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ABSTRACT: Local motion of the oligo- and polystyrene chain end in dilute solution was examined by
the fluorescence depolarization method. The molecular weight of the sample varied from 5.1 x 102 to 2.5
x 10% The relaxation time of local motion, Tr, in benzene solution increased with molecular weight and
reached an asymptotic value at MW = 2 x 10° with T, = 0.3 ns. In ethyl acetate, which is a poorer
solvent than benzene, T, became constant at a higher molecular weight than in benzene, and the
asymptotic relaxation time was longer than that in benzene. We proposed that the difference in the
relaxation time and in its molecular weight dependence between the two solutions may result from the
local potential for the conformational transition of the main chain bond, rather than the segment density.
In comparison with the relaxation time for the polystyrene chain center, both the critical molecular weight
and the asymptotic relaxation time for the chain end were about 1 order smaller than those for the chain
center. This indicates that the mobility of a linear polymer chain end is sufficiently different from that

of its chain center.

Introduction

Every linear polymer has two main chain ends. The
chain end has a large effect on the physical and chemical
properties of polymers. From the standpoint of polymer
physics, it becomes more and more widely recognized
that the chain end has important roles in both static
and dynamic properties. Yamakawa has considered the
possible effects of the chain end on the second and third
virial coefficient and has shown semiquantitative agree-
ment between theory and experiment.1=2 There have
been several ESR studies on polymer chain end mobil-
ity,4529733 and obtained correlation times and activation
energies for the chain end were compared with those
for the chain center and the side chain.?°=32 Friedrich
et al.32 compared the mobility of the polystyrene chain
end estimated by ESR with the results obtained by other
techniques. Recently, Sakaguchi et al. have observed the
molecular motion of polyethylene chain ends tethered
to a surface of poly(tetrafluoroethylene) by the ESR
method and assigned molecular motion modes on the
basis of spectral simulations.*>3% More generally, the
dynamic properties of bulk polymer also depend suf-
ficiently on the molecular weight due to the effect of the
chain end.5” For example, the glass transition temper-
ature of a bulk polymer decreases as the molecular
weight decreases due to larger free volume around a
chain end compared with the middle segment. On the
other hand, from the view of chemical reaction, the
chain end is often the starting point of the succeeding
reactions, e.g., polymerization with another monomer,
coupling with a functional group, and tethering to a
surface. In this case, information about the dynamics
of the chain end is also important to control the
molecular construction.

Although a study on the static or the dynamic
properties with regard to the polymer chain end is no
doubt important as mentioned above, it is difficult to
pick up experimentally the information focused on the
chain end effect. Nowadays experimental methods using
spin or fluorescent probe techniques are powerful for
such a purpose,*>8-14 supposing that the sample labeled
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with a probe at a designated position can be obtained.
We have examined the local chain dynamics of various
polymers in dilute solution by the fluorescence depo-
larization method.®~'* So far we have concentrated our
attention on the center of the main chain. We have
compared the local chain mobility between polymers,
which differ in molecular structure®1%12 or stereoregu-
larity.4 Since the dynamic properties of polymer chains
depend on the position of polymer chains, the informa-
tion on the polymer chain end is indispensable. It is
interesting to compare the chain mobility between the
chain center and the chain end on the same linear
polymer.

Waldow et al. have studied the molecular weight
effect on the local motion of polyisoprene (PI) by the
fluorescence depolarization method.8 They explained the
molecular weight independence of the relaxation times
in a good solvent and the molecular weight dependence
in a poor solvent by the segment density around the
fluorescent probe. That is, the segment density in a good
solvent is kept constant in the high molecular weight
region due to the excluded-volume effect, while in a poor
solvent the density increases with the molecular weight.
Recently, we have examined the molecular weight effect
on the local motion of the chain center of poly(oxyeth-
ylene) (POE)!? and polystyrene.®® For POE in a good
solvent, the result was explained by the segment density
according to Waldow et al. However, for polystyrene in
both solvents, the relaxation time as well as the activa-
tion energy of the local motion increased with molecular
weight below a MW of 10* and reached an asymptotic
value. It was proposed that the relaxation time of local
motion may be governed by the potential for the
conformational transition of the main chain bond, rather
than the segment density around the target of observa-
tion. It was also concluded that the critical molecular
weight, at which the molecular weight dependence
saturates, corresponds to the largest size of the local
motion measured by the fluorescence depolarization
method as discussed previously.28
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Figure 1. Molecular structure of oligo- and polystyrene
labeled with anthryl group at the chain end.

