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Local Molecular Motion of Polystyrene Model Compounds
Measured by Using Picosecond Pulse Radiolysis. 1.
Diastereoisomeric Styrene Dimers: Multicomponent Fluorescence
Decay Curves, Concentration Dependence, and Alkyl End-Group
Effect on Excimer Formation
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ABSTRACT: The dynamic process of intramolecular excimer formation in meso and racemic 4,6-di-
phenylnonanes (PS2(propyl)), diastereoisomeric dimer models of polystyrene, was investigated by using a
picosecond pulse radiolysis technique. In dilute cyclohexane solution, the monomeric fluorescence of racemic
PS2(propyl) decays single exponentially with a time constant of 11 ns, while that of mesc PS2(propyl) was
found to decay dual exponentially with time constants of 6 and 0.5 ns. These multicomponent fluorescence
decays were found to be explicable by the local motion of conformational change. In conclusion, each time
required for the conformational change (g*t/tg”) — tt, (g7t/tg") — g*¢", and g*g™ — (g*t/tg") in meso PS2(propyl)
is estimated to be 0.7, 2.5 and 6 ns, respectively, at room temperature. The proposition that fluorescence
decay of diasterecisomeric dimers is influenced by molecular motion (conformational change) is also valid
for explaining the profile of the transient fluorescence spectra of racemic PS2(propyl). The present result
is an indication that multicomponent fluorescence decay observed in some polymer systems may be mainly
due to the conformational change motion in meso dyads. The concentration dependence of the time constants
of meso and racemic PS2(propyl) was also measured. In addition, an alkyl end-group effect on intramolecular
excimer formation in styrene dimers is found to exist by comparing time constants of styrene dimers with
methyl ends, propyl ends, and pentyl ends.

Introduction

Recently many investigators have published papers
concerning intramolecular excimer formation in aromatic
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1 Research Center for Nuclear Science and Technology, Univer-
sity of Tokyo.
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dimers compounds.}™® There are three main reasons for
studying dimeric compounds: (1) to understand the
photophysical interaction between chromophores in ex-
cited states since the encounter probability of rings in-
creases greatly in dimeric compound such as diaryl-
propanes,' (2) to clarify complex photophysical processes
in polymer systems because the structure of these dimeric
compounds are identical with those of polymer dyands,*!!
and (3) to investigate the end-to-end cyclization rate of
polymer molecules in terms of the theory of polymer so-
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lution.’?'* Diarylpropanes are appropriate compounds for
studying photophysical interactions between chromophores
but are not sufficient as a polymer model because (1) a
polymer has many configurations (tacticity) they do not
have and (2) the motion of side-chain chromophores of
macromolecules is limited because of their being packed
into a smaller volume; this is not restricted by the lack of
bulky end groups such as pentyl groups. Thus interest in
the study of dimeric diastereoisomers with symmetric alky!
end group has increased in recent years.*!! In particular,
transient measurements of the fluorescence of diastereo-
isomeric dimers as models of polymers will give important
information on the dynamics of the local motion of side
chains, using the excimer as a probe.

Since Longworth and Bovey,'® several authors have re-
ported that the excimer is more easily formed in meso than
in racemic dimeric diastereoisomers. These results suggest
that in the meso isomer the excimer conformation (tt) is
easily formed by a pathway with small steric hindrance
from the most stable ground-state conformation (g*t,tg"),
where almost all oligomers are at the initial stage of ex-
citation, but in the racemic isomer the excimer conformer
(gt,tg") cannot be formed without passing over the higher
rotational energy barrier from the most stable conformers
(tt,g*g"). De Schryver et al.“ reported that the rate con-
stant of excimer formation of meso-diphenylpentane
(styrene dimer with methyl end: PS2(methyl)) is 25 times
larger than that of racemic PS2(methyl) at room tem-
perature.

We have studied intramolecular excimer formation of
atactic oligostyrenes'® and diastereoisomers of diphenyl-
tridecanes (styrene dimer with pentyl end: PS2(pentyl))!
using picosecond pulse radiolysis in order to observe dy-
namically the local motions of macromolecules. The mo-
nomeric fluorescence of racemic PS2(pentyl) decays single
exponentially with a time constant of 13 + 1 ns, while that
of meso PS2(pentyl) was found at first to decay dual ex-
ponentially with time constants of 3.5 and 0.5 ns. However,
the concentrations of the solutions used in the transient
measurements were 0.06-0.09 base molar, at which con-
centrations excimer may be intermolecularly formed. In
this paper we have investigated the concentration depen-
dence of excimer formation and/or the multicomponent
decay of phenyl fluorescence. In addition we now report
and discuss the alkyl end-group influence (symmetric
methyl, propyl, and pentyl end groups) on the time re-
quired for excimer formation.

Experimental Section

The details of the synthesis and identification of meso and
racemic 4,6-diphenylnonane (PS2(propyl)) have already been

CrHan+1~(C(CeHs) HCH,)—Cp  Hppy
n = 1, PS2(methyl); n = 3, PS2(propyl); n = 5, PS2(pentyl)

reported by Sato and Tanaka.!” Fluorescence measurements were
carried out in luminasol cyclohexane (CH) supplied by Nako Co.
and used without further purification. All sample solutions were
degassed by freeze—pump-thaw cycles under high vacuum. The
concentrations of the solutions used in the transient measurements
were from 3 mM to 0.2 M for meso PS2(propyl) and from 0.2 mM
to 0.5 M for racemic PS2(propyl) (the unit of concentration here
is not base molar but molar).

Fluorescence spectra and fluorescence excitation spectra were
measured on a Hitachi F-3000 spectrofluorometer. Fluorescence
decay curves were obtained by using a picosecond pulse radiolysis
system, details of which have been already reported.!:161® The
emission in the longer time range (above 20 ns as the full time
scale; channel width = 39.06 ps) was measured at ca. 20 °C by
using a photomultiplier [HTV 1194UX (UV)] with a sampling
oscilloscope (Tektronix 7704A) through a grating monochromator
(Ritsu Oyo Kogaku MC-10N) or an interference filter of 280, 287
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(monomeric singlet), or 340 nm (excimer). The above method
is abbreviated as the DPO (data processing oscilloscope) method
below. The fluorescence decay curve in the shorter time range
(below 5 ns as the full time scale; channel width = 20 ps) was
measured by using the gated streak camera (HTV C979) followed
by a silicon-intensified target tube (SIT C1000-18), a micropro-
cessor (C1098), a TV monitor, and a recorder. In the measure-
ments using a streak camera, the wavelength of emission was
separated only by using interference filters.

