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POLYMERS AS STUDIED BY SOME PHYSICAL METHODS
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INTRODUCTION

HAT high peolymers are composed of large

structures built up by the successive repe-
tition of small units was first pointed out by
Staudingert in 1920. This simple hypothesis
has, during the last three decades, stimulated
a large amount of both experimental and
theoretical work. The high polymer molecule
may thus be looked upon as just a long chain
endowed with the ability t{o assume all sorts of
configurations through rotations about its
valence bonds. Under such circumstances, we
have to speak of average size, average shape
and so on.

In addition to developing theoretical concepts
based on statistical methods of dealing with
such problems, diverse experimental investiga-
tions such as determinations of turbidity, osmo-
tic pressure, acoustic absorption and viscosity of
these polymers in solution, have been under-
taken with a view to estimate their eflTective
sizes, shapes and molecular weights. In the
glassy or solid state too, they exhibit other
characteristic and easily measurable physical
properties such as rubber elasticity and photo-
elasticity. Experimental techniques involving
both static and dynamic methods, the frequen-
cies used in the latter ranging from sonic to the
ultrasonic, have been pressed into service in
recent times to study such interesting mecha-
nical properties.

RErLaxATioN EFFECTS IN HIGH POLYMERS

It follows that in such long chain polymer
molecules, because they are flexible and can
take up many different shapes, certain shapes
are sometimes more probable than others and
if a molecule is distorted from a more probable
shape, it tends to return to it in a very short
time when the distorting stress is removed. The
rapidity with which the more probable shape
is regained determines the relaxation time for
such a configurational elasticity. The measure-
ment of the propagation constants of acoustic
waves is a well-known means for studying such
mechanical relaxation effects.

The dispersion in solid samples of several
polymers of ultrasonic velocity and of absorp-
tion of longitudinal and torsional waves was
observed by earlier workersZz+4 Work on con-
centrated polymer solutions in the audio-fre-
quency range by Ferry and his co-workers,t.d
has revealed that there is a dispersion of dyna-

mic rigidity and the dynamic viscosity. These
studies have established a strong correlation in
the distribution of the relaxation times of sucn
solutions with those of the corresponding solid
polymers. Mason and co-workers? found from
measurements with longitudinal ultrasonic
waves, a dqispersion of velocily and an asso-
ciated dispersion of attenuation in polyisobutyl-
ene liquids. Direct measurements of shear vis-
cosity and shear elasticity of these liquids by
the torsional crystal method developed by
Mason® showed that a relaxation occurs in the
shear modulus and that the dispersion of the
longitudinal velocity in these liquids is due to
the dispersion of their shear elasticity.

The mechanical properties of solids, pure
liquids and concentrated solutions of high poly-
mers appear o be affecled by interchain re-
actions arising from the close proximity of the

polymer molecules to one another as well
as by Intrachain reactions pertaining to
the chain of a given molecule itself.

In studying the possible motions occurring
within the chains, it is desirable to isolate the
two effects. This is accomplished by taking such
dilute solutions of the polymer that the mole-
cules do not touch each other on the averagae
(about 1g./100c.c.). In such solutions, the
thermal motions of the segments in the polymer
molecule co-ordinate with one another to pro-
duce changes in the configuration of the mole-
cules and the configurational changes are asso-
ciated with a series of relaxation times. Baker
and his co-workers® employing the torsional
crystal method showed the existence of three
relaxation frequencies for dilute s=olutions of
polyisobutylene in cyclohexane. Similar results
were obtained by Rouse and Sittel’9 for poly-
isobutylene dissolved in different solvents like
cyvclohexane, benzene and toluene and for poly-
styrene dissolved in toluene. These relaxation
frequencies charactericing the configurational
relaxation between different membeirs of the
chain, range from mudicfrequency to the meza-
cycle region,

With a view to study such relaxation effects
in the megacycle region, measurcments of velo-
city and absorption in dilule solutions of some
vinyl polymers have been underiaken by the
present writer and his co-workers and rome
very interesting resulis obtained. The method
adopted is similar to that described by Pellum
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and Galt.!'! A second crystal was used instead
of a reflector and the ultrasonic velocity and
absorption have been measured. The two crys-
tals employed have identical fundamental  fre-
guencies, namely, 1-18 mc./s. and were worked
at their 3rd, 5th and 7th harmonics. The tem-
perature was controlled to within += 0-5° C. The
alignment of the crystals as well as the accuracy
of the method as a whole was tested by making
measurements on standard liquids like benzenc
and CCl,, at all the frequencies. For absorp-
tion measurements, the height of the received
pulse was adjusted to be constant by using a
calibrated decade attenuator with a bandwidth
of 0 to 30 mc./s. and capable of reading correct
to 0-1db. The absorption measurements are
accurate to within 3 to 6%, the lower limit
applying to higher frequencies.
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Solutions in benzene of fractionated polymers
exhibit a peculiar and hitherto undiscovered
phenomenon consisting of rapid fluctuations both
of velocity and of absorption from the wvalues
appropriate to pure benzene, as the concentra-
tion is varied. This new resull, first observed in
polyvinyl acetate is found to exist in the cases
of polymethyl methacrylate and polystyrens
also. Several fractions of the same polymer with
different molecular weights ranging from 20,000
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to 600,000 have been studied by way of confir-
mation.

