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The light scattering of a poly(2-vinylpyridine) solution was measured under various conditions.

In sol-

vents such as methanol, ethanol, 2-propanol, 2-butanone, and pyridine, anomalous Zimm plots with an upward
inflection at lower angles were observed. This anomaly was especially striking in methanol, in which the dis-
symmetry coefficient was frequently less than unity. Systematic investigations carried out with methanol as a solvent
revealed that; (1) the anomaly does not depend appreciably on the concentration or tacticity of the polymer,
the temperature, or the wavelength of the incident light; (2) the anomaly diminishes with an increase in the mole-
cular weight of the polymer; (3) the anomaly disappears upon the addition of dry ammonia of 10-2 mol/l or more
in methanol, and (4) similar perturbed Zimm plots are realized by the addition of a trace amount of hydrochloric
acid or sulfuric acid in a methanol solution of a higher-molecular-weight fraction which showed a normal Zimm plot

in pure methanol.

The anomaly can not be explained in terms of the effects of the optical anisotropy of the poly-

mer segment, but the external interference arising from the non-random arrangement of the polymer in solution

may contribute to it.

Recently several reports on the anomalous light-
scattering behavior of solutions of vinylpyridine poly-
mers have been published. Miura e al.V) reported an
anomaly with poly(2-methyl-5-vinylpyridine) in me-
thanol; Cashin,? with poly(2-vinylpyridine) in nitro-
methane, and Fuoss ¢t al.?) suggested the existence of
some trouble in the measurement of the light scattering of
poly(4-vinylpyridine) in absolute ethanol. In the course
of studies of the poly(2-vinylpyridine) solution one of the
present authors? showed in brief the existence of the
anomaly in several solvents. More recently, Seely®
reported on the anomaly with poly(4-vinylpyridine) in
nitromethane. However, no reasonable explanation
of the origin of the anomaly of the light scattering of
the poly(vinylpyridine) solution has yet been given.
On the other hand, the similar anomaly of the light-
scattering behavior of several other polymers has been
clarified by some theoretical considerations.®-19 In
this paper we will present the results of our experi-
mental investigation of the light-scattering behavior of
the poly(2-vinylpyridine) solution, especially when the
measurement is carried out in methanol. The re-
sults will be discussed in terms of the theories proposed
for the other polymers.

Experimental

Atactic Poly(2-vinylpyridine). The polymerization, frac-
tionation, and characterization of atactic poly(2-vinylpyri-
dine), our sample number A-2 (M,=3.4x10%), E-2 (1.20x
10%), G-2 (2.19%10%) and I-2 (3.11x10°), were described
in a previous paper.# Three other higher-molecular-weight
fractions, P-4 (1.1 x10¢), P-3 (1.6 10°), and P-2 (4.0x 10%),
were obtained by redox polymerization using potassium
persulfate and sodium bisulfite in an acidic aqueous solution
of the monomer!? and by subsequent fractionation.!? The
2U, sample (3.30x 10%) was obtained by thermal polymeriza-
tion in an ampoule without any initiator or diluents, and
was then purified by repeated precipitation.

Isotactic Poly(2-vinylpyridine). The polymerization and
purification of isotactic poly(2-vinylpyridine) were carried
out in the same way as in a previous paper.!® The polymres
were fractionated by the precipitation method, using the

benzene-ligroin system. The tacticity was checked by the
methods of X-ray diffraction, IR spectrum, melting point,
and insolubility in hot acetone.!® The fourth fraction, S4F-4
(3.25% 10%), was mainly used in this study.

Solvent. All the solvents used in this study were dried
by the standard methods!®’ and were fractionally distilled
before use. The middle fractions of each solvent were re-
tained for use in the experiment described below.

Light-scattering and Viscosity. All the apparatus and
procedure for the measurements of the light scattering and
viscosity were approximately the same as those previously
described by one of the present authors.) Measurements
were made of the intensity of scattered light in eleven dif-
ferent directions, ranging from 30° to 150° with unpolarized
or polarized blue light (436 mp) or green light (546 my) of
Hg. The correction for the backward reflection was ap-
plied throughout the measurements.!® The solutions were
ordinarily optically purified by filtering the solution by means
of double membranes of “mittel” or “fein” supplied by the
Sartorius Co., Gottingen, West Germany.