Our method of calculating time constants is as follows. First
we analyzed fluorescence decay curves whose full time scale range
is 50 and 100 ns (or 20 ns in some cases), because 100 ns is long
enough to calculate the longest lifetime obtained in our mea-
surements. We tried to fit these experimental data to three types
of equations (single exponential, sum of two exponentials, and
sum of three exponentials) by using a nonlinear least-squares
method, excluding several initial channels where signals are
distorted by both Cerenkov radiation (which overlaps the emission
of both monomer singlet and excimer at very short times) and
instrumental response. We used the Durbin-Watson factor
(DW)® to assess the validity of the trial fitting function. DW
is calculated from

N N
D= E(Ri - Ri—1)2/(§Ri2)

where the weighted residual R, = (Y; - F})/Y;"/%, Y; and F; are
the values of the experimental data and trial decay function
corresponding to the time channel i, and N is the number of
experimental points. For the best fitting, the value of DW ap-
proaches 2.0.

After determining the decay profile at longer times, we used
the streak camera data to exactly calculate the short-lifetime
component by using the reconvolution method. For example, the
fluorescence of 40 mM meso PS2(propyl) at 280 nm obtained by
a DPO method was determined to decay as 0.85 exp(-t/4.4 ns)
+ 0.15 exp(-t/24 ns) (DW = 1.42; preexponential terms are
normalized by using the sum of only these two terms). On cal-
culating the streak camera data obtained under the same con-
ditions, we used this relationship as a base curve and also used
the data of water as an exciting pulse profile. Thus the whole
profile shown in Table I (DW = 1.7) was obtained. The calculated
equations shown in the present paper are normalized in such a
way that £A; = 1. Since the dynamic range of the streak camera
is quite narrow and the decay is somewhat complicated, the
exactness of the preexponential terms might seem to be a problem.
The preexponential term of the shortest lifetime component might
be overemphasized.

We did not examine the possibility that the monomer emission
might decay according to a relationship having a time dependent
term such as tV/2.

Results

Figure 1 shows the corrected fluorescence spectra of
racemic PS2(propyl) (A) and meso PS2(propyl) (B) at a
concentration low enough that intermolecular excimer
formation can be neglected. The excitation wavelength
is 250 nm and the spectra were measured at 25 °C. The
peaks near 285 and 330 nm have been assigned to phenyl
monomer singlet and excimer emission, respectively; the
fluorescence excitation spectra between 270 and 400 nm
coincide with the absorption spectra. Figure 1 shows that
meso PS2(propyl) presents a greater ratio of excimer to
normal fluorescence intensity than racemic PS2(propyl).
As described in the Introduction, similar results were re-
ported for other diastereoisomeric dimers.* !

Figure 2 shows the decay curve of monomer emission
of racemic PS2(propyl) (0.2 mM) together with the
weighted residuals and autocorrelation of residuals for
single-exponential fits. Figure 2 suggests that the mo-
nomeric fluorescence of racemic PS2(propyl) decays ac-
cording to

Iy(t) = exp(-t/7)
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Table 1
Fluorescence Decay Profiles of Meso and Racemic PS2(propyl) in Cyclohexane®
[M], mM wavelength, nm A, 71, D8 A, 79, IS Ay 73, NS DwW
Meso PS2(propyl)
200 200 0.73 0.31 0.20 2.7 0.066 17 1.46°
0.82 0.43 0.14 2.7 0.045 17 2.00¢
287 0.74 0.37 0.17 3.0 0.088 15 1.55°
0.79 0.52 0.14 3.0 0.071 15 1.89¢
0.78 0.47 0.15 3.0 0.077 15 1.56°
340 19 1.00
40 280 0.77 0.37 0.19 44 0.034 24 1.67°
0.82 0.30 0.15 4.4 0.027 24 1.78¢
287 0.72 0.36 0.23 4.1 0.051 20 1.46%
0.84 0.32 0.13 4.1 0.028 20 1.74¢
340 23 0.92
20 280 0.70 0.56 0.23 5.5 0.069 22 1.80°
0.65 0.38 0.27 5.5 0.081 22 1.80¢
287 0.69 0.49 0.23 5.7 0.082 21 1.51%
0.61 0.44 0.29 5.7 0.10 21 1.56¢
0.68 0.38 0.24 5.7 0.084 21 1.58¢
340 24 0.82
3 280 0.68 0.47 0.25 6.0 0.075 22 1.40°
287 0.61 0.49 0.29 5.7 0.10 21 0.50°
0.66 0.66 0.25 5.7 0.089 21 1.02¢
340 23 0.80
Racemic PS2(propyl)

[M], mM wavelength, nm 71, NS 75 1S 73, NS DW

500 280 2.2 0.59

340 23 0.27

20 280 9.4 1.88

10 1.56

340 22 1.46

4 280 11 1.12

11 1.49

340 24 1.01

0.2 280 10 0.95

11 1.30

340¢

¢ Fluorescence decays due to equation I(t) = 3_A,; exp(-t/1;); rise components were not calculated concerning excimer fluorescence at 340
nm. The shortest component was calculated by using streak camera data of 20 ps/channel scale and ©12 ps/channel scale. “Time

constants could not be determined due to a weak signal.

