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ABSTRACT: syndiotactic Poly(methyl methacrylate)s (s-PMMAs) with anthracene in the
middle of a main chain were synthesized, and their local motions in dilute solutions were examined
by the fluorescence depolarization method. The local motion of two kinds of s-PMMAs with
different molecular weights was examined in several low viscosity solvents. The mean relaxation
time was measured and the activation energy was evaluated for the local motion of each s-PMMA.
First, the effect of the solvent quality on the local chain dynamics was observed. The value of the
relaxation time and its activation energy became smaller as the solvent became better one. Secondly
the molecular weight dependence of the local motion in poor solvents differs from that in good
solvents. In poor solvents, the relaxation time of the local chain became longer as the molecular
weight increased, while in a good solvent, the local motion was not influenced by the change of
molecular weight. These observations could be explained by the concept of the segment density.
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Polymer chains in dilute solutions undergo
micro-Brownian motion and have the relaxa-
tion times of nano to subnano seconds.!'? The
local chain dynamics has been extensively
studied. Several models to express the local
motion have been proposed,*”° e.g., a model
proposed by Hall and Helfand.* As the ex-
perimental techniques to examine the local
motion, neutron scattering,’® NMR,!*:2°
ESR,'%:3° dielectric relaxation,!!# and fluo-
rescence depolarization!® 1228 etc. have been
utilized.

We have examined the local motion of
polymer chains by the fluorescence depolariza-
tion method.!® 2% The advantage of this
method is that the orientational autocorrela-
tion function can be directly observed. We
have measured the local chain dynamics of the
chain center for such polymers as poly(methyl
methacrylate) (PMMA),'®~22:26 poly(a-meth-
ylstyrene),?*2% and polystyrene,?*?% etc. For

PMMA, at high viscosity or at low tempera-
tures, the discrete conformational jump mod-
els>® were in good agreement with the ex-
perimental data.?® Static?” or dynamic chain
stiffness parameter of PMMA was estimated
and compared with those of other poly(alkyl
methacrylate)s.?? The dependence of local
motion on the stereoregularity of a polymer
chain was also examined?® for syndiotactic- and
isotactic-PMMA.

Monnerie et al. studied the molecular weight
dependence of the relaxation time of local
motion for polystyrene solutions by NMR.?°
They calculated the isotropic correlation times
of polystyrene in 10 wt% solution which had
a time range of 107'°—107°s. They con-
cluded that overall rotatory diffusion is less
effective on the relaxation times of local motion
in high molecular weight polystyrenes, and that
the correlation times remain constant in
M,,>10000. In the present study, we examined
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the local chain motion of syndiotactic-poly-
(methyl methacrylate) (s-PMMA) in low-
viscosity solvents by the fluorescence depolar-
ization method. The relaxation time was
measured for two kinds of s-PMMAs with an
M, of 2.0x10* and 1.5x10° in 0.1wt%
solutions. We evaluated the activation energy
for the local motion, and discussed the effects
of the solvent quality and the molecular weight.

EXPERIMENTAL

Anthracene-labeled s-PMMAs were pre-
pared by the living anionic polymerization
initiated by (1,1-diphenyl hexyl)lithium and the
living ends were coupled by 9,10-bis(bromo-
methyl)anthracene (Figure 1). The detailed
synthetic technique was described else-
where.?%3! Table I shows the molecular
weights determined by GPC and racemo frac-
tions of the obtained s-PMMAs by 13C NMR.
The solvents used for the measurements were
acetonitrile (Nacalai Tesque), butyl chloride
(Nacalai Tesque), acetone (Nacalai Tesque),
toluene (Wako Pure Chemical Industries),
benzene (Wako Pure Chemical Industries), and
chloroform (Nacalai Tesque). The intrinsic
viscosity in each solvent was measured by
capillary viscometry. The PMMA sample
(Polyscience) for the viscometry had an M, of
4.7 x 10*, M /M, of 1.95 and a racemo fraction
of dyad of 0.81. We evaluated the chain
expansion factor, o,, by the dilution method,
where 07,,3 is the ratio of intrinsic viscosity of
a solution to that of the solution at the 0
condition. In this study, the 6 condition was
used in butyl chloride at 35.0°C.3? The time-
resolved fluorescence anisotropy ratio was
measured by the single-photon counting sys-
tem?4; a time-to-amplitude converter (TAC
Ortec Model 457), a discriminator (Ortec
Model 436), a constant fraction discriminator
(Ortec Model 583), and a multichannel ana-
lyzer (Norland Ino-Tech 5300). A diode laser
PLP-01 (Hamamatsu Photonics, wavelength:
411 nm, FWHM: ca. 50 ps) was used as a light
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Figure 1. Anthracene-labeled s-PMMA sample.