Table 1. Characterization of End-Labeled Oligo- and
Polystyrene Samples Used in This Study

sample M, x 10° My/M, sample Mjx 103 My/M,
DMA 0.206 e0S24 2.4 1.27
e0OS5 0.51 1.03 e0S38 3.8 1.16
e0S6 0.60 1.01 e0S66 6.6 1.06
e0S12 1.18 1.11 ePS25 25.2 1.13

In the present study, we examined the local dynamics
of the oligo- and polystyrene chain end in dilute solu-
tions by the fluorescence depolarization method. Sol-
vents are the same as in the previous study,'® with
benzene as a good solvent and ethyl acetate as a poor
solvent. We examined the molecular weight effect on
the local motion of the chain end of oligo- and polysty-
rene (PS). Moreover, we compared the relaxation times
of the local motion for the chain center and for chain
end. The size of the local motion which contributes to
the fluorescence depolarization was estimated and
compared with that of the chain center. Finally, we
compared the molecular weight dependence of the local
motion of the styrene chain end with that of the PS
chain center.

Experimental Section

Sample Preparation. Oligo- and polystyrene samples
labeled with the anthryl group at the chain end were synthe-
sized by the living anionic polymerization in vacuo initiated
by butyllithium and by termination of the living ends with
9-bromomethyl-10-methylanthracene. The polymerization was
carried out in benzene that was dried over sodium in vacuo.
The styrene monomer (Nacalai Tesque) was dried over fresh
calcium hydride after distillation. For the polymerization of
oligostyrenes, the benzene solution of butyllithium was first
frozen. The styrene monomer was added to the frozen solution,
and the temperature of the mixture was gradually raised to
slightly above the freezing point of the solution, ca. 7 °C, with
occasional stirring. The retardation of the initiation reaction
leads to broadening of the molecular weight distribution. In
the case of polystyrene, styrene monomer was added to the
benzene solution of butyllithium at ca. 7 °C with constant
stirring. Then the termination reaction was carried out at ca.
5 °C. Detailed procedures were the same as described else-
where.® The product polymer was purified by reprecipitation
from benzene in methanol. Then the polymer was fractionated
into several parts so that each part had a narrow molecular
weight distribution. The weight-average molecular weight M,
and the number-average molecular weight M, of fractionated
PS were determined by GPC. The molecular structure and the
characterization of PS samples used in this study are shown
in Table 1 and Figure 1, respectively. The molecular weight
varies from ca. 5.1 x 10% to 2.5 x 10%

Solvents used in measurement were benzene (Dojin, spec-
trophotometric grade) and ethyl acetate (Nacalai Tesque,
spectrosol). Both of them were used without further purifica-
tion. The quality of these solvents for polystyrene was obtained
by the intrinsic viscosity measurement in an earlier study.®
Benzene (a = 1.66) is better than ethyl acetate (a =1.12).
In preparlng the sample solution, each polymer concentration
was kept less than 107° M. Each solution was put into a quartz
cell and degassed.
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Anisotropy Decay Measurement. The measurement of
time-resolved anisotropy decay was carried out by the single
photon counting system. The apparatus was the same as that
used in the previous study.'?!® The second harmonic of
Ti:sapphire laser was used as a light source. The excitation
light was vertically polarized, and the parallel and perpen-
dicular fluorescence components to the plane of the excitation
light were measured by a microchannel plate—photomultiplier
tube. The time-resolved fluorescence intensity was analyzed
by a multichannel analyzer. The fwhm of the total instrumen-
tal function was ca. 60 ps. The parallel component, I\(t), and
the perpendicular component, lvu(t), were measured alter-
nately to avoid data distortions due to time drift. Anisotropy
decay measurements were carried out in the temperature
range from 10 to 30 °C.