_
(A)
|
300 400 (nm)
T T T
(B)
1 1
300 200 (nm)

Figure 1. Fluorescence spectra of racemic PS2(propyl) (A) and
meso PS2(propyl) (B) in CH (excitation wavelength, 250 nm).

with time constant 7 = 11 & 1 ns. If the excimer dissociates
under these conditions, the monomer fluorescence should
not decay single exponentially. Accordingly, this decay
profile means that the excimer of racemic PS2{propyl)
dissociates very little (or not at all) at 20 °C. It is difficult
to obtain the exact rise curve of the excimer emission by
removing the Cerenkov light and the overlap of the mo-

LOG(1tt)

07100 200 300 channes

1 T
o SRENNN (3);
"0 50 100 channels

Figure 2, Monomeric fluorescence decay of racemic PS2(propyl)
in CH (0.2 mM) at 280 nm obtained by using a DPO method (97.66
ps/channel) (2), plots of weighted residuals (1), and autocorrelation
of residuals (3) for single-exponential fits (exp(-t/11 ns)). The
rapid decay at very short times is due to Cerenkov radiation.

nomer fluorescence decay, but the decay curve at 340 nm
may be fitted very well to

Iyo(t) = 0.77[exp(~t /22 ns) — exp(~t /11 ns)] +
0.23 exp(-f /11 ns)

This is a reasonable result because the intensity of mo-
nomer fluorescence is found to be about 25% of that of
the fluorescence at 340 nm from the photostationary re-
sults. Accordingly, the excimer emission rises single ex-
ponentially with the same time constant (11 ns) as that
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Figure 3. Monomeric fluorescence decay of meso PS2(propyl)
in CH (20 mM) at 280 nm obtained by using a DPO method (97.66
ps/channel) (2), plots of weighted residuals (1), and autocorrelation
of residuals (3) for dual-exponential fits calculated after 4.9 ns
(I(t) = 0.26 exp(~t/6.1 ns) + 0.060 exp(-t/24 ns)).

of monomer fluorescence decay. This means that the
shortening of the fluorescence lifetime of the phenyl moiety
from 27 ns (the monomer model cumene) to 11 ns (racemic
PS2(propyl)) is due to intramolecular excimer formation.

We measured the concentration dependence of the time
constants of racemic PS2(propyl) fluorescence. The mo-
nomer fluorescence at 0.2 mM to 0.5 M is found to decay
single exponentially (eq 1) within experimental error, and
the time constants change with concentration. In partic-
ular, the time constant of monomer fluorescence at 0.5 M
is shortened to 2.2 ns because excimer is formed both intra-
and intermolecularly. The time constants obtained are
summarized in Table I.

Figure 3 shows the fluorescence decay of meso PS2-
(propyl) at 280 nm over the long time range obtained by
using a DPO method. We conclude that the fluorescence
near the monomer peak of the meso styrene dimer with
propyl end groups is found to decay triple exponentially
with time constants of 0.5, 6, and 23 ns; this is also true
of meso PS2(pentyl).!*

The fluorescence at 340 nm, consisting only of the ex-
cimer signal, decays single exponentially with a time con-
stant of 23 ns; thus the longest component is due to the
overlapping of excimer fluorescence at this wavelength.
The reasons are as follows: (1) The steady-state fluores-
cence spectra of meso PS2(propyl) suggests that excimer
fluorescence overlaps even in the monomeric fluorescence
region, while the intensity of monomeric fluorescence is
very low (see Figure 1B). (2) The component with a time
constant of 23 ns is not observed in racemic PS2(propyl)
monomer fluorescence decay, though the lifetime of ex-
cimer fluorescence of racemic dimer precisely coincides
with that of meso compound. This means that the time
constant of 23 ns is only due to the lifetime of excimer
(sum of kpp and kp). (3) The preexponential term ratio
of the longest component (4;) to the middle one (A,) of
monomer fluorescence of dilute meso PS2(propyl) solution
is 0.35 at 287 nm and 0.30 at 280 nm, while the ratio of
A, to A, is nearly the same at 280 nm and at 287 nm (2.6).
It also suggests that the component with the longest life-
time is due to the overlapping of the excimer fluorescence.
Thus, the monomer fluorescence of meso PS2(propyl)
decays dual exponentially with the time constants of 0.5
+ 0.2 and 6 + 1 ns, while the excimer fluorescence (340
nm) rises very quickly and decays with time constant of
23 + 1 ns.

We also measured the concentration dependence of the
time constants of meso PS2(propyl) fluorescence. The
monomer fluorescence decay curves are all found to consist
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of three components, including the overlapping of excimer
fluorescence, although at high concentration the excimer
could be formed intra- and intermolecularly. The equa-
tions which fit best are summarized in Table 1.

Discussion

Kinetics of Intramolecular Excimer Formation.
The monomer fluorescence of meso PS2(propyl) decays
dual exponentially with time constants of 0.5 and 6 ns,
while that of racemic PS2(propyl) decays single exponen-
tially with an 11-ns constant at concentrations dilute
enough that intermolecular excimer formation can be ne-
glected. Since the fluorescence lifetime of cumene, a
monomer model, is 27 ns, a possible qualitative explanation
is that the shortening of the lifetime is due to the existence
of an escape process from the excited monomer state, that
is excimer formation; the shorter values for the meso
compound suggest that excimer formation is more effective
in the meso dimer than in the racemic dimer. However,
the most important question is why there are two time
constants in the monomer fluorescence decay of meso PS2,
because monomer fluorescence must decay single-expo-
nentially under the condition that dissociation of the ex-
cimer can be neglected in terms of general Birks?® and
Klopffer? kinetics.

The formation of an intramolecular excimer in polymer
systems needs two important processes; one is the for-
mation of the excimer conformation (it, meso diad; g't/tg",
racemo diad) by local motion such as a crankshaft tran-
sition, and another is the influx of excitation energy into
the preformed excimer conformation by singlet energy
migration.?? However, since the singlet energy migration
does not influence excimer formation in dimer compounds,
excimer formation is due only to the limited molecular
motion of phenyl rings connected with the main chain.
This means that rate constant for excimer formation is
identical with that for the motion of phenyl rings to
achieve the required geometry. Thus the probelms to be
recognized in our systems, where the probe is phenyl and
its excimer fluorescence and the time resolution are over
20 ps, are (1) what type of molecular motion influences the
excimer formation process (and how fast it is) and (2)
whether its relaxation has the form of an exponential
equation or a more complicated form such as a + bt™/2
type because of the diffusion process being influenced by
spatial distribution.