The variation of velocity and of (¢/f%2) where
a 1s the absorptien coefficient, with concentra-
tion is plotted for one fractionated polyvinyl
acetate sample in Fig. 1. The ‘“‘wobbling” of
these factors with concentration is most strik-
ing and appears to result from the presence of
a number of relaxation frequencies character~
istic of the polymer molecule. . .

Fig. 2 shows the plot of aA (absorption per
wavelength) against the frequency, for one
fraction of polyvinyl acetate as an illustration.
Each curve in the graph represents the wvalues
for a particular concentration of the solution
mentioned alongside the curve. In the range of
frequencies studied, there is a frequency at
which the maximum for aA is occurring for
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some concentrations of the solution, while for
some others a minimum absorption isi observed.
The frequency showing the maximum absorp-
tion is not the same for all concentrations and
is found to vary in an irregular fashion. Fur-
ther extensive results have been cobtained which

show that the velocity is not constant with fre-

quency and also that its variation is erratic,
The above results observed in the case of all
the different polymer fractions, indicate the



No. 11
Nov. 1957

presence of multiple relaxation frequencies.
The minima observed for some concenirations
In Fig. 2 can only be explained as due to the
presence of at least two relaxation freguencies
situated very close to each other and on either
side of the minimum.

The above phenomena are however altcgether
absent when unfractionated commercial sam-
Ples of polystyrene and polymethyl methacry-
late are dissolved in benzene. That the peaks
and depressions occur in such a c.osely spaced
manner for the different fractions of the same
polymer whereas they are not found at all be-
fore the fractions are separated can only be
understood by presuming that they are appa-
rently cancelied out by superposition in an un-
fractionated sample.

Moreover, it has been observed that unlike
benzene which is a good solvent, in a poor solv-
ent like ethyl methyl ketone, if measurements
are made on a fraction of each of the above
polymers, these phenomena are not exhibited.
This has to be attributed to the lack of freedom
to the polymer molecule in a poor solvent to
assume different configurations as it is then
known to be in a completely coiled state, all
the relaxation effects being thereby suppressed.

SECOND ORDER TRANSITIONS IN HIGH
PoLYMERS

Another important feature of high polymers
is that they generally exhibit a discontinuity
in thermal expansion at a characteristic tem-
perature. This temperature also marks a rela-
tively abrupt change in other thermal, mecha-
nical, electrical and optical properties. These
discontinuities are termed as second order tran-
sitions because as the temperature is raised
through this point, there appears to be a change
of state without latent heat. In many of these
substances, the sound velocity varies with fre-
quency, showing characteristic relaxation fre-
quencies. Thus a study of physical properties
of high polymers as affected by femperature and
frequency is of considerable importance.

The experiments of Protzman!2 were the first
to disclose the existence of a discontinuity in
the slope of the velocity-temperature curves for
ultrasonic waves in polymer materials. Work--
ing on methyl methacrylate polymers by the
optical diffraction method, he found a t{ransi-
tion temperature which decreased linearly with
frequency ; in the range of 3 to 11 me./s., cover-
ed by his experiments. As pointed out by him,
the observed frequency dependence would have
the opposite sign if a relaxation mechanism
were responsible for the discontinuity. This
created a difficulty. Later, Maelchor and

4
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Petrauskas,'® working on the same polymer, did
not find an appreciable dependence of the tran-
sitton temperature on irequency, In the range
-9 to lume./s. ‘Lhey aiso noled that the iran-
sition occurred near a temperature T ; the glas:
fransition temperature, which was obtained
from the length-temperature measurements
using the same specimen of material. We have
also determined the transition temperatures in
a Iew po.ymers over a wide frequency range
In order to arrive at a possible mechanism res-
ponsible for them and two different experimen-
tal techniques were employed. We covered the
frequency range of 0-1 to 6 mec./s.

