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The dynamic rotational isomeric states model, which has been recently proposed to investigate
the dynamics of local conformational transitions in polymers, is elaborated to formulate the
increase in the number of excimer-forming sites through rotational sampling. The transition
rate matrix governing the rate of passage between the subsets {¢}, and {¢},, consisting of
excimer-forming and non-excimer-forming conformations, respectively, is modified such that
microstates in {¢}, are nonrecurrent, in contrast to the stationary process of conformational
transitions in chains in equilibrium. The theory allows for the calculation of the fraction P*‘(a)
of sites that undergo transition to excimer-forming states at least once prior to time ¢, as well as
mean first passage time from {¢}, to {#},, as a function of real chain conformational
characteristics and structural properties. Application of the model to the meso and racemic
dyads in polystyrene confirms the fact that conformational mobility of the chain plays a major
role in intramolecular excimer formation. Comparison with experiments demonstrates that the
decay of the monomer fluorescence in styrene dimers is predominantly governed by the process

of conformational transitions.

I. INTRODUCTION

Intramolecular excimer formation in polymers is the
object of increasing interest.! In general, the extent of ex-
cimer formation in a polymer in dilute solution can be in-
fluenced by the conformational characteristics of the chain
and by the rate of intramolecular singlet energy migration.
The subject here is those systems in which intramolecular
singlet energy migration can be neglected. Excimer fluores-
cence in dilute solution is a useful tool for investigation of the
conformational statistics and dynamics of chains in which
energy migration is of negligible importance. Since intramo-
lecular excimer formation in such systems is determined by
the formation of well-defined cyclic conformations during
the lifetime of the intially excited chromophore, measure-
ments of the intensities 7,, and 7,, of the excited monomer
and excimer emission, respectively, provide important infor-
mation about the conformational characteristics of the
chain, as first pointed out by Longworth and Bovey.” Ex-
periments with polymeric chains of variable size, terminated
with identical chromophores at the ends, have been used to
study cyclization dynamics and equilibria.’> When the chains
are sufficiently long, Jacobson-Stockmayer theory* or its
version® modified to take into account the directional corre-
lations of the bonds at the chain ends, can be used to inter-
pret data. For shorter chains, complete enumeration tech-
niques and Monte Carlo simulations using the rotational
isomeric state (RIS) model® are preferred over analytical
models. Such approaches are successful to the extent that the
observed properties are determined by the equilibrium sta-
tistics of the chain. An early application of the RIS model to
estimate the fraction of excimer-forming sites in solid poly-
mers was performed by Frank and Harrah.’

Recently, steady-state emission and excitation spectra
have been measured in dilute solution for dimethyl terephth-
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alate and polyesters with different flexible spacers between
the aromatic rings.® The ratio I,,/I,, was found to exhibit an
odd—-even dependence on the number of flexible units (1-3
units for ethylene oxide®® or 2-6 units for methylene®® )
between the rings. This dependence is similar to the behavior
predicted by the equlibrium RIS analysis of the population
of conformations of the flexible spacer that are conducive to
excimer formation by nearest-neighbor chromophores.
Although the behavior of the polyesters® exhibits a close
correspondence to that expected from an equilibrium analy-
sis that ignores chain dynamics, several experiments with
other systems show that excimer emission is often highly
dependent on the mobility of the bichromophoric com-
pound.® In fact, time-resolved measurements of intramole-
cular excimer formation from low molar mass bichromo-
phoric compounds dispersed at very low concentration in
bulk polymers is a powerful tool to probe the mobility of
polymer matrices, the motions of the fluorescent probe being
coupled with those of the host matrix.'® Excimer emission is
more intense in media permitting fast rotameric transitions
of the probe that create new excimer-forming sites during
the lifetime of the excited chromophore. Similarly, in many
polymers containing photoactive centers, intramolecular ex-
cimer emission is stronger if isomeric transitions to confor-
mations favoring excimer formation are performed quickly.
For instance, the fact that the meso dyad in polystyrene
(PS) (and its diastereoisomeric dimer models) presents an
1,/1,, ratio substantially greater than that of the racemic
dyad®'"'? is explained on the basis of the heights of the bar-
riers that must be crossed to assume excimer-forming con-
formations. In the meso dyad, the excimer conformation
(#2) is easily formed from the most stable ground state (g or
gt) through passage over a barrier of about 2-3 kcal/mol.
The equivalent transition in the racemic dyad, which is from
tt to (g (or gt), requires the crossing of a much higher bar-
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rier, as first pointed out by Monnerie ez al.'*'? on the basis of
conformational energy maps.'*'* This example clearly dem-
onstrates that there can be a substantial contribution to ex-
cimer emission from sites which are not suitable for complex
formation initially, but assume the required geometry before
the excited chromophore is deactivated by another mecha-
nism. A complete theoretical analysis of excimer fluores-
cence should then take into account the dynamic aspects of
the phenomenon, in addition to equilibrium properties.