Data Analysis. The fluorescence anisotropy ratio, r(t), is
defined as

r(t) = (lyy(t) — Glyn() (I (1) + 2G1y4(1)) @
where G is the compensating factor. We estimated G to be
unity in this study. The local motion which contributes to the
rotational relaxation of the fluorescence probe consists of
various motional modes; i.e., r(t) can be represented by a
polynomial sum of exponential-type decay functions. We
examined how many exponential terms are required and
empirically concluded that the double-exponential-type func-
tion, eq 2, represents the anisotropy decay quite well.®~14

r(t) = ro[x exp(—t/T,) + (1 — X) exp(—t/T,)] )

Concerning the local polymer chain motion, many theoreti-
cal orientational autocorrelation functions based on different
models have been proposed.3*3® It was revealed that for the
local motion of PMMA the discrete models including the Hall—
Helfand (H—H) model show a good agreement with the
experimental results, especially in a high-viscosity solvent.3>36
In the H—H model, it is assumed that two processes of the
conformational transitions contribute to the local chain motion,
i.e., an isolated mode and a cooperative mode.3* However, in
the recent studies of local chain dynamics, conformational
transitions are not necessarily responsible for the decay of the
orientational correlation functions.®’=3° Moro considers both
conformational transition and “coupled librations” to be im-
portant in the polymer dynamics.®” “Libration” is a small-
amplitude motion which occurs within a given torsional
potential well. In Moro’s theory, librational motions contribute
substantially to the rotor correlation function. MD computer
simulations performed by Ediger and co-workers also show
that librational motions are responsible for the vector reori-
entation.®¥3° To our knowledge, there is no specific model that
successfully describes such a local motion. Hence, we choose
empirical analysis for fluorescence anisotropy decay data
instead of adopting any specific models.

The function in which eq 2 was convoluted with the
instrumental function was fitted to eq 1. For discussion about
the chain mobility, we used the mean relaxation time, Tn,
which is defined as eq 3 and can be calculated by eq 4 with
best-fit parameters Ti, T, and x.

To=ro " [r(t) dt @)

=xT; + (1 —x)T, (4)

Results and Discussion

Relaxation Time. Figure 2 shows the temperature
dependence of the relaxation time for oligo- and poly-
styrene in benzene. The logarithm of the relaxation time
reduced by the solvent viscosity, In(Tm/7), was plotted
against 1/T according to the theory of Kramers' diffusion
limit. We see from Figure 2 that the values of In(Tm/7)
for eOS5 and eOS6 are sufficiently lower than those for
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Figure 2. Arrhenius plot of T/n according to the theory of
Kramers' diffusion limit. T, was measured in benzene: (®)
e0S5, (O) eOS6, (M) e0S12, (O) e0S24, (a) e0OS38, () e0OS66,
(v) ePS25. Solvent viscosity at each temperature was esti-
mated from the reported value in the literature.
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Figure 3. Molecular weight dependence of the relaxation time
Tw/n at 20 °C in benzene (W) and in ethyl acetate (O). (®)
represents the rotational relaxation time for DMA, the probe
molecule. The relaxation time was reduced by the solvent
viscosity.

the other samples. It is also clearly observed that the
value and its temperature dependence for the higher
molecular weight samples are the same within the
experimental error. These facts indicate that the relax-
ation time increases with molecular weight and reaches
an asymptotic value in the oligomer region.

