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Four sharp fractions of polymethacrylic acid were examined by light scattering and osmotic pressure measurements as a

function of concentration of polyelectrolyte and simple, supporting electrolyte.
In the presence of 0.125-0.250 M LiBr, the Donnan effect is

is demonstrated for the case of pure ethanol as the solvent.

An appreciable Donnan membrane effect

shown to be eliminated. Use of pure ethanol instead of alcoholic LiBr as the solvent has little if any effect on the molecular

weight determined from angular light scattering measurements.

be in excellent agreement over a tenfold range.

Introduction

In recent years numerous investigations have
been carried out on various solution properties of
linear polyelectrolytes in the presence and ab-
sence of supporting, simple electrolytes. Much
valuable knowledge has been acquired with respect
to the fundamental behavior of charged polymers
by means of conductance and transference,!'—*
potentiometric titration,®—% viscometric,”~? osmo-
metric®~12 and light scattering!®—1!* studies of lin-
ear polyelectrolytes. However, unambiguous evi-
dence of the reliability of molecular weights of
charged polymers has not been presented, although
an indirect proof has been established.!?

With respect to neutral polymers, the approach
to the problem of proving the accuracy of molecular
weights obtained has been to compare the molecu-
lar weights of sharp polymer fractions by two or
more of the direct methods. Theagreement in molec-
ular weights which has been obtained through
these comparative studies involving direct meth-
ods!®—18 has been of great value not only in estab-
lishing the reliability of the different methods but,
also, in advancing the theory of polymer kinetics
and the thermodynamics of dilute polymer solutions.

It was the purpose of thisinvestigation to contrib-
ute to the present knowledge of solution proper-
ties of polyelectrolytes by comparing the results of
light scattering and osmotic pressure studies of
fractions of polymethacrylic acid.

Experimental

Polymerization of Methacrylic Acid.—Methacrylic acid
purified by fractional distillation of glacial methacrylic acid
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The molecular weights by the two methods are found to

The second virial coefficients and u values are found to be in accord, also.

at 32° was polymerized by the solvent—precipitation tech-
nique in which distilled reagent grade benzene was employed
as the solvent for the monomer and precipitant for the poly-
acid. A typical charge contained 169, methacrylic acid
and 849, benzene. Benzoyl peroxide was emploved as a
catalyst at a concentration of 0.02-0.29, (based on the
monomer content). The solution of methacrylic acid in
benzene was swept free of air before addition of the catalyst
and maintained under oxygen-free nitrogen during polymeri-
zation. The system was stirred throughout polymerization
and the total reaction time was four hours at a temperature
of 78-76°. Conversion was 49 and 549, for the two poly-
acids prepared.

The polyacid was steeped in benzene and filtered re-
peatedly to remove monomer. Vacuum drying at 653° for
several days removed almost all of the remaining monomer.

Fractionation.—Prior to fractionation a sample of high
and another of low molecular weight polymethacrylic
acid (PMA) were freed of traces of monomer and catalyst
by triple precipitation from methanol solutions employing
ether as the precipitant. Fractionation was carried out es-
sentially according to the method of Katchalsky and
Eisenberg.!* However, the homogeneity of the fractions
was improved considerably by dissolving each fraction in 100
cc. of a mixture of methanol and ether of the same composi-
tion as that which had produced phase separation in the
original fractionation followed by slow warming to 25°
where phase separation occurred. The recovered fraction
was subjected to the same treatment with a new mixture of
methanol-ether and then recovered and dried in a vacuum
oven at 65°. The low molecular weight polyacid was re-
solved into seven fractions representing 659% of the original
sample weight. These fractions were designated series A.
The high molecular weight polyacid was resolved into ten
fractions constituting 75% of the original parent polymer.
This was called series B.

Osmotic Pressures.—Measurements of the osmotic pres-
sures of solutions of polymethacrylic acid fractions in ethanol
and in alcoholic LiBr solution were made at 30.0 == 0.005°
in modified Fuoss—Mead osmometers. Gel-cellophene No.
800 membranes were employed in all the measurements.
Equilibrium was attained in a period of eight to ten hours.
It should be mentioned that these membranes were strictly
semi-permeable for even the lowest molecular weight fraction
for as long as 48 hours. The membrane dissymmetry cor-
rection was approximately 0.10 em. and reproducible only
to £0.03 em. Because of this, membrane dissymmetries
were determined prior to the measurement of the osmotic
pressure of each solution. For the lowest concentrations,
the applied membrane correction was an average of two or
three such determinations.