For the case of short flexible segments separating the
two interacting chromophores, a dynamic model that con-
siders real chain conformational characteristics is required.
Such a model, referred to as the dynamic RIS model,'> was
recently developed as an extension of the formalism first in-
troduced by Jernigan.'® As the name indicates, the model
makes use of the fundamental concepts and assumptions un-
derlying the well established RIS model of polymer statis-
tics. It relies essentially on the calculation of the time-depen-
dent probabilities of transitions within the whole space of
isomeric conformations available to a finite sequence of pair-
wise interdependent bonds. Comparison with previous theo-
retical work, simulation of Brownian dynamics and relaxa-
tion data from NMR experiments, supports the use of the
model as a tool to investigate local motions in polymers.'’'®

For the present study, an extension of the model to treat
the dynamics of the excimer sampling process is formulated.
The theory is presented in the next section. As the theory
contains both the static and dynamic aspects of the process,
the main emphasis will be placed on the comparison of the
relative influence of equilibrium statistics and chain dynam-
ics in governing the extent of excimer emission.

Analysis of local motions by the dynamic RIS model is
described in Sec. II1. According to the model, the stochastics
of conformational transitions obey a continuous parameter,
discrete states, stationary Markov process.?° In excimer for-
mation, however, conformations favorable for excimer emis-
sion are considered as absorbing states, i.e., the initial equi-
librium distribution of conformations is perturbed such that
there is gradual increase in the number of sites contributing
to excimer formation.

In Sec. IV, the model is applied to the meso and racemic
dyads in polystyrene, which is one of the first excimer form-
ing polymers studied experimentally. In the accompanying
paper,”! the dynamic RIS model will be employed to investi-
gate excimer formation in various polyesters, in comparison
to the experimental work of Mendicuti et al.® The two dis-
tinct examples of systems analyzed in the two papers illus-
trate cases where either the dynamic or the static effect
dominates the observed qualitative behavior.

Il. DESCRIPTION OF LOCAL MOTIONS BY THE
DYNAMIC RIS MODEL

Let {¢} represent the set of configurations available to a
segment between two chromophoric groups in the chain. Let
us assume N bonds in the segment are subject to orienta-
tional motion. On the premises of fixed bond lengths and
bond angles, the set of the torsional angles of the bonds is the
only variable that determines a given configuration.® Thus
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{¢} contains v" elements provided that v rotational isomeric
states are available to each bond. The elements of {¢} will be
denoted by ¢;, i = 1, v". Each &, is characterized in turn by
the specific set of torsional angles of the N bonds in motion.
The segments are subject to Brownian motion in the
form of conformational transitions between isomeric states,
although the equilibrium distribution of the various configu-
rations is conserved. In the language of the stochastic theory,
the motion of the segment obeys a discrete state, continous
parameter stationary process.’®?' The passage from one
configuration to another is prescribed by the vV 1" transi-
tion probability (or conditional probability) matrix
C “™(1). The superscript (N) in C ‘¥ (¢) and in the follow-
ing refers to the number of rotating bonds in the segment
between the chromophores. The element C ™ of C ™ (¢)
represents the conditional probability of occurrence of con-
figuration ¢, at time ¢, provided that the sequence is initially
in configuration ¢,.>2 C ‘™ is evaluated from the solution of
the master equation.'>'?
C(N)(t)Ew=A‘N’C(N)(I), (1)
dt ,
where 4 ¥ is the transition rate matrix, whose ijth element
(i#j) is the Arrhenius-type rate constant for the transition
from configuration ¢; to configuration ¢,. The elements of
A ™ satisfy the relation

4;) = _ZA}I'N)’ J#i (2)
7
which is characteristic of conservative processes.?’ Also,
from the principle of detailed balance for systems in equilib-
rium, we have

A :('jN) P/(N)(O) =A;iN) P,(N)(O) (3)
or
CMPM©0)=CMPM(0), (4)

where P (" (0) and P{"(0) are the equilibrium probabili-
ties of the ith and jth configurations, respectively. They are
elements of the probability vector PV (¢) at r=0. Thus
P ™ (1) represents the instantaneous probabilities of the v
configurations. It should be noted that Eq. (1) may equiv-
alently be written for P ™ (¢) as

P™() =4MP WMy, (5)

The off-diagonal elements of 4 ‘™ have the general form'*'¢

AM=r=A,exp (— E;/RT), (6)

where E;; is the activation energy for the conformational
transition from ¢; to ¢,. It is determined from the height of
the saddle to overcome during the transition. The front fac-
tor 4, depends on the conformational characteristics of the
chain and the surrounding medium. It is accepted to be in-
versely proportional to solvent viscosity.!® r is the rate con-
stant for the transition considered. R and T are the gas con-
stant and absolute temperature, respectively.