Here we assume that all relaxation processes occur ex-
ponentially. This also means that we assume that all rate
constants observed in our experiments are independent
of time.

Before considering the reason why there are two time
constants for the meso dimer, we discuss the main con-
formational change shown in Figure 4.

Figure 4 shows the main conformational change of the
diastereoisomeric dimers. The conformational change
between tt and gt in the meso dimer may be shown as
follows.

E Ph
H H H H
—>
H Ph 3 H
Ph H Ph
tt g't

The rotation around the carbon—carbon bond requires
three groups (Ph (phenyl), E (alkyl end group), and H) to
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Figure 4. Main conformational changes for meso and racemic
PS2 (E, propyl end group; R, phenyl group).

R
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pass over each of three steric hindrance (H, H, and carbon
with phenyl group). Here we define this conformational
change as Ph(H), E(H), H(Ph,H). By using this descrip-
tion, we can estimate the similarity of barrier energies. In
Figure 4, the path having the same description of the
rotational energy barrier is placed in the same corre-
sponding position in each meso and racemic structure. Of
course, we must bear in mind that the total energy barrier
is different between tt — g*t and g*t — tt because the
stability of each conformer is different. The conforma-
tional changes which occur readily are those in which the
smallest group, H, i.e., C-H bond, passes over the bulkiest
group (H(Ph,H) or H(E,H)), while those including Ph-
(Ph,H), E(Ph,H), Ph(E,H), or E(E,H) occur with difficulty.
For example, excimer formation in the racemic dimer is
supposed to occur mainly via the process tt — g™t/tg” or
gtt/tg® — gt/tg, but the energy barrier is expressed as
H(H), E(H), Ph(Ph,H), or H(H), Ph(H), E(Ph,H) and in-
cludes a larger factor. Thus it is explicable that the ex-
cimer is difficult to form in the racemic dimer.

On the other hand, the most stable conformers are g*-
t/tg” in the meso dimer and tt and g*g* in the racemic
dimer.2>?* Concerning the racemic dimer, the bulkier the
alkyl end group, the greater is the population of the tt
conformer.

There are two possible explanations for the existence
of two time constants in the monomer fluorescence of the
meso dimer:

(I) The first is the case where the conformational
changes shown in Figure 4 are so slow that we can only
observe at most one conformational change during the
fluorescence lifetime of phenyl group. In this case, excimer
formation by way of more than one other conformation,
such as g™t — gtg” — g™t — tt, can be neglected. However,
the reorientation of phenyl rings, which is a faster relax-
ation process, could influence the fluorescence decay.

(II) The second is the case where the conformational
changes shown in Figure 4 are so rapid that the process
g*g < g*t/tg” can occur repeatedly before the formation
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Scheme I¢

kD‘ kML lku

%Ry = the sum of rate constants kpy (for radiative deactivation)
and kypy (for nonradiative deactivation) from excited phenyl mo-
nomer; kp = the sum of rate constants kpp (for radiative deactiva-
tion) and kp (for nonradiative deactivation) from excimer; kq, k_;,
and k, = rate constants for conformational change.

of excimer conformation (tt) in the meso dimer. Under
these conditions, the monomer fluorescence will decay dual
exponentially, while reorientational motion cannot be
observed separatedly.

In the beginning we thought that the fastest component
(0.5 ng) might come from the reorientational motion of the
phenyl ring.!! However, it does not seem at present to be
fully correct to assign the time constant of 0.5 ns to re-
orientation motion for the following reasons: (1) The
preexponential term of component with time constant of
0.5 ns is found to be about 70% of the whole fluorescence
intensity at t = 0. If this percentage shows the population
of excimer conformation (tt) at t = 0, the results are quite
different from the values obtained for meso PS2(methyl)
by NMR? and energy calculations.?* (2) The reorienta-
tional correlation times of phenyl groups in PS2(methyl)
were measured to be 24 ps at room temperature by means
of Raman line-shape analysis,? while the relaxation time
corresponding to 0.5 ns was observed in meso PS2(methyl)
by using the ultrasonic absorption method.?

It is also pointed out that special “cooperative” motions
in backbone chain bonds allow the rotation of phenyl
groups in polystyrene.?’ Thus, we must exclude explana-
tion I.

Next let us discuss explanation II. In this case, molec-
ular motion is assumed to be so rapid that we can observe
the equilibrium reaction of conformational change. It is
also assumed that once the excimer conformation is formed
in a dimer molecule, it should remain as an excimer. In
other words, excimer dissociation can be neglected (see
Results).

In the case of meso PS2(propyl), the main conforma-
tional change influencing our experiments is tt <> g*t/tg
<« g*g"; thus, we must consider the kinetics of Scheme I.
A and B are excited monomer states of g*t/tg” and g*g”
conformers, respectively, while D is the excimer state (tt).
The rate equations for this scheme are givenineq 1. In

A=1I - (kR +ky+ ky)A + kB
B=1,+kA- (kb + kyB
D = k,A - kpD (1)

the case of pulse excitation, I, and I}, are assumed to be
represented by a é-function. Then by solving eq 1 with
initial conditions [A] = a and [B] = b at t = 0 (the fraction
of tt conformer at t = 0is ¢; a + b + ¢ is assumed to be
1), we obtain

At) = (A - M) (el - Ay + By) — B_yla +
b)) exp(=At) + (ki@ + b) — a(l = A\ + ky)) exp(—Agt)]
(2a)

B(t) = (kM = M) H(all = Ny + ky) — kqyla + b)) X
(L + kyp— Ry~ A\ exp(-M\t) + (ke + b)) —all - N\ +
Fa)( + ky = By — Ay) exp(=Agt)] (2b)

where
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A =Ryt [+ (12~ 4k Ry)Y2] /2 (3a)
Ag = Ry + [ - (1% - 4k_k9)"?] /2 (3b)
L=h, +k,+ kg (4)
and also
A+ X =1+ 2ky (5)
MAg = by + kyl + Eiky (6)