Table 1. Molecular weights, its distributions,
and racemo fractions of labeled s-PMMAs

Sample M, x107* M, x10"% M M, fi
s-PMMAL 2.1 23 I.11 0.93
s-PMMA2 12.8 15.0 1.18 0.93

source and a microchannel plate-photomulti-
plier tube as a detector. The repetition rate
of the diode laser was 1 MHz and the single-
photon counting system was used in the mode
that the start and stop in TAC were reversed.
The excitation light was polarized vertically,
and the parallel and perpendicular fluores-
cence components to the plane of polariza-
tion were measured. We used the cutoff filters
V-42 and Y-44 (HOYA) for observation. The
FWHM of the total instrumental function
was ca. 300 ps. The effect of solvent quality on
the chain dynamics was examined for s-
PMMAZ2 in all six solvents, and the molecular
weight effect between poor and good solvents
was compared for s-PMMAI and 2 in ace-
tonitrile, butyl chloride, benzene, and chloro-
form. The polymer concentration of each sam-
ple solution was prepared to be ca. 1075 M.
The parallel component, Iyy(?), and the per-
pendicular component, Iyy(f), were measured
alternatively to avoid data distortions due to
the time drift. The anisotropy ratio, r(z), is
defined as eq 1.

r() = (Iyy(1) = GIyy() (Iyy (1) + 2G Iy (1)
(1)

where G is the compensating factor. We fitted
the equation in which eq 2 was convoluted with
the instrumental function to the experimental
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anisotropy data by nonlinear-least-squares
method.?° It is known empirically that eq 2
represents the experimental data quite well.2°

r(t)=ro[xexp(—t/Ty)+ (1 —x)exp(—1¢/T,)]
(2
The mean relaxation time T, is defined by
eq 3, and the value T, can be calculated by eq

4 with the parameters 7,, T,, and x obtained
from the fitting.

T,=ry! J ? r(f)dt 3)
0
=xT,+(1—-x)T, (€))

RESULTS AND DISCUSSION

Solvent Effect

Table I shows the chain expansion factors
of s-PMMA chain, oz-,,3, solvent viscosity, #,
and its activation energy, E,, for each solvent.?3
The solvent viscosity of each solvent is lower
than 1cP at 35°C and these low viscosity
systems can be treated with the theory of
Kramers’ diffusion limit.'3* The chain expan-
sion factors indicate that the order of solvent
quality from good to poor one for s-PMMA
is chloroform, benzene, toluene, acetone, butyl
chloride, and acetonitrile.

We evaluated the activation energy of the
local motion by the theory of Kramers’ dif-
fusion limit. When a particle with a frictional

Table II. Solvent viscosities at 35°C, activation
energies, and chain expansion factors
of s-PMMA at 35°C

n E,
Solvent _— _ a,’
cP kcalmol ™!
Chloroform 0.941 1.81 2.36
Benzene 0.526 2.50 1.99
Toluene 0.492 2.11 1.73
Acetone 0.283 1.65 1.41
Butyl chloride 0.387 1.69 1.00
Acetonitrile 0.311 1.66 0.93
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coefficient, {, passes over an energy barrier
with the height E*, the velocity coefficient, &,
is represented by eq 5.

koc{ ™ Yexp(—E*/RT) ©)

where R is the gas constant and T is absolute
temperature. Since T, is proportional to the
reciprocal of k and the Stokes’ law, { oc#, holds,
T,, can be represented by

T,/n=Aexp(E*/RT) ©)

Figure 2 shows the Arrhenius plots of 7,,/n for
s-PMMA2 solutions. A microscopic aggrega-
tion?® occurred in the 6 solvent (butyl chloride)
in the temperature range lower than the 6
temperature by ten degrees or more. Figure 2
indicates that the relaxation time is influenced
by the solvent quality. Figure 3 shows the
reduced relaxation time, 7,/n, at the 6 tem-
perature, 35°C, against the chain expansion
factor, a,>. T,/n becomes smaller with the
chain expansion, i.e., the local chain relaxation
time of s-PMMA in a poor solvent is slower
than that in a good solvent. The slopes of the
lines in Figure 2 correspond to the activation
energy of local motion, E*. Figure 4 shows the
relationship between the activation energy and
the chain expansion factor. The fact that E*
becomes smaller with the chain expansion is

4+ AN
=
\E
o
3.1 3.2 33 34 35 36
10%/T K™
Figure 2. In(7,/n) vs. 1/T plots for s-PMMAZ2 solutions:

O, chloroform; [, benzene; ¢, toluene; [, acetone; A,
butyl chloride; Y/, acetonitrile.
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Figure 3. The relationship between relaxation times and
chain expansion factors for s-PMMAZ2 solutions at 35°C.
Symbols are the same as in Figure 2.
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Figure 4. The relationship between activation energies
and chain expansion factors for s-PMMA2 solutions.
Symbols are the same as in Figure 2.