Results and Discussion

The fundamental equation of the light scattering of
the polymer solution is expressed,'®) as is well known,
by:

Kc/R(0) = 1/[MyP(0)] + 24,0

= 1My + (1672/342M){s2)sin?(0/2) + 24,6

Il

where K is the optical constant; ¢ the concentration
expressed by g/ml; R(0), the reduced intensity of scatter-
ing at the angle 6; M, the molecular weight of the
polymer; P(0), the factor arising from the internal
interference of scattered light in the polymer molecule;
A,, the second virial coefficient; 4, the wavelength of
the incident light, and {s%), the mean square of the
radius of gyration of the polymer chain.

For random coils of linear polymers, straight lines
are obtained to a good approximation if K¢/R(§) is
plotted against sin%(6/2); therefore, in the so-called
Zimm plots (plots of K¢/R(0) vs. sin?(0/2) 4kc, where £ is
the arbitrary constant) the initial slope of the extra-
polated straight line at ¢=0 corresponds to the radius
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Fig. 1. Zimm plot for an isotactic poly(2-vinylpyridine)

fraction, S4F-4 (M, =3.25%10%, in methanol at
25°C. Concentration is expressed in g/ml. The
wavelength of vertically polarized incident light was
436 my. R(0)y, was corrected for depolarization.

of gyration, {s?), of the polymer chain in a solution.

Now, as a typical example, the anomalous light-
scattering behavior of the isotactic poly(2-vinylpyridine)
fraction, S4F-4, in methanol at 25 °C is shown in Fig. 1;
it was obtained by the use of the vertically-polarized
light of 436 my. as the incident light. The angular dis-
tribution of the reciprocal light-scattering intensity
shows the inflection, especially at lower angles at all
concentrations. As is illustrated by Fig. 1, the values
of the dissymmetry coefficient in methanol are often
less than unity and the values of {s?) become ne-
gative. Similar anomalous Zimm plots for atactic
poly(2-vinylpyridine), G-2, in methanol have been
shown in Fig. 3 in a previous paper.Y The evidence
of the anomaly was confirmed by repeated experiments,
although the reproducibility of the degree of inflection
could not be exactly determined.

The anomalous angular distribution of scattered light
was likewise observed for the G-2 sample in ethanol,
2-propanol, 2-butanone, and pyridine. Similarly, it
was observed with poly(4-vinylpyridine) in methanol
and with poly(2-methyl-5-vinylpyridinc) in nitroethane.
The detailed investigation of the anomaly with the last
polymer will be reported later in this Bulletin. '

Additional systematic experiments carried out with
a solution of G-2 in methanol revealed that the anomaly
was independent of; (1) polymer concentrations ranging
from 1.87 <1073 to 1.41 X 10-2 g/ml at 25 °C; (2) tem-
peratures ranging from 15 to 45 °C, (3) the wavelengths
of the incident light, and (4) the tacticity of the poly-
mer. It was found, however, as is shown in Fig. 2,
that the anomaly depends on the molecular weight of
the polymer and that the lower the molecular weight,
the larger the degree of inflection of the curves; more-
over, the anomaly disappears for solutions of polymers
with molecular weights higher than about 108 In
addition, it was found that the degree of inflection is
related to the successive amount of dry ammonia ab-
sorbed in methanol and that the anomaly disappears
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Fig. 2. Effects of molecular wcight of atactic poly-(2-
vinylpyridine) on the degree of inflection in the plots
of ¢/R(0)yry, vs. sin%(6/2) for methanol solution at 25 °C.
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Fig. 3. Effects of the concentration of added dry am-
monia in methanol at 25 °C in the plots of K¢/R(6)y,
vs. sin%(6/2) for atactic poly-(2-vinylpyridine), G-2
(Mg =2.19X10%).

for solutions with concentrations of ammonia higher
than 102 mol/l, as is shown in Fig. 3.

Several causes may be supposed for the anomaly
described above. First of all, we might point out the
mechanics of the instrumentation or the procedure for
the measurement of the light scattering. However, the
angular distribution of each component of scattered
light, Uu, Vv, Hv, Vh, and Hh, showed a normal behavior
for all solvents, where Vv and Hv represent the vertical
and holizontal components of the scattered light for the
vertically-polarized incident light, where VA and Hh
have a corresponding significance for horizontally-
polarized light, and where Uu represents all the com-
ponents of scattered light when unpolarized incident

light is used.
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In addition, the Zimm plots of the light scattering
of the standard polystyrene, MS-I,1” in benzene was
a normal one, from which no inflection of lines for
Kc/R(0) vs. sin?(0/2) is observed; the molecular weight
as estimated from the plots is 2.20x 105, which is in
accord with the average value of 2.53 X 10% reported
in the literature.l? Furthermore, the results of our
measurements of the absolute scattering intensity of
a polystyrene solution of the identical sample showed
no particular defect in our apparatus or procedure.1®)

Concerning the optical purification of the solution,
similar results were obtained even if the solution of the
G-2 sample in methanol was ultra-centrifugated at
2x10* G for 2hr. The effect of fluorescence from
the polymer was checked and found to have no con-
siderable effect in methanol.