Equation (1) is also called the forward equation.?®?? It
may be shown that as a consequence of the constancy in time
of 4 ™, the backward equation :

CV)=C™()a™ (7N
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is also valid for the same process.
The formal solution to Eq. (1) or (7) is unique and
equal to

CM(t) = exp{d M1} 8)

provided that 4 is finite and 4 { s — co. The initial
condition C ‘¥ (0) = I ™, where I ‘™ is the identity matrix
of order v", is used in Eq. (8). C “Y(¢) may equivalently be
expressed in terms of the eigenvalues and eigenfunctions of
A (N) as

C(N)(t) =B (N exp{A(N)t}[B(N)]_l, (9)

where B and A" are obtained from the orthogonal
transformation

A(N)=B(N)A(N)[B(N)]_‘. (10)

Here A" is the diagonal matrix of the eigenvalues A,,

AgyesA nOf AV, e,
A,

A(N) — 42

. . (11)
AN
B ¥ is the matrix whose ith column represents the eigenvec-
tor associated with A,, i = 1, v". [B ¥ ]! is the inverse of
B ™. One of the eigenvalues, say 4,, is identically equal to
zero and ensures convergence to equilibrium properties at
long times, while all others are negative.'®*%? |1, | physical-
ly represents the frequency of the ith mode contributing to
local orientational relaxation. Consequently, any transient
property related to local orientational motion may be ex-
pressed as a sum of exponentials Zk; exp(4,¢), where k; de-
pends on the intrinsic structural and conformational charac-
teristics of the chain and on the property investigated, and is
easily evaluated using B ¥, P ™ (0), etc.'” For further de-

tails about the dynamic RIS model, the reader is referred to
Refs. 15-19.

lil. STOCHASTICS OF EXCIMER FORMATION

The set {#} of all configurations available to the seg-
ment of N bonds may be divided into two subsets {¢}, and
{¢}, such that {¢}, comprises the configurations which fa-
vor excimer formation, i.e., those in which the terminal aro-
matic groups are allowed to assume the geometry required
for excimer formation.>* The remaining configurations be-
long to {#},. The two sets are representative of two macro-
states @ and b whose respective probabilities may be evaluat-
ed from

P(a) =Y P™(1), ¢.eld}.,

&;
POb) =1—P%@) =S P (1), d,elgl,. (12)
4

In the above equations, ¢; and ¢; may be viewed as the mi-
crostates composing the mactostates a and b, respectively.
For the above process where all microstates intercommuni-
cate as described by Eqgs. (2) and (3), the probability
P ™ (1) remains unchanged and equal to P ¥ (0), regard-
less of the time argument, unless the initial probability distri-

bution of various configurations is perturbed, i.e., different
from the one dictated by equilibrium statistics. Consequent-
ly, P°(a) and P°(b) are constant for all t and determined by
the equilibrium statistics of the chain. These values also rep-
resent the time averages of the two macrostates for a given
segment.

Thus, according to the above description any depletion
in the concentration of excimer-forming sites is counterbal-
anced by the creation of new favorable sites such that P°(a)
is conserved. The time dependence of the transition
probabilities is portrayed in Fig. 1. A general expression for
the instantaneous probability of excimer-forming sites may
be written as

P'(a) = P(a/a)P°(a) + P(a/b)P°(b), (13)

where the superscript ¢ refers to the time different from zero.
Here P(a/b) denotes the transition or conditional probabili-
ty of macrostate a at time ¢, given macrostate b at t = 0.
Similar definitions apply for P(a/a), P(b /a), P(b /b).Since
from the principle of detailed balance

P(a/b) P°(b) = P(b/a)P°(a) (14)

it may be easily shown from Eqgs. (13) and (14) that for the
process described above P'(a) = P°(a) for all z.