similar to the case of the relaxation time. The
observed chain expansion dependence of the
relaxation time and of the activation energy is
explained by the degree of segment density
about the chain center. The s-PMMA chain
shrinks in a poor solvent and the segment
density is rather high. The neighboring seg-
ments around the probe in a poor solvent
suppress the local segmental motion, and this
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hindrance results in larger values of relaxation
time and activation energy than those in good
solvents. That is, the high segment density
about the chain center leads to the suppression
of the chain mobility. The relationship between
the segment density and the chain mobility was
also examined for polystyrenes; polystyrene,
poly(a-methylstyrene), and poly(p-methylsty-
rene).2® For all three samples, the relaxation
time and the activation energy decrease with
the chain expansion in the same way as for
s-PMMA.

Molecular Weight Effect

Figure 5 a—d shows the plotting of T,/n
against 1/T for s-PMMAI1 and s-PMMA? in
such a solvent, acetonitrile (a), butyl chloride
(b), benzene (c), and chloroform (d). We found
that in poor solvents (a and b), the reduced
relaxation time depends strongly on the
molecular weight. At a fixed temperature, T, /5
for s-PMMA2 was larger than that for
s-PMMAL1. On the other hand, in good solvents
(c and d), the relaxation time was almost
independent of the molecular weight, and the
relaxation times between s-PMMAI and 2
were almost the same within the experimental
error. Table ITI shows the activation energy of
s-PMMALI and 2 in four solvents. Similarly
to the relaxation time, the activation energy
increases with the molecular weight in a poor
solvent, while in a good solvent it is in-
dependent of the molecular weight. In poor
solvents such as acetonitrile or butyl chloride,
the value of E* for s-PMMAIL is ca. 3
kcalmol™!, and that for s-PMMA?2 is ca.
5kcalmol~!. On the other side, the value of
E* in a good solvent such as benzene or
chloroform is almost constant at ca. 2.5kcal
mol ™~ !. The difference in the molecular weight
effect on the chain dynamics either in poor
solvents or in good solvents can be also
explained by taking account of the segment
density. In the vicinity of 6 point, polymer
segments behave as if they do not interact with
each other, because the excluded volume effect
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Figure 5. Molecular weight effect on the chain mobility for s-PMMAT1 (black) and s-PMMA?2 (white):
a) acetonitrile, b) butyl chloride, c¢) benzene, and d) chloroform.

Table IIl. Activation energy, E* (kcalmol™?),
for s-PMMALI and 2 solutions

Solvent s-PMMALI s-PMMA?2
Acetonitrile 32 5.0
Butyl chloride 29 5.0
Benzene 2.6 2.7
Chloroform 24 2.4

mostly vanishes. It is valid to suppose that
the polymer chain, nearly in the 6 condition,
takes a Gaussian distribution and the segment

Polym. J., Vol. 27, No. 4, 1995

density about the chain center increases with
the molecular weight.!”-3%> The local motion
essentially consists of internal rotational con-
formation transitions. It is considered that
under the condition of high segment density
in a poor solvent, intramolecular segments
hinder the chain rotation, and the local chain
dynamics becomes slow. In good solvents,
s-PMMA chain expands sufficiently and the
segment density is kept nearly constant because
of the excluded volume effect when the mo-
lecular weight is changed.!” Hence, the local
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chain dynamics in good solvents is almost
independent of the molecular weight.
Waldow et al.!” performed random walk
calculations for their polyisoprene chain, and
in their calculations the local segment density
about the chain-center segment was shown.
They applied a self-avoiding random walk
simulation for the chain in good solvents and
also a regular random walk for the chain in
poor (0) solvents. Their findings indicate that
in the self-avoiding walk (good solvent model)
the segment density is kept almost constant
irrespective of molecular weight and that in
the regular random walk (6 solvent model)
the density increases with the molecular
weight. Moreover, the self-avoiding walk
shows a less congested environment than the
regular random walk. Although they did not
expect their calculation to be quantitatively
accurate, their calculations strongly support
our explanation based on the segment density.

CONCLUSION

The local chain dynamics of two s-PMMAs
with different molecular weights was examined
by the fluorescence depolarization method. The
dynamics was affected by the solvent quality,
i.e., the relaxation time became shorter with
improvement of the solvent quality. In poor
solvents, the dynamics became slower in the
PMMA with a higher molecular weight, while
in good solvents, the local chain mobility was
not influenced by the molecular weight. These
observations can be explained by the degree of
the segment density about the chain center. In
poor solvents, the segment density increases
with the increase of molecular weight keeping
a Gaussian distribution, while in good solvents
the segment density is kept constant due to the
excluded volume effect.
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