Recently theoretical investigations of similar ano-
malies in light scattering have been reported for other
polymer-solvent systems as well. According to those
results, the anomaly can be explained in some cases by
the effects of the optical anisotropy of segments,” 9
while in the other cases it can be explained by the
effects of intermolecular interference arising from a
non-random arrangement of the solute molecules in
solution.®19  Some qualitative examinations of our
results with regard to these theories were carried out
as follows.

The Effect of the Optical Anisotropy of the Polymer.
Uchiyama and Kurata?® have shown that the unusual
Zimm plots obtained by Ehrlich and Doty'¥ for aque-
ous solutions close to the isoionic point of a copolymer
consisting of approximately equal amounts of metha-
crylic acid and 2-dimethylaminoethylmethacrylate, and
also obtained by Uchiyama and Kurata themselves
for the monochlorobenzene solution of isotactic poly-
styrene can be explained by the effects of the large
optical anisotropy of the polymer. In such cases they
proposed primarily to use polarized incident light and
to correct the effects of anisotropy by subtracting four-
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Fig. 4. The angular variation of each component of
the scattered intensity of a fraction of isotactic poly-
(2-vinylpyridine), S4F-4; in methanol at 25 °C., i=
436 mp. and ¢=2.00x 10-? g/ml.
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Fig. 5. Dependence of the values of optical anisotropy
parameter, 6=R(90)z,/3K,M, of isotactic poly(2-
vinylpyridine) in methanol at 25°C on molecular
weight of the polymers.

thirds of the amount of the V4 or Hv component of the
scattered light from that of the Vv component at each
scattering angle. Schurz et al.?” found that the ano-
maly they observed with solutions of vinyon N (co-
polymer of 409, acrylonitrile and 609, vinylchloride)
in dimethylformamide disappeared when they used
verticallypolarized light.

The results of the measurements of all the components
of scattered light with vertically-polarized incident
light are given in Fig. 4 for the fraction of isotactic
poly(2-vinylpyridine) S4F-4 in methanol. As is il-
lustrated by the figure, the intensity of the Hv com-
ponent and, consequently, the effects of depolariza-
tion for this polymer in methanol are, in general,
comparatively small, and the anomaly can not be
corrected by subtracting (4/3)R,, from R,, This
situation was further confirmed by additional experi-
ments carried out with a series of fractions whose
molecular weights covered a wide range. In Fig. 5
the values of the optical anisotropy parameter, §, de-
fined? by:

8 = Ry,/3KeM

for a series of isotactic poly(2-vinylpyridine) in methanol
are plotted as a function of the molecular weight of
the polymers. The amounts of depolarization are not
very large, and the values of § are, in general, in the
order of 10% except for very-low-molecular-weight
fractions.

Secondly, when the measurements were carried out
with unpolarized incident light in methanol, the values
of the dissymmetry coefficient were often smaller than
unity; consequently, the application of the data to
the equations proposed by Uchiyama and Kurata for
the correction of the effect of optical anisotropy was
impossible. Even in the solvents other than methanol,
where the application of the data to the equations is
possible, the effects of the correction were not appreci-
In conclusion, the anomaly in Zimm plots can
not be explained by the effect of the optical anisotropy
of polymer segments.

The Effect of Order in Solution. It was first re-
ported by Doty and Steiner® in the case of bovine serum
albumin, and later by Oth and Doty?") in the case of
polyelectrolytes in the absence of added electrolytes,
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Fig. 6-1. Effects of the concentration, ¢, of added
hydrogen chloride in methanol at 25°C on the
inflection in Zimm plots for atactic poly-(2-vinyl-
pyridine), P-2 (M, =4.0x10%). A=436my, un-
polarized light. ¢=0mol/l
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Fig. 6-4. ¢=10-*mol/l

that unusual light scattering was caused by the external
interference arising from non-random rearrangements
of the polymer, the so-called “order” in solution. More
recently, Burchard!® has explained an anomalous light-
sattering behavior like ours for poly(vinylcarbanilate)
in diethyl ketone in terms of the influence of order
arising from a certain strong solvation due to hydrogen
bonding in solution.