If on the other hand, one is concerned with the total
number of segments that passed at least once through an
excimer-favoring state, this is no longer a reversible equilib-
rium problem. There is a gradual increase in P‘(a), from the
initial equilibrium value P°(a) to 1. In this case, the excimer-
forming configurations are considered as absorbing states
such that back transitions from {¢}, to {¢}, are pre-
cluded.” The configurations in {#}, are said to be nonrecur-
rent and the transition rate matrix for such a process should
be modified such that transitions from {#}, to {¢}, are pre-
vented.?” The latter is achieved by equating suitable columns
of 4 ™V (those corresponding to states in {¢}, to zero, while
keeping the others unchanged.?® Thus the rates of conforma-
tional transitions within subset {¢}, and in the direction
{¢}, — {4}, are identical to those of the stationary process.

" _ P(b/b)
[ 3
= Pe (b)
£
‘é ™ P(b/a)
a P Pla’/a)
[ =3
2 Pe(a)
e N
E o P{a/b)
o t

FIG. 1. Time dependence of the transition probabilities P(a/b), P(a/a),
P(b/a),and P(b /b) between macrostates {¢}, and {¢},, for the stationary
process of conformational transitions in polymeric segments in equilibrium.
P(a/b) and P(b/a) increase from zero to the equilibrium probabilities
P°(a)and P°(b) ofthetwo macrostates, respectively. Also, P(b /b) + P(a/
b) = P(a/a) + P(b/a) = 1, at all times.
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By suitable permutation of columns, the transition rate ma-
trix A ¥ of the absorbing process may be written as

0 D
Ny .
A _[o E] (15

Here the subscript # is appended to 4 { to distinguish the
rate matrix corresponding to the new nonequilibrium pro-
cess from A “” of the equilibrium process. The submatrices
E and D refer, respectively, to conformational transitions
within {4}, and those from {4}, to {¢},. They are directly
taken from the rate matrix A4 ‘¥ of the equilibrium process.
Their respective sizes are N, XN, and N, X N, where N,
and N, are the number of microstates (or configurations) in
{¢}, and {¢},, respectively. Clearly, N, + N, = +".

The transition probability matrix of the absorbing pro-
cess assumes the form

I G(t)]
0 HmnY’
where 7 is the identity matrix of order N, . It follows from the
property

CcM () =8, (17)
for all absorbing states ¢; in the irreversible process. §;; is the
Kronecker delta. H(¢) and G(¢) in Eq. (16) refer to instan-
taneous transition probabilities within {¢}, and from {¢},
to {¢},, in analogy to the corresponding submatrices E and
Din A Y. However, in contrast to D and E which are the
same in 4 Y and 4 (¥ (z), the transition probabilities in
H(r) and G(¢t) are quite different from their analogs in
C ™M (¢). In fact, our purpose is to evaluate the submatrix
G(?), in particular, which accounts for the passage from
{¢}, to {#},. The latter may be determined by inserting
A ™ and C{™(z) in the backward equation (7). This leads
to

cM(y = (16)

G(t) =D + G(1)E. (18)

Written in component form Eq. (18) yields a set of non-
homogeneous first-order differential equations with con-
stant coefficients. It is subject to the initial condition
G(0) = I. 1t should be noted that D and E are known from
the equilibrium process. The N, X N, equations may be
solved for the unknown transition probabilities, i.e., the ele-
ments of G(¢), at a given time, by either analytical or nu-
merical method. Clearly, at long times all elements of G, and
consequently P‘(a), approach unity. The transition proba-
bility P, (a/b) from {¢}, to {¢}, in the irreversible process
is

P, (a/b) = [zza,,(t)P;”’(O)] /ze(m, (19)
iJ J

where G;(?) is the jjth element of G(¢). Subscripts i and j
correspond to microstates in {¢}, and {#},, respectively, as

1
—2r, r_, r_, 0
40 = r —(ry+r_;) 0 r_,
r 0 —(r,+r_p r_,
0 r, r —2r_,

follows from the definition of G(¢). By inserting Eq. (19)
into Eq. (13), the time-dependent probability of excimer-
forming sites becomes

Pi(a) = P°a) + 3 3G, ()P{™(0). (20)
i

It should be recalled that P ‘(a) accounts for the proba-
bility of polymeric segments that at least once have been
transformed into an excimer forming state, during the time
interval ¢. Thus, although the instantaneous probability of
segments favorable to excimer emission is constant and
equal to the equilibrium value P°(a) at all times, that of the
segments which assume one of the microstates in {¢},, prior
to t is a gradually increasing function of time. The gradual
increase or the accumulation of segments which at least once
undergo the conformational transition to {¢},, is accounted
for by the second term in Eq. (20).