The time dependence of excited monomer ([M*](¢)) is
expressed as

[M*1(t) = A(t) + B(t) = A; exp(=A\t) + A, exp(-Aot)

(7)
where
A=
(kat = M+ Dla(l + ky — Ap) — koyfa + b)1/[k_; (A1 = A)]
8

A2 = (kM - )\2 + l)["‘a(l + kM - Al) +
k_i(a + B)]/Tk-y(A = 9] (9)

It is clear that the monomer fluorescence of meso PS2 will
decay dual exponentially under this condition. If values
of each conformer population (a, b, and ¢) can be obtained,
rate constants for the conformational change k, k_;, and
k, can be calculated by substituting the values obtained
by our experiment (A; = (0.5 ns)™, Ay = (6 ns)L, by = (27
ns)! (cumene in CH), 4; = 0.72, and A, = 0.28) into eq
5,6, 8, and 9. Figure 5 shows the calculated values of these
rate constants when the values of @ and b change. The
population of g*t/tg™ is thought to be close to 100% while
the fraction of other conformers are assumed to be at most
10%.2392¢ Thus the estimated values are as follows: &,
=4X10%s1 (1/ky = 2.5n8), k; = 1.7 X 10® 571 (6 ns), and
ky = 1.5 X 10° (0.7 ns). Especially when the population
calculated for meso PS2(methyl) can be applied to the
present dimer (a = 0.955, b = 0, [tt] = 0.045),2® the es-
timated values are k; = 4.7 X 108 s7! (1/k, = 2.1 ns), k_,
= 1.8 X 108 571 (5.7 ns), and k, = 1.5 X 10° (0.7 ns). This
results suggest that the fast component depends mainly
on the conformational change g*t/tg” — tt, while the
component with a time constant of 6 ns appears mainly
due to the backward conformational change from g*g
being slow.

The profile of monomer fluorescence decay in the meso
styrene dimer can be explained by assuming the foregoing
kinetic scheme, Scheme I. Our assumption is that the
fluorescence decay curves observed in these experiments
are influenced mainly by local molecular motion. However,
if the treatment applied to the meso dimer is ironically
construed, the introduction of two different conformers
might be regarded as the trick to make the number of
excited monomer states the same as that of the time
constants, as the time constants observed correspond to
more excited states than should exist. Thus it is very
important whether our treatment holds for the racemic
PS2 or not.

In the case of racemic PS2(propyl), the main confor-
mational change is

tt — g“t/tg" -— gtg*

N/

excimer

thus the kinetic scheme which we have to consider is as
in Scheme II. P, Q, and R are excited monomer states
in tt, g*t/tg", and g*g* conformers, respectively, while D
is the excimer state (gt/tg”). Excimer dissociation can be
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Figure 5. Rate constants for conformational changes of meso
PS2(propy)) calculated by using kinetic Scheme I (a, b, and ¢ are
the population of conformers g*t/tg™, g*g~, and tt, respectively,
at time = 0).
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Table II
Simulation of the Monomer Fluorescence Decay Profile of Racemic PS2(propyl) under Kinetic Scheme I1

kylns  kglns  kolns  k,Lns  ksl,ns kgl ns A, 74, N8 A, Tg, NS Ag 73, N8
0.8 1.5 0.5 0.6 0 6.6 -0.010 0.29 -0.0076 0.72 1.02 11
1.0 1.2 0.7 0.5 0 7.1 -0.0096 0.2 -0.012 0.75 1.02 11
0.5 4.6 0.7 0.7 0 8.6 -0.026 0.31 0.016 0.52 1.01 11
6.1 1.0 0.6 0.6 14 0 0.00071 0.25 -0.0021 1.6 1.00 11
5.1 0.4 0.9 3.0 13 0 0.00085 0.26 0.0087 2.9 1.00 11
1.0 0.6 0.9 0.6 9.0 0 0.0043 0.24 0.0093 0.69 0.99 11
Scheme II¢ Table III
ks . End Group Effect on Decay Constants of Monomer

¢ky = the sum of kpy and kpy; kp = the sum of kpp and kip; ks,
k_s, k4, ks, and kg = rate constants for conformational change.

neglected because there is no decay component with the
same time constant in monomer fluorescence decay as that
of excimer fluorescence. The excimer formation path by
way of g'g™/g*g™ can be neglected due to their instability
and the large energy required to form them.

If we assume three monomer states, then the total mo-
nomer fluorescence ought to decay as the sum of three
exponentials. Nevertheless, the experimental decay is
found to be best fit by a single exponential equation. The
possible explanation is (1) the other two time constants
are too short to be observed in our system or (2) the
preexponential terms of the other two decay components
are too small to be observed in our system. The problem
is whether the experimental fluorescence decay curve can
be produced by assigning reasonable values to rate con-
stants for conformational change (k3, k_g, B4, and k_,). Thus
we considered whether there may exist conditions such
that under the kinetic Scheme II the monomer fluores-
cence might appear to decay single exponentially. The
general solution calculated under the above kinetic scheme
is shown in the Appendix. To search for pairs of rate
constants giving the experimental decay curve, the fol-
lowing method was used: (1) A; = (11 ns)! and ky = (27
ns)™! were fixed; (2) the values of the reciprocal of k3, k_s,
k4, and k4 were changed from 0.3 to 7.0 ns by 0.1 ns, re-
spectively; (3) the population of conformers at ¢t = 0 was
assumed to be [P] = 0.75, [Q] = 0, [R] = 0.25;2 (4) either
ks = 0 or kg = 0 were assumed in order to check which path
is dominant.

Some pairs of rate constants that could give an apparent
single exponential monomer fluorescence decay are sum-
marized in Table II. Although the values themselves are
meaningless, this simulation suggests the following: (1)
The observed experimental fluorescence decay curve may
appear even under the kinetics of Scheme II. (2) It is
impossible to determine which conformational change is
dominant in the excimer formation process, k5 or kg, from
this experiment. (3) As the time constant of monomer
fluorescence in racemic dimer is expressed as eq A-3, it is
impossible to calculate each rate constant for conforma-
tional change in the case of racemic PS2.