According to Burchard, the ordering rearrangements
of polymer coils in solution are perhaps caused by the
effects of; (1) electrostatic repulsion force, (2) the
formation of an intramolecular-bond-forming wire
netting, and (3) a certain strong solvation.

First, we tried to check for the possible ionization
of our polymer at nitrogen atoms in solution. Figures
6-1—6-4 demonstrate several Zimm plots observed for
a fraction of atactic poly(2-vinylpyridine), P-2, in
methanol, to which were added increasing amounts of
hydrochloric acid. The light-scattering behavior for
this fraction in pure methanol is normal, as is shown
in Fig. 6-1. A similar perturbation as observed for
lower-molecular-weight fractions in pure methanol ap-
peared when the fraction was partially ionized by the
addition of hydrochloric acid to methanol until the
concentration reaches 10-8—10-% mol/l; the degree of
anomaly increased with the concentration of hydro-
chloric acid, as is shown in Figs. 6-2 and 6-3. The
pattern of the Zimm diagram at the concentration of
10-4 mol/l shows some similarities to the one reported
for a polyampholite based on methacrylate by Ehrlich
and Doty.1%

The results of viscometric measurements for the
same fraction in the solvents used above are shown in
Fig. 7. The curves for these systems are typical for
polyelectrolytes in a medium with a low ionic strength.

Similar results of light-scattering measurements were
obtained when a trace amount of sulfuric acid was
added to mecthanol used as a solvent until the con-
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Fig. 7. Effects of the concentration, ¢, of added
hydrogen chloride in methanol at 25°C on the
reduced viscosity number for fractions of atactic poly-
(2-vinylpyridine) P-2 [0 (c=0moll), (1079,
O (10-¢9), (') (10-4), @O (10-%)] and G-2 [@ (0)].
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centration reaches 10-8—10-¢mol/l. From these re-
sults, it may be concluded that the anomaly in these
cases depends on the effects of electrostatic interaction
between ionized groups of the polymer.

We then considered whether the anomaly was af-
fected by the same origin in the case of lower-mole-
cular-weight-fractions. We have repeatedly measured
the reduced viscosity numbers of many fractions of
poly(2-vinylpyridine) in pure methanol and have al-
ways obtained normal viscosity curves typical of non-
electrolytic polymers, as is shown in Fig. 7 for the G-2
fraction as an example.

On the other hand, the results of light scattering
and viscosity in pure methanol for the 2U, sample,
which had been prepared with particular care taken
to diminish any possibility of contamination by elec-
trolytes, were the same as those of other fractions.
Judging from these results, the explanation of the
anomaly in terms of ionization in methanol may not
be possible.

Secondly, the occurrence of strong solvation by
means of hydrogen bonding between poly(vinylpyridine)
homologues and alcohols has been ascertained by the
large value of the Flory constant,??:2®) defined by:

K = 6%20,({s%o/ M)/

where @, is the universal constant and {s%), the un-
perturbed radius of the gyration of the polymer chain,
and by the large negative values of the parameters of
excess enthalpy and entropy for dilution, as evaluated
by measurements of the temperature coefficient of
the intrinsic viscosity and the osmotic second virial
coefficient.2) The results of the direct calorimetric
determination of the heat of solution equally support
the possibility of hydrogen-bonding formation in these
systems.2%)

Judging from these facts, it may be supposed that the
anomalous light-scattering behavior with poly(2-vinyl-
pyridine) in methanol was caused by strong fixation
due to hydrogen bonds between the nitrogen atoms in
the pyridine residue and the —OH groups of the me-
thanol, as in the case of poly(vinylcarbanilate) in di-
ethyl ketone.’® Such a coil may have a weakly
elastic repulsive potential and might resist the overlap-
ping of the segment clouds.

The molecular-weight dependence of the degree of
inflection of the light-scattering curves shown in Fig. 2
may be explained by the masking of the external inter-
ference by the internal one for larger particules, as
was pointed out by Doty and Steiner.®

It may be supposed that the influence of added
ammonia on the anomalous light scattering for methanol

Light-scattering Study of Poly (2-vinylpyridine) in Methanol
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solutions is due to the diminution of solvation rather
than some possible dissociation of the polymer. This
may be supposed on the basis of the facts that the values
of the intrinsic viscosity number and those of the Flory
constant decrease considerably with an increase in
the amount of added ammonia in methanol and ethanol,
as has previously been shown by one of the present
authours.??

In conclusion, it seems probable that anomalous
behavior of light scattering such as is reported here is
caused by the effect of order in solution, arising from
a strong solvation.
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