A representative measure of the rate of transition from
{4}, to {¢}, is the mean first passage time (7) from the first
macrostate to the second. Following Oppenheim,? the latter
is evaluated from

(r) =J.wtp(t)dt=pr(t)dt, (21)
(4] 0

where p(t) is defined as the probability that the random
event considered has not occurred before time ¢. In our case
this is the probability that a randomly selected segment in
the ensemble has not undergone the transition to macrostate
{¢},, at time ¢, i.e., simply

p=P'(b)=1—P'(a). (22)

By substituting Eq. (22) into Eq. (21) and carrying out the
integration the first passage time is easily calculated, as will
be illustrated below.

IV. APPLICATION TO POLYSTYRENE

Conformational energy maps indicate that a two-state
scheme, consisting of the trans (¢) and gauche (g) states for
each skeletal bond, is suitable for treating the statistics of
polystyrene.'* Consequently, four isomeric states 1, tg, gt,
and gg are available to each dyad.?” The kinetic scheme for
conformational transitions is

T2

8t = 88

o]

= g

N

where r,, r_,, 1, and r_, are the rate constants assoicated
with the indicated transitions. The transition rate matrix
corresponding to the above scheme is

(23)
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Here the superscript (2) indicates that the segment between
the chromophoric groups comprises two mobile bonds.

The conformational characteristics of meso dyads differ
considerably from those of racemic dyads. # states are those
favoring excimer formation in meso dyads, as may be direct-
ly concluded from the examination of the geometrical struc-
ture of the repeating unit, whereas in racemic dyads excimer
emission is expected to take place from state /g and gr. Here g
refers to a state with negligibly small probability of occur-
rence, due to severe steric interaction between the phenyl
rings and the groups or atoms adjacent to the dyad. Also the
transition from the most stable ground state #f in racemic
dyad, to the excimer forming states (/g and g¢) necessitates
the passage over a relatively high barrier.'>' Thus (i) the
equilibrium population of excimer forming sites in racemic
dyads is negligibly small and (ii) the conformational transi-
tions sampling those sites are at least one order of magnitude
slower than those taking place in the meso dyads. As a result,
the efficiency of excimer formation in racemic dyads is far
lower than that in meso dyads, as confirmed by steady-state
and transient fluorescent spectra.®-'"-*® Itagaki and collabor-
ators?® show that the excimer emission from diastereoiso-
meric model compounds of PS in which the excitation is
mostly absorbed by chromophores in racemic dyads, is con-
trolled by the influx of that excitation energy into neighbor-
ing meso dyads which readily assume an excimer-forming
conformation. They point out that the ¢f conformer in meso
dyads appears to be mainly responsible for the excimer emis-
sion in PS, in agreement with quantum mechanical calcula-
tions by Blonski e al.?® Accordingly, we will direct our at-
tention to the dynamics of meso dimers, in particular, where
the energy migration does not contribute?® to excimer emis-
sion.

A. Meso dyad

In meso dyads the # state is the only absorbing one.
Consequently r, in Eq. (23) is equated to zero in this case.
The transition rate matrix associated with the irreversible
process reads

0 r_, r_, 0
P 0O —(r+r_) 0 r_,
" 0 0 —(rp+r_y) r_,
0 r r —2r_,
(24)
From the comparison with Eq. (15), we have
D={[r_, r_, 0] (25)
and
—(r,+r_y) 0 r_,
E= 0 —(r+r_p r_, (26)
7y r, —2r_,

for the submatrices defining the rates of transitions from
{¢}, to {#}., and within {¢},, respectively. The transition
probabilities G;; (¢) from microstate ¢, in {¢}, to microstate
&, in {¢}, are the quantities of interest.2* They obey the set
of differential equations:

Gao=r_;—(rn+r_)G,+ Gy,
Ga=r_1— (n+7r_)G;3+ G,
Giu=r_,Ga + 1 1G53 —2r_,Gy, 27

as follows from Eq. 18. It should be recalled that subscripts
1, 2, 3, and 4 appended to G (and P’, E, D below) refer to
states 21, 1g, gt, and gg, respectively. The set of Eq. (27) is
solved by the method of Laplace transforms. The solution is

G, =1+ B, exp(A,t) + C; exp(4,t), i=2,3,4,(28)

where
11,2 = —(r_/24+r,/24r_,)
+ (/24172475 —2r_r 512 (29)
r_ (A, +2r_y)
=B, ==t t=-2 30
S 7 A o
2r_r_,
=_=-1-2 30
4 /",1(41_/12)
Ci=—1-B, i=234 (32)