In conclusion, the fluorescence decay of meso and ra-
cemic PS2(propyl) is influenced mainly by conformational
change, and some relaxation times required for confor-
mational change can be obtained by fitting these decay
curves.

We now consider the concentration dependence of the
fluorescence decay curves. These experiments were carried
out because of the possibility (1) that the previous PS2-
(pentyl) data!! are distorted by intermolecular excimer

Fluorescence Decay of Styrene Dimers in Cyclohexane®

AN=kyy,  1/(N = Ry,
ref A% s st ns
racemic PS2(methyl) 4(c) 1.4 X 10%% 9 x 107 11
racemic PS2(propyl) 9.1 X 107 5.3 x 107 11
racemic PS2(pentyl) 11 75 x 107 3.9 X 107 25
meso PS2(methyl) 4(c) ¢ 2 X 10° 0.5
meso PS2(propyl) 2.0x10° 2.0 x10° 0.5
1.7 x 107 1.3 x 108 7.7

aExcept ref 4c in isooctane at 20 °C. ®From Figure 2 in ref 4c.
°Decay constant could not be measured directly. Other values
were calculated by extrapolating the data at low temperatures to
20 °C. ¢Decay constant.

formation or (2) that the decay profile for the racemic
dimer might approach that of the meso dimer. Since in-
termolecular excimer formation accompanies intramolec-
ular excimer formation with increasing concentration, the
decay profile should change. The time constant of racemic
PS2(propyl) is found to be shorter, showing nearly the
same concentration dependence as the longer one of the
meso dimer, while the shorter time constant of the racemic
PS2(propyl) corresponding to 0.5 ns of the meso dimer
does not appear even in concentrated solution. The
qualitative explanation possible in our high-concentration
experiments is that the intermolecular excimer formation
process by the diffusional encounter of two molecules
would become faster than the intramolecular one by con-
formational changes (6 ns (meso) and 11 ns (racemic)) and
come to be the more dominant process in place of these
conformational changes, though intramolecular excimer
formation by conformational change from g*t/tg™ to tt in
the meso dimer still remains faster than intermolecular
excimer formation. However, it is very difficult to exactly
analyze the molecular motion from these data including
intra- and intermolecular reaction, and thus it seems that
further discussion here is not fruitful. All we can present
here is that intermolecular excimer formation will be in-
fluenced by concentrations above 0.02 M, suggesting that
the concentration of our previous data!! is high (0.09 base
molar (0.05 M)) for meso PS2(pentyl) and that the data
might be distorted by intermolecular excimer formation.
The values obtained for meso PS2(pentyl) will be omitted
when the end group effect on excimer formation is dis-
cussed in the next section.

End-Group Effect upon Excimer Formation and
Molecular Motion. Fluorescence decay profiles for sty-
rene diastereoisomeric dimers have been reported for
methyl end* and pentyl end,!! in addition to propyl end
in this paper. The lifetimes reported are summarized in
Table III.

We conclude that there clearly exists an end-group effect
on the intramolecular excimer formation, although our
previous data for meso and racemic PS2(pentyl) seem to
include an intermolecular excimer formation process, as
was described in the previous section; the concentration
of even racemic PS2(pentyl) was a little high to be 0.06
base molar (0.03 M). The pentyl end group is so bulky that
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it can restrict the conformational motion of the phenyl ring
around the main chain and it retards the excimer forma-
tion time, while the methyl end group cannot restrain the
motion of phenyl rings and excimer can be formed easily.
This result suggests that (1) the motion of phenyl ring is
restricted by the steric hindrance of alkyl end group and
(2) the motion of midchain phenyl rings of polystyrene
might be restricted more than that of styrene dimers.

De Schryver et al. reported detailed results concerning
the fluorescence properties of meso and racemic PS2-
(methyl). At that time the resolution time of their
equipments for measuring transient fluorescence was not
sufficiently short that they could observe the decay profile
of the meso PS2(methyl) except in the temperature range
between 178 and 225 K. The excimer formation rate
constant at 20 °C was stated as 2 X 10° s7! (0.5 ns) by
extrapolating the data in this temperature region. At these
low temperatures, the main kinetic scheme is supposed to
be g*t/tg” — tt because other conformational changes (e.g.,
g*t/tg” < g*g) are very slow, and thus it was assumed that
the single-exponential fluorescence decay would occur with
a time constant corresponding to our fastest value.

Monnerie et al.? also reported a relaxation time of meso
and racemic PS2(methyl) at temperatures between —20 and
-50 °C by using an ultrasonic method as a part of their
intensive work on polystyrene and its model oligomers.
They concluded that the relaxation should be observed at
204 MHz (4.9 ns) in the g*t/tg” — tt process of meso
PS2(methyl) and at 575 MHz (1.7 ns) in tt < g*g* of
racemic PS2(methyl) at room temperature.?® This result
supports the conclusion that the conformational change
tt <> g*t/tgt < g*g* in the racemic PS2(methyl) is fast.
However, the assignment of the relaxation at 204 MHz (4.9
ns) is found to be wrong, compared with our data. This
relaxation should correspond either to our 6-ns time con-
stant or to the conformational g*t/tg* — g*g*. The small
difference in magnitude of the constants is assumed to be
due to the bulkiness of alkyl end group.

Conclusion

Fluorescence decay curves of diastereoisomeric styrene
dimers are found to be influenced mainly by the confor-
mational changes shown in Figure 4. When both the
populations of conformers and the possibility of confor-
mational changes occurring are taken into account, kinetic
Scheme I would apply to the meso dimer while kinetic
Scheme II would apply to the racemic dimer. Conse-
quently the times required for the conformational changes
(g*t/tg) — tt, (g*t/tg") — g*g", and g*g” — (g*t/tg) in
meso PS2(propyl) are estimated to be 0.7, 2.5, and 6 ns,
respectively, at room temperature. These values are con-
sistent with those obtained for meso PS2(methyl) by using
an ultrasonic method.