Light Scattering.—Angular scattering intensities of light
were measured at approximately 25° C. by means of a Brice-
Speiser light scattering photometer which had been cali-
brated by use of the Cornell standard polystyrene. A solu-
tion of 0.500 g. of standard polystyrene/100 cc. of toluene
was found to have an excess scattering at 90° of 3.64 X
1073 cm.™! for 4358 A. mercury light. This compares
favorably with the values reported in the literature.’® The
calibration of the photometer was checked further by means
of several polystyrenes of known molecular weight.20

Alcoholic solutions of LiBr (0.125 M) were freed of larger
foreign particles before use in the preparation of PMA solu-
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tions by pressure filtration through No. 03 Selas porcelain
candles. Final purification of solvent and polyacid solu~
tions was accomplished by centrifugation at 25,000 g. for
two hours. The solvent and the solution of the lowest
molecular weight fraction were freed from most foreign
particles by centrifugation at 50,000 g. for 90 minutes.
Great care was employed in the removal of centrifuged sol~
vent and polyacid solution. Carefully cleaned pipets,
scattering cell and storage flask were rinsed several times
with the appropriate centrifuged solvent or solution before
transfers were made,

In order to minimize light scattering errors due to dust,
etc., in the dilute concentration region, measurements were
made first on the pure solvent medium. Xnown amounts of
stock solution were then added to the scattering cell, mixed
thoroughly and the light scattering data obtained until the
desired concentration range had been covered. Refraction
increments were measured in a Brice-Speiser differential
refractometer at 25.0 == 0.005°. The instrument was cali~
brated with concentrated NaCl solutions of known refractive
indices? and with sucrose solutions. The refraction incre-
ment for solutions of polymethacrylic acid for 4358 A. light
was 0.154 for solutions in ethanol and in alcoholic LiBr.

Results and Discussions

Molecular Weights from Osmotic Pressures.—
In the first attempt to determine the molecular
weight by the osmometric method pure ethanol
was employed as the solvent. The selection was
based on its lower dielectric constant as compared
to other known solvents for polymethacrylic acid.
Consequently, ionization of polymethacrylic acid
would be suppressed to a greater extent than in
other pure solvents. With sufficient suppression of
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g./1000 g. solution.

Fig. 1.—Reduced osmotic pressure curves of polymeth-
acrylic acid fractions: 1, fraction 5A in 0.125 M LiBr in
ethanol solution; 2, fraction 1A in pure ethanol; 3, fraction
92A in 0.125 M LiBr in ethanol solution; 4, fraction 1A iu
0.125 M LiBr in ethanol solution; 5, fraction 1A in 0.250 A7
LiBr in ethanol solution; 6, fraction 6B in 0.125 A{ LiBr
in ethanol solution.
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the dissociation of the polyacid, reliable molecular
weights should be obtained, since the observed os-
motic pressures would not include the contribution
of the hydrogen ions. In Fig. 1 the reduced os-
motic pressure, w/c, is plotted as a function of the
concentration according to the basic equation

w/c = 1033RT/Mn + Ac (1)

where 7 is the osmotic pressure in centimeters of
solution, ¢ is concentration of polyelectrolyte in
g./1000 g. of solution, R is the gas constant, 0.0821
1. atm./®A., My is the number average molecular
weight and A is a constant. It is apparent from
curve 2 that PMA in pure ethanol constitutes a
typical dissociating system. The osmotic pressure
reflects not only the contribution of the polyelectro-
lyte but also that of the hydrogen ions originating
from the dissociation of the polymethacrylic acid.?*

A comparison of curve 2 with curves 4 and 5
clearly demonstrates the two cases of Donnan
equilibria?® involved. In the PMA-ethanol sys-
tem the hydrogen ions resulting from the dissocia-
tion of the polymethacrylic acid are confined to the
same side of the semi-permeable membrane as the
non-diffusible polyion in order to preserve the elec-
troneutrality of the system. The resulting osmotic
pressure, therefore, is too high. In the presence of
added LiBr (0.125 to 0.250 M), however, sufficient
counter ions have been provided to suppress al-
most completely the contribution of the hydrogen
ions to the osmotic pressure. The reduced osmotic
pressure curve is then much like that of a typical
neutral polymer in a moderately good solvent.
Increasing the level of supporting simple electro-
lyte from 0.125 to 0.25 M appears to reduce the
thermodynamic slope somewhat, but otherwise does
not effect a significant change.