Inserting the above results into Eq.(20), the probability of 7
states which favor excimer emission increases with time ac-
cording to

4
P{@) =1+ P (0)B, exp(4,0)

i=2

4
+ Y PP(0)C; exp(4,), (33)
=2

where the initial probabilities P (> (0) may be taken as iden-
tical to equilibrium probabilities. As may be seen from Eq.
(33), two orientational modes with relaxation frequencies
|4,| and |4,| contribute to the dynamic process of excimer
formation. They are interrelated as

A, =2r_ir_, (34)

as follows from Eq. (29). In the limit as # goes to infinity, the
exponential terms in Eq. (33) vanish (as both 4,’s are nega-
tive), i.e., P = (a) = 1. In the other limit of ¢ = 0, using Eq.
(32), we obtain
4
Play=1-% P{¥(0) = P{¥(0),
i=2
as expected. Thus P’(a) increases from the equilibrium
probability of ¢ states at # = 0, to unity at long times, accord-
ing to Eq. (33). The mean first passage time from {¢}, to
{4}, is
G

4 (B

o= - 33+ PO (35)
i=2 1 iz

as may be deduced from Egs. (21), (22), and (33). The

subscript m appended to () refers to the meso dyad.

B. Racemic dyads

The excimer forming states /g and g¢ in racemic dyads
are highly improbable from the energetic point of view as
mentioned above. Their occurrence is usually neglected in
statistical treatments of PS chains.'* The most stable ground
states are the ¢t and gg states in racemic dyads. There is no
suitable path involving one saddle for the passage from the
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state gg to g (or g¢) as may be seen from conformational
energy maps. Thus the creation of excimer-favoring sites in
racemic dyads results almost entirely from the conforma-
tional transitions of #z dyads, which account for about 90%
of the equilibrium population of various conformations. The
above notation may be adopted if 7, now denotes the rate of
passage from #¢ to ¢g or gt states and the states g and gt are
now identified with subscripts 2 and 3. Following the above
steps, D and E reduce to

p=[p=[] 56
)
D,, (
and
E=[E, ]l=[-2n] (37)

which leads, as expected, to

Gy =r —2rG,, i=23 (38)
and

G, =172[1 —exp(4;1)], i=23 (39)
with

A= —2r,. (40)

Clearly, the fraction of segments that undergo, at least once,
transitions to fg or gt states before time ¢ becomes

P'(a) =1 —exp(A,2) 41)

using the approximation P {¥’(0) ~ 1. The mean first passage
time {(7), from {¢}, to {¢}, for the racemic dyad equals

(1), = — PP (0)/4,. (42)

C. Calculations

Data for energy minima and heights of the saddles
between isomeric states are estimated from the available
conformational energy maps for the meso dyads in polysty-
rene.">'* The values used in calculations are listed in Table I.
A barrier height of 2.5 kcal/mol is assigned to the transition
tg/gt— tt in the meso dyad. This value directly follows from
conformational energy maps computed with the 6-12 energy
function truncated at o =5 A for all atom pairs.'* Those
semiempirical maps were found*® to be representative of
conformational characteristics of PS chains including sol-

TABLE I. Conformational and activation energies.

Conformational energies (kcal/mol)

State Meso Racemic
(1) 1.6 0
(2) g 0.7 2.8
(3) gt 0.7 2.8
(4) gg 33 1.5
Activation energiesinr; (i= + 1, +2)¢
(kcal/mol)
i Transition Meso
1 n—-1g 1.6
—1 gt—tt 2.5
2 1g—gg 43
-2 gg—1g 1.7

*States tg and gt are equivalent.

vent effects. As to the racemic dyad, the barrier height for
the transition of interest, i.e., ¢z —1g/gt is taken as 4.6 kcal/
mol. Although this value is lower than the one predicted by
semiempirical force-field calculations, Arrhenius plots of
the ratio I,,/1,, against 7 ~' in several temperature-depen-
dent excimer fluorescence experiments with PS or its model
compounds'"'?3!32 indicate apparent activation energies of
about 2.5 and 4.6 kcal/mol, for the meso and racemic dyads,
respectively. Those activation energies are attributed to the
heights of the rotational barriers to assume excimer-forming
states, and are adopted in the present work.