Figure 3 shows the relationship between T./n and
MW at 20 °C. Ty/np at 20 °C was evaluated from the
least-squares fitting for the plot in Figure 2. In Figure
3, we also show the relaxation times in ethyl acetate;
they were evaluated in the same way as those for
benzene solution. The filled diamond in Figure 3 indi-
cates the reduced rotational relaxation time of the model
compound, 9,10-dimethylanthracene (DMA), in benzene
at 20 °C estimated by the steady state. The relaxation
time of DMA can be treated as the limiting value of low
molecular weight oligostyrene. The solvent viscosities
at 20 °C are 0.65 cP for benzene and 0.45 cP for ethyl
acetate.'® The influence of the solvent viscosity on the
local motion is discussed in the following subsection of
the activation energy. T/ in benzene increases with
molecular weight and reaches an asymptotic value at
about MW = 2 x 103, with the asymptotic value of Tn,
= 0.3 ns. The local motion of oligo- and polystyrene
chain end in benzene had a relaxation time on the order
of subnanoseconds that saturates in the oligomer region.
This indicates that the local motion of the oligostyrene
chain end in benzene measured by the fluorescence
depolarization method reflects the entire end-to-end
rotational motion to some extent in MW < 2 x 103, while
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the local motion is independent of the overall motion in
MW > 2 x 103. In other words, the local motion of the
oligostyrene chain end in benzene consists of 20 mono-
mers or less. The relaxation time for ethyl acetate
solution similarly increases with molecular weight and
reaches an asymptotic value at MW = 4 x 103. The
asymptotic Tn/y in ethyl acetate is larger than that in
benzene. We also see from Figure 3 that the critical
molecular weight, M., at which the relaxation time
reaches its asymptotic value, is somewhat larger in ethyl
acetate than in benzene.

As mentioned in the Introduction, concerning the local
motion of Pl and POE, the molecular weight dependence
was explained by the concept of segment density.812
That is, the relaxation time in a good solvent with a
molecular weight in the high molecular weight region
was constant because the segment density is kept
constant in the high molecular weight region due to the
excluded-volume effect. To the contrary, for the poly-
styrene chain center, the relaxation time became con-
stant irrespective of the change of molecular weight
even in a poor solvent.!® Thus, we proposed the local
potential for the conformational transition of the main
chain bond as the cause instead of the concept of the
segment.

Abe et al. have studied the excluded-volume effects
on the mean-square radius of gyration [$20Jand on the
intrinsic viscosity [#] for oligo- and polystyrenes in dilute
solutions.116.17 They showed that the data of both [$20]
and [#] in toluene, a good solvent, at 15 °C are in good
agreement with those in cyclohexane at © for the
weight-average degree of polymerization xy < 20. This
agreement implies that the dimensions and conforma-
tions of the polystyrene chain may be considered the
same under the two solvent conditions and may be in
the unperturbed state. In this way, oligostyrene in MW
< 2 x 10% is free from the intramolecular excluded-
volume effect, and so the concept of segment density is
not applicable. We can see from Figure 3 that the
relaxation time for the oligostyrene chain end in each
solvent reaches its asymptotic value in such a low
molecular weight region. Moreover, the value of Tn/y
for ethyl acetate solution is larger than that for the
benzene solution over the whole measured molecular
weight range. These facts obviously indicate that the
local motion of the oligo- and polystyrene chain end is
independent of the segment density but that there is
something local that causes the difference between the
two solvents. According to the case of the PS chain
center, we proposed that the local potential energy for
conformational transition of the main chain bond affects
the local motion of the PS chain end. Although our
scheme seems to be inconsistent with Abe’s results that
the dimensions and conformations are the same under
the two solvent conditions in x, < 20, the effect of the
potential energy on the dynamic properties is different
from that on the static one. That is, the dynamic
property is influenced by both the value of energy
potential minimum and the energy barrier height, while
the static property is influenced by the former. More-
over, the unperturbed chain dimension is not indepen-
dent of solvent and temperature. In our case, it is
possible that the chain dimension is slightly different
between the two solvents. To our knowledge the rela-
tionship between the local potential energy and solvent
effect for C—C bond rotation so far has not been
understood, and this is a future problem to be solved.
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Figure 4. Molecular weight dependence of the activation
energy for benzene solution evaluated from the temperature
dependence of the relaxation time according to the theory of
Kramers' diffusion limit.