The number average molecular weights, the sec-
ond virial coeflicients, 4., and the interaction con-
stants, u, are listed in Table I. A.isequalto4/RT
where A has the same meaning as in equation 1,
provided =, ¢ and R are expressed in the proper
units. The values of u were calculated from the
Flory—Huggins equations.?¢—2%

Light Scattering Data and Weight Average Mo-
lecular Weight.—The reduced intensity of scat-
tered light at 90° and the dissymetry from excess
scattering intensities at 45 and 135° were measured
as a function of concentration of the PMA solution.
These data are plotted in Fig. 2 in a form consistent
with the basic scattering equation of Debye.?

H(e/r) P(90) = 1/ifw + 2Bc (2)

H = proportionality constant

¢ = g. polymethacrylic acid/cc. of soln.

7 = turbidity of the soln. minus that of the solvent
My = thewt.av.mol. wt.

B = the second virial coeflicient

P(90) = the correction factor for the turbidity due to

internal interference of scattered light
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TaBLE 1

Fraction Solvent medium Ma Mw A X 104 B X 104 Mo.p. ML.8,
5A ().125M LiBr in ethanol 34,000 42,000 4.9 5.2 0.456 0.455
2A 0.125M LiBr in ethanol 96,000 108,000 4.0 3.3 0.465 0.471
2A Ethanol (pure) 101,000
1A 0.125M LiBr in ethanol 133,000 151,000 4.3 2.8 0.463 0.476
1A 0.250M LiBr in ethanol 135,000 2.5 0.479
6B 0.125M LiBr in ethanol 421,000 383,000 1.8 2.3 0.486 0.480

Av. A, = 3.8 X 10~¢ cc. moles/g.2; av. B = 3.4

For random coils, the correction factor at any
angle 6 has the form?¢

P(6) = 2/x?[e7® — (1 = x)] 3
where
% = x¥%2R?

The turbidity correction factors for the various
measured dissymmetries were derived from the
solution of equation 3 for 90°. The reciprocal spe-
cific turbidity plots of the various polyelectrolyte
fractions in aleoholic LiBr solution are seen to be
quite like those of a neutral polymer in a moder-
ately good solvent. A comparison of curves 2 and
3 (of Fig. 2) reveals that the supporting simple
electrolyte has little or no effect on the light scat-
tering molecular weight, whereas in the osmometric
method, the added simple electrolyte is indispens-
able in obtaining accurate molecular weights. For
the case of pure ethanol as the solvent, the turbid-
ity and the fluctuations in concentration of poly-
anions are independent of the simple ions to all
practical purposes. It is reasomable to expect
that the behavior of other polycarboxylic acids
would be analogous in these solvents. It is to be
anticipated, also, that this turbidimetric behavior
of polymethacrylic acid and similar polyelectro-
lytes is not confined to ethanol and ethanol plus
LiBr. The observed agreement should extend to
all weak polyelectrolyte systems in which the sol-
vent has a reasonably low dielectric constant.?7—28

The excellent agreement in molecular weight be-
tween the light scattering and osmotic pressure
method is shown in Table I. The agreement is
within =79, except for the lowest molecular
weight fraction (5A). The larger deviation in this
case is due in part to an unexpected dissymmetry
correction of 119,. Despite improved solution
clarification efforts, there was evidence of contam-
ination by dust, etc. It isfelt that with prolonged
centrifugation a considerable improvement could
be made. From an over-all viewpoint, however, it
is clear that the light scattering and osmometric
methods are in complete accord with respect to
molecular weights, second virial coefficient and g
values.

The change of the second virial coefficient with
the molecular weight is somewhat greater than that
of a typical, uncharged polymer in a good or moder-
ately good solvent, e.g., polystyrene in toluene,2%3%
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or methyl ethyl ketone.®® The effect is some-
what inconsistent for the osmotic pressure series,
due to the lack of high precision inherent in
this method and the number of data points ob-
tained. The more precise data obtained from light
scattering reveals a steady increase in the value of
the second virial coefficient with decreasing miolec-
ular weight consistent with theory3:®? and similar
to experimental results for neutral random coil
polymers, 23 although of a greater magnitude for
the molecular weight range studied. Whether the
greater variability of A4, of the system studied is
characteristic of PMA, or due to differences in
sharpness of fractions or molecular structural dif-
ferences, cannot be answered until more precise
data are available.
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Fig. 2.—Reciprocal specific turbidity plots of polymeth-
acrylic acid: 1, fraction 5A in 0.125 M LiBr in ethanol solu-
tion; 2, fraction 2A in pure ethanol; 3, fraction 2A in 0,125
M LiBr in ethanol solution; 4, fraction 1A in 0.125 M LiBr
in ethanol solution: 5, fraction 6B in 0.125 M LiBr in ethanol
solution.
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