The values at the energy minima are used to calculate
the equilibrium probabilities P {*’(0) (i = 1,4) of the con-
formational isomeric states. The latter may also be evaluated
from the eigenvector associated with the zero eigenvalue of
the equilibrium process, as pointed out earlier.'®'? As to the
barrier heights, they are substituted as E; into Eq. (6) to
calculate r, (i = + 1, + 2) corresponding to different con-
formational transitions. The value A4,=0.9x10'/s is
adopted for the front factor in Eq. (6), from the comparison
(see sequel) with previous work.® For a comparative study
of the dynamics of the excimer sampling process in the meso
and racemic dyads of PS, under the same environmental
conditions (solvent, temperature, etc.), the choice of the ab-
solute value of A, is immaterial. It should be recalled that the
latter depends on the solvent nature as it is inversely propor-
tional to solvent viscosity, and that the eigenvalues |4,]| or
the frequencies of the various relaxational modes contribut-
ing to local orientational motions are linerarly proportional
to A,.'®'° As a result, the same qualitative and quantitative
predictions are preserved regardless of the time scale, which
varies linearly with solvent viscosity.

Calculations are performed for 7= 300 and 350 K. The
increase in the probability of segments that at least once as-
sume a configuration favorable for excimer formation is cal-
culated from Eqgs. (33) and (41) for the meso and racemic
dyads, respectively. The frequencies — A, and — A, in the
two cases are found from Eqgs. (29) and (40), respectively.
The resulting probability curves are drawn in Fig. 2. The

1.0 T

Pt(a)

FIG. 2. Increase in the fraction or probability P‘(a) of excimer-forming
sites by the rotational sampling of conformational transitions for the meso
and racemic dyads in PS, at 300 K (solid curves) and 350 K (dashed
curves). Data in Table I with 4, = 0.9 X 10''/s is employed in dynamic RIS
calculations.
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most striking feature from the examination of Fig. 2 is the
considerably faster increase of P‘(a) in meso dyads com-
pared to that of racemic dyads. This is a direct consequence
of the relative frequencies of excimer sampling process in the
two isomers. Although their ratio diminishes at higher tem-
perature (350 K), the significant departure between the
P*(a) curves corresponding to the meso and racemic dyads
is still persistent. The mean first passage times are calculated
from Eqgs. (35) and (42) for the meso and racemic dyads,
respectively. Their respective values are 6.7X107'° and
1.13 X 10785, at 300 K, using the above front factor, i.e., the
process of creation of sites favorable to excimer emission is
~ 17 times slower in the racemic dyad at room temperature,
compared to meso dyads, as follows from the ratio
(1), /() =1T.

V. CONCLUSION AND DISCUSSION

In the present work, the dynamics of the process of con-
formational transitions to states favoring excimer formation
has been theoretically investigated. The previously intro-
duced dynamic RIS model is used to treat the irreversible
process of accumulation of sites which are suitable for the
formation of the complex. The transition rate matrix govern-
ing the rate of passages between conformational isomers is
modified such that a new stochastic process where the ex-
cimer forming states are absorbing states, is constructed.

The theory allows for the quantitative determination of
the time dependent increase in the number or probability
P'(a) of sites belonging to {¢},, i.e., the subset of conforma-
tions with the required geometry for excimer formation,
within the whole configurational space {¢}. The mean first
passage time from the complementary subset {¢}, (i..,
{9}, = {¢} — {4},) to {¢}, is evaluated from the time de-
pendence of P*(a).

Inasmuch as real structural properties and conforma-
tional characteristics are included in the model, the theory
should account for the observed differences in the behavior
of different polymeric systems provided that the influence of
conformational characteristics of the chain is not signifi-
cantly complicated by the simultaneous effect of energy mi-
gration. As an illustration, the formulation developed in the
present study has been applied to the meso and racemic
dyads in polystyrene. The calculations show that the meso
dyad exhibits a considerably faster increase in the number of
conformations favoring excimer formation, compared to the
racemic dyad. The mean first passage times for the two
isomers are calculated to be in the ratio of {(7),/(7),, ~17.
Measurements with 2,4-diphenylpentanes yield a ratio of
~ 22 for the rates of excimer formation in racemic and meso
dyads.!!

It should be recalled that the theory limits dynamic in-
terdependence between bonds to only first neighbors along
the chain. Long-range interactions are neglected as com-
monly done in the treatment of equilibrium statistics. Thus
the contribution to excimer formation from the coupling of
chromophoric groups which are separated by more than a
repeating unit, is neglected, assuming the interaction
between first neighbors to be the major factor controlling the
observed spectra.