Recently it has become of major interest that the con-
ventional kinetic scheme for intramolecular excimer for-
mation by Birks® and Klépffer?! may not be applicable
to some polymer systems, because the decay curves of some
polymers have been found to be fit better by a linear
combination of three exponentials, although there should
be only two decay constants in a monomer—excimer
fluorescence system. The present result suggests that
multicomponent fluorescence decay curves observed in
some polymer systems may be mainly due to conforma-
tional change processes in the meso diad, since the con-
tribution of the racemic diad is assumed not to be so im-
portant in excimer formation in polymer systems.?

Acknowledgment. We express our sincere gratitude
to Dr. H. Kobayashi, T. Ueda, and T. Kobayashi for their

Molecular Motion of Polystyrene Models 2781

maintenance and operation of the picosecond single-pulse
system with the linac and to Y. Aoki, Y. Yoshida, and N.
Hayashi for their technical cooperation. This work was
supported partly by a Grant-in-Aid for Scientific Research
(60750820) from the Ministry of Education, Japan.

Appendix

The rate equations for kinetic Scheme II are given in

eq A-1. In the case of pulse excitation, I, I, and I, are

P=1I,-(kg+ks+ k)P + k3Q
Q=I+kP - (kyg+ky+ksthwQ+k,R
R=1+kQ - (ky+ kyR

D = k;P + keQ — kpD (A-1)
supposed to be represented by a é-function. Then by

solving eq A-1 with initial condition that [P] = p, [Q] =
g, and [R] = r at t = 0, we obtain

3
P(t) = X [k_3/(Z - N)]S; exp(-\t)

i=

3
Q) = ES; exp(-A\;t)

3
R(t) = g[kd(Y— M1S; exp(=A;t) (A-2)

where
X=kyt+ki+ks+ ky Y =k, + by
Z = ky+ ks + ky
and
S; = {A(Y - M\)(Z - M)[p(Z - ) X
(Z -\ + qh_ghy(Y - Z) - rk_y(Y - \)(Y -
M/ [kskaZ - V)AIA AL (WA = MAghs)

where

A =h-Ns  Ag=X-N  Ag= A -\
and
Mth+XN=X+Y+2Z
Mg+ Aohg + XA = XY + YZ + ZX - Rk 3 — Rk,
Mg = XYZ — ksk 3Y — kyk 42 (A-3)

where A; > Ay > A3 > 0. Accordingly the time dependence
of excited monomer ([M*](¢)) is expressed as

[M*](t) = P(t) + Q(t) + R(t)
3
= Z[l + k4/(Y— )\,) + k_s/(z- >\,)]S, X
i=1
exp(-At) (A-4)

Registry No. PS2(propyl), 756761-01-2; (£)-PS2(propyl),
75761-00-1; polystyrene, 9003-53-6.

References and Notes

(1) (a) Itagaki, H.; Obukata, N.; Okamoto, A.; Horie, K.; Mita, L.
Chem. Phys. Lett, 1981, 78, 143. (b) Itagaki, H.; Obukata, N.;



2782 Macromolecules 1987, 20, 2782-2788

Okamoto, A.; Horie, K.; Mita, 1. J. Am. Chem. Soc. 1982, 104,
4469,

(2) (a) Zachariasse, K. A.; Duveneck, G.; Busse, R. J. Am. Chem.
Soc. 1984, 106, 1045. (b) Zachariasse, K. A.; Duveneck, G.;
Kuehnle, W. Chem. Phys. Lett. 1985, 113, 337. (c) Zachariasse,
K. A,; Busse, R.; Duveneck, G.; Kuehnle, W. J. Photochem.
1985, 28, 237.

(3) Snare, M. J.; Thistlethwaite, P. J.; Ghiggino, K. P. J. Am.
Chem. Soc. 1983, 105, 3328.

(4) (a) Bokobza, L.; Jasse, B.; Monnerie, L. Eur. Polym. J. 1977,
13,921. (b) Bokobza, L.; Jasse, B.; Monnerie, L. Eur. Polym.
J. 1980, 16, 715. (c) De Schryver, F. C.; Moens, L.; Van der
Auweraer, M.; Boens, N.; Monnerie, L.; Bokobza, L. Macro-
molecules 1982, 15, 64.

(5) Ito, S.; Yamamoto, M.; Nishijima, Y. Bull. Chem. Soc. Jpn.
1981, 54, 35.

(6) (a) De Schryver, F. C.; Vandendriessche, J.; Toppet, S.; De-
meyer, K.; Boens, N. Macromolecules 1982, 15, 406. (b) Evers,
F.; Kobs, K.; Memming, R.; Tirrell, D. R. J. Am. Chem. Soc.
1983, 105, 5988. (c) Vandendriessche, J.; Palmans, P.; Toppet,
S.; Boens, N.; De Schryver, F. C.; Masuhara, H. J. Am. Chem.
Soc. 1984, 106, 3057.

(7) Collart, P.; Toppet, S.; Shou, Q. F.; Boens, N.; De Schryver, F.
C. Macromolecules 1985, 18, 1026.

(8) (a) De Schryver, F. C.; Demeyer, K.; Van der Auweraer, M.;
Quanten, E. Ann. N. Y. Acad. Sci. 1981, 366, 93. (b) De
Schryver, F. C.; Demeyer, K.; Toppet, S. Macromolecules 1983,
16, 89,

(9) (a) Masuhara, H.; Tanaka, J. A.; Mataga N.; De Schryver, F.
C.; Collart, P. Polym. J. 1983, 15, 915. (b) Collart, P.; Do-
meyer, K.; Toppet, S.; De Schryver, F. C. Macromolecules
1983, 16, 1390.

(10) Goedeweeck, R.; De Schryver, F. C. Photochem. Photobiol.
1984, 39, 515.

(11) Itagaki, H.; Horie, K.; Mita, I.; Washio, M.; Tagawa, S.; Ta-
bata, Y.; Sato, H.; Tanaka, Y. Chem. Phys. Lett. 1985, 120, 547.

(12) Mita, L; Horie, K. In Degradation and Stabilization of Poly-
mers; Jellinek, H. H. G., Ed.; Elsevier: Amsterdam, 1983.

(13) Kanaya, T.; Goshiki, K.; Yamamoto, M.; Nishijima, Y. J. Am.
Chem. Soc. 1982, 104, 3580.