Here we comment on the components of eq 2. Al-
though both T, and T, increase with molecular weight,
the increase of T1 was larger than that of T,, and its
fraction x did not change in one direction with molecular
weight. Then the average relaxation time T, was
determined by the longer component T; with x. As
stated in data analysis, T1 and T, merely represent the
various motional modes and are not identified with any
specific mode. We mean for example that it is not
appropriate to consider that T; is identified with the
entire rotation and T, represents the local motion. We
suppose that the distribution of the relaxation time
extends to a longer region with molecular weight, and
the representative components become longer. That is,
T includes the contribution of the entire rotation to
some extent below M, while both T; and T, represent
the local motional modes above M.

Activation Energy. We evaluated the activation
energy of the local motion of the oligo- and polystyrene
chain end in benzene from the slope of the plot in Figure
2 according to the theory of Kramers’ diffusion limit as
follows. The velocity coefficient, k, of a particle with a
frictional coefficient, £, passing over an energy barrier
of the height E is represented as

k O &t exp(—E/RT) (5)

where R is the gas constant and T is the absolute
temperature. The fact that T, is proportional to the
reciprocal of k and the solvent viscosity, 7, is propor-
tional to ¢, according to Stokes’ law, leads to

T../n = A exp(E*/RT) (6)

Thus, the activation energies were estimated from the
slope of the plot in Figure 2. The solvent viscosity was
estimated from the value reported in the literature.!®

Figure 4 shows the relationship between the molec-
ular weight and the estimated activation energy in
benzene solution. The activation energy as well as the
relaxation time tends to increase with molecular weight
and to become constant near MW = 2 x 10% with E* =
ca. 1.5 kcal/mol. The fact that the activation energy is
constant in MW > 2 x 102 implies that the mode of the
measured local motion is the same, i.e., independent of
the molecular weight in this region. That is, the local
motion of the oligo- and polystyrene chain end consists
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of 20 monomers or less as stated in the discussion for
relaxation time.

We have discussed the solvent viscosity dependence
of the relaxation time previously, i.e., whether the
Kramers’ theory can be applied to the measured local
motion or not. In Kramers’ theory the correlation time
of the motion of the solvent particles is thought to be
much shorter than that of the solute (polymer chain)
so that the assumption of white noise holds and the local
chain dynamics linearly depends on the zero-frequency
shear viscosity of the solvent. When the frequency of
the solute at the barrier is quite high, effective friction
is smaller than the zero-frequency shear viscosity of the
solvent. That is, in such a case the effect of solvent
viscosity is overestimated by Kramers’ theory, and the
activation energy is underestimated. Through some
theoretical and experimental studies several groups
have proposed a power law dependence on the solvent
viscosity with a power, a, of less than unity,’°=2* namely

T,, 0 n* exp(E*/RT) @)

The power law dependence of the local dynamics on
solvent viscosity results from the breakdown of the
white noise assumption, so that o becomes small as the
chain mobility becomes high. However, the fact that the
value of a should change with the chain mobility and
solvent quality makes the estimation of oo quite com-
plicated. So far, we concluded that as long as we
examine the local motion of the polymer chain center,
like polystyrene,1013 poly(methyl methacrylate),114
and POE,*2 in low-viscosity solvents below 1 cP, the
evaluation of activation energy with Kramers’ theory
is appropriate. In the case of POE,2 we estimated the
activation energy from the temperature dependence of
the relaxation time of around 0.3 ns in a solvent with a
viscosity of ca. 1 cP. In this study, the relaxation time
for oligo- and polystyrene is ca. 0.3 ns, and the solvent
viscosity of benzene is 0.45 cP. That is, it is reasonable
to assume that the local motion of the oligo- and
polystyrene chain end in benzene meets the requirement
of Kramers’ theory that the correlation time of the
motion of the solvent particles is much shorter than that
of the solute (polymer chain).