The two experimental methods used are the
ultrasonic pulse method involving the worinciple
of total internal reflection and the composite
oscillator method for working in the low fre-
quency region. A brief description of the two
methods has already been given in earlier pub-
lications.l* The variation of uitrasocnic veloci-
ties with temperature has been determined in
the case of polymethyl methacrylate and poly-
styrene. The specimens used in both experi-
ments have been taken from the same sheet of
the materials. Using the pulse method, Krishna-
murthi and Sivarama Sastry!® determined the
velocities at four different frequencies, namely.
1-15, 2-30, 3:45 and 5-75mc./s. The transition
temperatures observed in both the polymers
were found to be the same at all the four fre-
guencies. Their results show the tranzition tem-
peratures at 61°C. for polystyrene. Subrah-
manyam,16 employing the composite oscillator
method, determined the same for both the poly-
mers round about 0-1mc. The transition tem-
peratures obtained by him agree with the above
va.ues.

Thus in the frequency region of 0-1 to § me./s.
covered by the two experiments, the discon-
tinuities in the V-T curves are found to be
independent of frequency, in both po'ystyrene
and polymethyl methacrylate. The exact value
for the transition temperature in polymethyl
methacrylate is a little smaller than that ob-
served by Me.chor and Petrauskas but the
effect of plasticizer content, molecular weight,
elc.,, In polymers can account for the substan-
tial differences in the transition {emperatures,
as observed by different workers.

Supporting evidence to the above observation
has since come from other workers.!'s Recent
work of Wada and Yamamoto'™ has in  facl
shown that the t{ransiticn temperatures, deter-
mined in the case of cight polymers, are in-
dependent of frequency. Using the two experi-
mental methods described above, they covered
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the same frequency region. Another result of
their observations is that these transition tem-
peratures occur very near those for thermal
expansion (T,).

A different line of work on polymers is the
measurement of birefringence produced in sam-
ples of polymethyl methacrylate and polysty-
rene when subjected to stress. A detailed de-
scription of the experimental set-up and the
results obtained have been given by Bhagavan-
tam and Krishnamurty.1® Transition points
have agaln been observed in the birefringence
temperature graphs, and they occur at the same
temperatures as were found in the ultrasonic
expertments. This result is in conformity with
simtlar observations made on the widths of
nuclear magnetic resonance absorption lines2?
and the dielectric constants of polymethyl
methacrylate and polystyrene respectively,
where discontinuities in the above quantities
were again observed near the glass-transition
temperature.

VISCOMETRIC AND LIGHT SCATTERING STUDIES OF
Hice POLYMERS

Viscosity and light scattering methods are
now widely used to determine the molecular
weights and the root mean square end to end
distances for different high polymer molecules.
The intermolecular interactions of such a poly-
mer dissolved in a solvent can be characterised
by a few thermodynamic parameters, and their
evaluation for various solvent systems becomes
important. For instance, the single polymer
molecule dissolved in a solvent is subject to the
osmotic action of the surrounding molecules
which tends to swell it to a larger average size
than it would otherwise assume, and c¢an be
represented by an average expansion factor of
the unperturbed mean square end to end dis-
tance of the molecule. From measurements on
the variation of intrinsic viscosity with tem-
perature, it 1s possible to evaluate these para-
meters for the particular polymer-solvent sys-
tern as well as the unperturbed dimensions of
the molecule.

Light scattering photoelectric photometers
have been built in various laboratories. They
are usually calibrated by a narrow fraction of
polystyreneé or other standard polymers for
which the molecular weight is arrived at inde-
rendently, say by the viscosity method. The
description of one such arrangement has been
given by Varadaiah?! in a paper which has been
published recently in the Journal of Polymer
Science. Molecular weights are obtained from
light scattering data employing Debye equa-
tiom.22
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where H=32#¥My2(n, —n,)2/3C2 Nat,  and
other letters have the usual significance. T
stands for the turbidity of the polymer solution
for incident polarised light. (n, —Ny)/c or
dn/de is determined with a differential refrac-
tometer for different polymer solvent systems.
The molecular weights are obtained from the
Hc/7 vs. ¢ graphs. By finding the symmetry
of scattered light at 45° and 135°, appropriate
corrections are applied to molecular weights
and the length of the polymer molecule is cal-
culated, assuming a tangled coil model, by the
usual procedure as explained by Oster.23

CONCLUSION

Many other tools of the physicist, such ag the
infra-red spectrometer, the X-ray diffraction
camera and so on are finding their applica-
tions in the solution of intricate problems in
polymer chemistry but, for want of space, these
have not been dealt with in the foregoing.
There is, however, no doubt that this iy a field
where much remains to be done by the experi-
menter as well as the theorist.
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