(14) (a) Winnik, M. A, In Cyclic Polymers; Semlyen, A., Ed.; Ap-
plied Science Publishers: London, 1985. (b) Winnik, M. A,;
Redpath, A. E. C.; Paton, K.; Danhelka, J. Polym. 1984, 25, 91.

(c) Winnik, M. A.; Sincluir, A. M.; Beinert, G. Macromolecules
1985, 18, 1518.

(15) Longworth, J. W.; Bovey, F. A. Biopolymers 1966, 4, 1115.

(16) Itagaki, H.; Horie, K.; Mita, I.; Washio, M.; Tagawa, S.; Ta-
bata, Y. J. Chem. Phys. 1983, 79, 3996.

(17) Sato, H.; Saito, K.; Miyashita, K.; Tanaka, Y. Makromol.
Chem. 1981, 182, 2259. )

(18) (a) Tagawa, S.; Katsumura, Y.; Tabata, Y. Chem. Phys. Lett.
1979, 64, 258. (b) Kobayashi, H.; Ueda, T.; Kobayashi, T.;
Tagawa, S.; Tabata, Y. Nucl. Instrum. Methods 1981, 179, 223.

(19) (a) Durbin, J.; Watson, G. S. Biometrika 1950, 37, 409. (b)
Durbin, J.; Watson, G. S, Biometrika 1951, 38, 159.

(20) (a) Birks, J. B. Photophysics of Aromatic Molecules; Wiley-
Interscience: New York, 1970. (b) Birks, J. B.; Dyson, D. J.;
Munro, I. H. Proc. R. Soc. London, Ser. A 1963, 275, 575.

(21) (a) Klopffer, W. In Organic Molecular Photophysics; Birks, J.
B., Ed.; Wiley: New York, 1973. (b) Klépffer, W.; Liptay, W.
Z. Naturforsch., A 1970, 254, 1091.

(22) (a) Harrah, L. A. J. Chem. Phys. 1972, 56, 385. (b) Frank, C.
W.; Harrah, L. A. J. Chem. Phys. 1974, 61, 1526. (c) Fox, R.
B.; Price, T. R.; Cozzens, R. F.; McDonald J. R. J. Chem. Phys.
1972, 57, 534.

(23) (a) Bovey, F. A,; Hood, F. P.; Anderson, E. W.; Snyder, L. C.
J. Chem. Phys. 1965, 42, 3900. (b) Williams, A. D.; Brauman,
dJ. L; Nelson, N. J.; Flory, P. J. J. Am. Chem. Soc. 1967, 89,
4807. (c) Williams, A. D.; Flory, P. J. J. Am. Chem. Soc. 1969,
91, 3111. (d) Pivcova, H.; Kolinsky, M.; Lim, D.; Schneider,
B. J. Polym. Seci., Part C 1969, 22, 1093. (e) Bovey, F. A. High
Resolution NMR of Macromolecules; Academic: New York,
1972,

(24) (a) Gorin, S.; Monnerie, L. J. Chim. Phys. 1970, 67, 869. (b)
Stegen, G. E.; Boyd, R. H. Polym. Prepr. (Am. Chem. Soc.—
Div, Polym. Chem.) 1978, 19, 595.

(25) Koda, S.; Nomura, H.; Niyahara, Y. Bull. Chem. Soc. Jpn.
1979, 52, 1828.

(26) Froelich, B.; Noel, C.; Jasse, B.; Monnerie, L. Chem. Phys.
Lett. 1976, 44, 159.

(27) Tanabe, Y. J. Polym. Sci., Polym. Phys. Ed. 1985, 23, 601.

(28) These values are calculated by Koda et al.?® by extrapolating
the data obtained by Monnerie et al.?® to room temperature.

(29) Blonski, S.; Sienicki, K.; Herman, A. Macromolecules 1987, 20,
329,

Role of Symmetry in the Formation of n-Paraffin Solid Solutions

Douglas L. Dorset

Electron Diffraction Department, Medical Foundation of Buffalo, Inc.,
Buffalo, New York 142038. Received April 3, 1987

ABSTRACT: Single-crystal electron diffraction patterns from epitaxially crystallized binary solids of n-
CyoHgg/n-CagHyy and n-CggHegg /n-CysHy, have been reanalyzed to determine the symmetry rules for solid solution
formation. For these orthorhombic structures, the symmetry alternates sequentially between the Pca2, space
group of the even-chain structure and the A2,am space group (er possibly twinned Aa) of the odd-chain structure
with increasing concentration of the longer chain component, irrespective of whether the solid is comprised
of even—even or odd-even chain combinations. Similar structural features are found for a commercial
multicomponent paraffin wax. The sequence of lamellar spacings is regulated by archetypical crystal packing(s)
for any concentration region so that, in the microcrystalline state, increase in lamellar thickness is steplike
and not a smooth function like Vegard’s law. In this sense, the solid solutions are not continuous, even when
the chain length difference is small and the pure components have the same crystal structure.

Introduction

Because of its importance for understanding the physical
behavior of various polydisperse linear chain molecules
(e.g., lipids, polymers), the solid solubility of binary n-
paraffin aggregates has been an object of continued interest
for at least 60 years. With an overview of calorimetric and
diffraction data as reviewed by Mnyukh,! Kitaigorodskii
formulated rather strict rules for the formation of con-
tinuous solid solutions. The first rule states that the
molecular size difference (which can be inversely stated
as a parameter of geometrical similarity?) cannot be too
large.?® Expression of this rule is verified by the charac-

teristics of phase diagrams in Mnyukh’s review; hence, if
the paraffin chain lengths are too different, a eutectic is
formed. The upper limit for length difference permitted
for solid solution formation is discussed by several au-
thors. %5

The second rule considers molecular and/or crystal
symmetry. According to Kitaigorodskii, if the molecules
are not asymmetric (as in the case of linear paraffins), then
the addition of solute A to crystal solvent B must not raise
the symmetry of B. Addition will either lower the sym-
metry of B or leave its symmetry unchanged. For this
reason, proposed solid solubility of even- with odd-chain
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