Comparison with Chain Center. Next, we will
compare the local motion of the oligo- and polystyrene
chain end in benzene with that of the polystyrene chain
center. Figure 5 shows the relationship between the
relaxation time as well as the activation energy and the
molecular weight both for the chain end and for the
chain center. The values for polystyrene chain center
in benzene were quoted from our previous study.™® From
Figure 5, we clearly see that the asymptotic relaxation
time for the chain end is markedly shorter than that
for the chain center. That is, the chain mobility of the
chain end is much larger than that of the chain center.
We believe that this result simply reflects the difference
of the position along the main chain. At the chain end,
the main chain extends in one direction from the
fluorescent probe, anthryl group, as shown in Figure 1,
whereas at the chain center, the main chain extends in
both directions of the probe. For the main chain motion,
the neighboring bonds need to delocalize the distortion
caused by a certain conformational transition.?>2% There-
fore, for the chain center, the rotational relaxation of a
fluorescent probe will be more efficiently suppressed.

The difference in the chain mobility between the chain
end and the chain center also appears at the critical
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Figure 5. Comparison of the molecular weight dependence
of the relaxation time and of the activation energy between
the oligo- and polystyrene chain end and chain center in
benzene. Filled symbols represent the relaxation time and
unfilled symbols represent the activation energy. (l) and (O)
are for the chain end, while (®) and (O) are for the chain center.

molecular weight, at which the relaxation time or the
activation energy reaches its asymptotic value. Figure
5 shows that the critical molecular weight for the chain
end (MW = 2 x 10%) is much smaller than that for the
chain center (MW = 10%. At the chain end, the
rotational relaxation of the fluorescent probe can be
realized by the small-scale local motion of an attached
main chain due to the high chain mobility. In other
words, the chain end is sufficiently flexible, and the
contribution of the entire rotation that corresponds to
the critical molecular weight becomes negligible for the
rotational relaxation of the probe.

Here, we turn our attention to the activation energy.
In Figure 5, we see that the asymptotic value of the
activation energy for the chain end (E* = 1.5 kcal/mol)
is smaller than that for the chain center (E* = 1.7 kcal/
mol). The low activation energy for the chain end results
in the high chain mobility to some extent. However, the
difference in the activation energy between the chain
end and the chain center is not so marked as compared
to the difference in the relaxation time and in the critical
molecular weight. Indeed the asymptotic relaxation time
and the critical molecular weight nearly differ by 1 order
between the chain end and the chain center. We
assumed that the activation energy is mainly deter-
mined by the size of the side group attached to the main
chain.

The trend that the polystyrene chain end has a higher
mobility than other chain positions was also observed
by ESR.2°3132 For example, at room temperature, the
correlation time (relaxation time) for the end-labeled
polystyrene was about 2.2 x 10719 s, whereas the
correlation time for the ring-labeled one was 5.5 x 10710
s.31 They also differ in activation energies, that is, 2.9
and 4.5 kcal/mol for end-labeled and ring-labeled poly-
styrene, respectively.

Zhu et al. estimated the internal energy barrier for
polystyrene C—D vector orientation to be ca. 3.3 kcal/
mol by ?H NMR T; measurement.*® For the estimation
of the activation energy, they used the power law
dependence, which was stated above, with o = 0.76.
Their activation energy is higher than our one for
polystyrene chain center estimated with o = 1. The
difference of o and the activation energy may result
from the presence of the chromophore in the optical
measurement. By using the fluorescence depolarization
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method, Waldow et al. estimated o and the activation
energy for polystyrene chain center to be ca. 0.90 and
ca. 2.6 kcal/mol, respectively.*!

Conclusion

We have examined the local motion of the oligo- and
polystyrene chain end in dilute solutions by the fluo-
rescence depolarization method. Solvents used were
benzene as a good solvent and ethyl acetate as a poor
solvent. In each solvent, the relaxation time increases
with molecular weight and reaches its asymptotic value
in the oligomer region. The critical molecular weight and
the asymptotic relaxation time for benzene solution
were smaller than those for the ethyl acetate solution.
We suggested that these differences come from the
energy potential for conformational transition or libra-
tion about the main chain bond, rather than the
segment density, because the segment density has
nothing to do with the chain mobility in the oligomer
region. The local motion of the oligo- and polystyrene
chain end was compared with that of the polystyrene
chain center. The chain mobility for the chain end is
much higher than that for the chain center, so that the
relaxation time for the chain end is shorter by about 1
order. This indicates that the mobility of a linear
polymer chain end is much different from that of its
chain center.
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