winnik et al.! do not satisfy eq 3b rigorously,
and only the one, either A\; or A3, which is closer to those
that result from the former approach is listed in Table VII
for comparison. The validity of the Birks scheme also
requires that \; = A, or the validity of eq 3¢c. This relation
is only satisified by parameters generated from the two
approaches approximately. The )\; and A4 values that
result from fitting Sm(t) and Sg(t) curves generated from
the L~G theory satisfy eq 3c within the error of £3%.
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Table IX
Comparison between D Obtained from the
Wilemski-Fixman Theory and Those from the Liu and

Guillet Theory
ky X Dwr X Dig X
M, 1077 (s71) R, A) 108 (cm?/s) 108 (cm?/s)
2900 1.79 38.6 2.38 2.4
3900 1.21 44.5 2.46 25
4500 1.02 477 2.56 2.7
6600 0.57 57.4 2.49 2.8
9200 0.42 67.6 2.99 35

Larger error was seen between the parameters obtained
by Winnik et al. Under this circumstance, one A value is
picked from each set of A; and A4 values for comparison.
The A values were so chosen that they represent the best
agreement between two A values from the two groups.

Results and Discussion. The coefficient of relative
diffusion between the ends of a polymer chain was obtained
asdescribed above. The values of D for chains of different
molecular weights are listed in Table VII,

Since k&; is related to D by eq 9, D can also be estimated
from k; values using eq 9. The difficulty associated with
the use of this equation lies in the estimation of the value
R,. Forthe current system, we have previously generated
Sm(t) and Sg(t) curves using eqs 28 and 27 and different
D and R, values. The curves were then fitted with eqs 1
and 2 to obtain &; values. From plotting &, versus D/R,3,
we were able to obtain R, = 12.8 A from the slope of the
straight line. However, the accuracy of the R, value
generated this way can be questionable because of the
different definitions of excimers in the L-G theory and
the W-F theory.

Martinho and Winnik have estimated an R, value of 7.6
4 0.7 A from another approach.28 The difference between
12.8 and 7.6 A represents a close to 40% error. Since the
accuracy of the value of R, = 7.6 A is not guaranteed either,
R, = 12.8 A is then used for calculating D values from k;,
and the D values thus calculated are listed in Table IX.
The D values are in good agreement with the D values
generated from the L-G scheme (Table IX). The L-G
theory and the W-F theory are again shown to be
comparable in the description of the excimer formation
process.

VI. Conclusions

The L—G approach to the kinetic description of excimer
formation and dissociation involving end groups of a
polymer chain has been compared to the Birks scheme.
Detailed analysis showed that the Birks scheme holds only
if the overall deactivation rate for excited monomer and
excimer is slower than the internal relaxation rate of the
polymer chain.

Thesignificance of rate constants k; and k_; is discussed
in terms of both the W-F theory and the L-G theory. The
effect of each of the parameters necessary to describe the
kinetics in terms of the L-G theory on the magnitudes of
k; and k_; is examined.

Lastly, the kinetic data of Winnik et al. have been treated
in terms of the L-G model. The treatment led to the
knowledge of D, the coefficient of relative diffusion
between polymer chain ends. The values of D obtained
were found to be in good agreement with those calculated
from using eq 9 of the W-F theory.
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