As to the front factor 4, in Eq. (6), a representative
value for the specific polymeric system may be estimated
from previous experimental studies, as recently carried out
for polyoxyethylene solutions.'® In the dynamic RIS model,
A, and consequently the rates of conformational transitions
are assumed'® to be linearly proportional to the reciprocal
viscosity. Recent excimer fluorescence studies®* with poly-
styrene in cosolvent mixtures indicate a linear dependence of
excimer to monomer intensity ratio I, /I,,, on the inverse of
solvent viscosity 7', which supports the validity of the
above assumption. The same study by Masegosa et al.>®
draws attention to the fact that in isotactic PS the predomi-
nant mechanism for excimer formation is the rotation of
skeletal bonds during the lifetime of one chromophore in the
excited state, in agreement with previous studies. If in the
present study we adopt a value of 4, = 0.9 X 10!!/s, the time
constant |1/4,| associated with the process of excimer for-
mation becomes equal to 0.72 and 12 ns in the meso and
racemic dyads, respectively. These time constants play the
major role in governing the dynamics of the excimer sam-
pling process. It should be noted that the second relaxational
mode with time constant |1/4,|, in the present work, is rep-
resentative of the transitions of those segments which are
initially in gg states, to states conducive to excimer emission.
In meso dyads, they are faster by about one order of magni-
tude compared to the dominant mechanism (with time con-
stant |1/4,|), due to the lower barrier to surmont. However,
their a priori probablility of occurrence is very low such that
their influence on the predicted P‘(a) curves is negligible.

The contribution from the meso dyads is the major fac-
tor dominating the decay of the monomer fluorescence in PS
or its model compounds. The experimental decay of mon-
omer fluorescence for PS or its model compounds is satisfac-
torily approximated by a dual exponential of the form

I, (1) = A, exp(41) + A4, exp(A,1), (43)

where the coefficients 4, and 4, sum up to unity thus nor-
malizing I,,(¢) in the interval O<t< o, and A, = 1/7;
where 7, is the best fitting time constant. The decay in mon-
omer fluorescence is mainly due to the decrease in the num-
ber of excited single chrompohores by forming excimers. If
the excimer formation in meso dyads is predominantly gov-
erned by the process of conformational transitions, this de-
cay curve is expected to obey a similar functional form as the
rise in the number of excimer-forming sites. For an under-
standing of the extent of the role of conformational transi-
tions in prescribing the decay curves, 4, and A; which are
found®?®* to yield the best fit with experiments are com-
pared with the exponential terms in Eq. (33). Table II gives
a comparison of the terms 4; exp(4,?) (i = 1,2) in Eq. (43)
and the two exponential terms in Eq. (33). The 4, and 4,
values in the present work in Table II, are evaluated from

4 4
— z P®(0)B, and — > PPWO)C,
i=2 i=2
respectively, as follows from Eq. (33). It is interesting to
note that the first term 4, exp(A,¢) which mainly dominates
I, () is well accounted for by the present model. This result
confirms that local chain dynamics play an important role in
the excimer fluorescence of isotactic PS. The second term in
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TABLEII. Decay parameters of monomer fluorescence in PS and its model
compounds.

Ref. — 1/, (ns) A, - 1/4, (ns) A,
9 and 28 0.5-0.7 0.70 4-6 0.30
34 0.88 0.997 15 0.003
Present

work® 0.72 0.901 0.1 0.002

24, and 4, sum up to 1 — P°(a) in the present treatment, as follows from
Eqs. (32) and (33). Upon normalization they equate to 0.998 and 0.002,
respectively.

Eq. (43) is of secondary importance in determining 7,,(?),
as apparent from the coefficients 4,, / = 1,2. Itagaki et al.
correlate their value ( ~6 ns) to the time required for the
transition gg— gt or tg in meso dyads at room temperature.
This value does not however agree with the present analysis,
where a much faster passage time ( ~0.1 ns) is predicted for
the same transition, and is explained on the basis of the cor-
responding lower barrier to overcome. As to — 1/4, from
the work of Soutar et al.,>* this is attributed?® to the overlap-
ping of the excimer fluorescence. Thus, if attention is con-
fined to the first term which plays a major role in I,,(2),
satisfactory correlation between the values estimated from
the conformational stochastics of the chain and those result-
ing from experiments is obtained. It should be noted that the
single exponential time constant |1/4,| =12 ns calculated
for racemic dyads by using the same front factor 4, and the
apparent activation energy 4.6 kcal/mol, agrees with the val-
ue (11 ns) reported by Itagaki et al.>*® and de Schryver et
al."! The present analysis suggests the adoption of 45~ 10''/
s for future investigation of the dynamics of dilute polysty-
rene solutions.
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