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MOLECULAR WEIGHT MEASUREMENTS OF
MACROMOLECULES WITH AN IMPROVED OSMOMETER

A source of error was found in-osmometers described in
the literature which used treated cellulose sheets which
acted both as a membrane and gasket to seal the osmometer,
This error was discovered to be caused by diffusion of
solvent through the periphery of the cellulose membrane. A
new osmometer was developed to permit the use of "composition"

foil gaskets to seal the membrane from the thermostating medls.

For the flrst time osmotlc measurements were made em-
ploying copper ferrocyanide membranes Impregnated on sintered

glass for use in organic solvents,

Adsorption on Carter and Record type of membranes was

confirmed with the improved osmometer,

Viscometric and osmometric measurements on aged poly-
methyl methacrylate indicated that oxygen 1s responsible for
me jor changes in molecular weight, but dispersion in a solvent

is not necessary., A change in shape of the molecule takes

place in the ageing process,
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INTRODUCTION

An essentlial measurement for the exact comprehension of
the physical properties of mscromolecular substances, as well
as for the study of the rules through which thelr polymeri~
zation reactions occur, 1s the determination of the molecular
welght,

A theoretically unquestionable method for the deter-
mination of the molecular welght of high polymers, in the
renges between 104 and 106, is the application of osmotic
pressure messurements, or measurements of the sedimentation
equilibrium (1) using a Svedberg ultracentrifuge, The importance
of these methods depends upon the fact that in the case of thelr
evaluation, only the gas constant R 1s assumed (2). Besides
these methods, because of its extreme simplicity, the visco-
metric determination of the molecular welght has been used
extenslvely, particularly in industry., However, the inherent
uncertainty assoclated with the Interpretation of the results
limits its value conslderably. In the present work viscosity
and osmotlc measurements have been undertaken.

The investigation carried out here falls into several re-
lated parts, The first part was based upon the studies of
Morrison (3), Grummitt (4) and Holmes (5) on the ageing of solu=
tions of high polymers, For a more complete understanding of
their results, 1t was decided to study the agelng of high polymers

by oxygen 1In the absence of solvents at a higher temperature,
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The original study by Morrison et al was made exclusively

by viscometric measurements. McIntosh and Morrison (6)
sttempted to determine the molecular weights on the samples
using a modified van Campen type of dynamic osmometer (7).

This osmometer does not yleld very accurate results, especially
in the ranges of low concentration, where a small hydrostatic
head of solvent 1s involved, It was declided to attempt the
development of an osmometer of greater accuracy for the low
pressure range.

The final portion of the problem arose out of studies
by Robertson (7) on the behaviour of caustic and Carter and
Record type of cellophane membranes, since the molecular
welghts found with these two types appeared to differ when
measured in the van Campen cell, The planned osmometer was
to be used 1n developing these studies more fully. In cone-
structing the new osmometer, deficiencies were found in the
designs used by many workers, The corrections of these

deficlenclies constituted an appreciable portion of the problem,



THEORETICAL BACKGROUND

1, CGeneral

It 1s generally assumed on the basis of experimental
evidence (8) that high polymers consist of large molecules.
Each molecule consists of groups of atoms held together by
homopolar chemical covalencies (9) in such a way that a line
representing dovalencies can be drawn from each Individual
atom to any:other etom of the molecule (10). In almost all
cases, both naturally occurring and synthetically prepared
polymers contain a mixture of polymer homologues differing
markedly in molecular weight, They can, however, be separated
by careful fractional precipitation., In addition, predomi-
nantly straight chalined molecules may have a small amount of
brenching or cross linkage. Therefore the polymer may be
descrlbed as being heterogeneous with respect to molecular
welght and to shape,

There are two groups of filament molecules. The first
group forms (or is believed to form) relatively rigid elon-
gated filament molecules in solution such as cellulose and
1ts derivatives, The second group comprises the synthetic
polyvinyl compounds which contain more or less colled filament
molecules in solution,

Branched molecules may be regarded as giving rise to a
three dimenslonal net work. These polymers are very poorly
soluble and their molecular welght cannot be determined (11).
However, deviations from linesrity will have a marked influence

on viscometric determinations but will not alter the absolute
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osmotic value which depends on the number of particles present
for a known concentration.

Heterogeneity arising from the presence of molecules of
varied chain lengths is by far the most importsnt type. Lack
of homogeneity in this sense not only complicates the compari-
son of average molecular welghts obtained by various methods,
but casts a doubt on existing values where this factor has
- been neglected.

On account of the tremendous viscosity of even dilute
solutions of high polymers, these solutions were originally
belleved to be colloidal suspensions, each particle of which
was an aggregate of several large molecules, along with any
attached liéuid (12). However, Staudinger (13) demonstrated
that in dilute solutlions the viscosity Imparted to a liquld
by dissolved polymer depended essentially on the molecular
weight of the polymer and only slightly on the nature of the
solvent, The physical proof was difficult to obtain, but
the logic of the conclusion was shown more clearly by Kraemer

(1, 14). He pointed out that the intrinsic viscosity, defined

() A=), ., = (), .,

’lsp = the specific viscosity which is a measure of the

as

incresse in viscoslity due to the suspended solute and defined

mathematically as

1]1'-1 = ;2(—:-1 = ?ISP
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where 41r = relative viscosity
"13 = vyiscosity of solution
/7 o = viscoslty of pure solvent
¢ = concentration of solute in grams per 100 c.cC.
[’*l]- intrinsic viscosity

was approximately constant (15) for a given polymer when dis-
solved in solvents of wldely different nature and mixtures
of solvents, Kraemer (14) elso demonstrated that sec-cellulose
acetate could be put through various chemical conversions
without appreciably altering the particle size, In addlition,
Gee (16) and Staudinger and Warth (17) have shown that the
molecular welght of a glven polymer, determined osmotically
in various solvents, is approximately constant, If the liquid
is considered as a colloldsl suspension, the obvious conclusion
arises that dlfferent solvents produce colloidal particles of
equal average size, contalning equal amounts of solvated
ligquid and bound in some way which resists chemical attack.
A much simpler conclusion 1s that particles of uniform average
size are produced by dispersion of the solute to indlvidual
molecules, Consequently, a true solution 1s formed.

According to Mark and Raff (8) this plcture becomes too
simple iIn the case of less dilute solutions and secondary
valence forces do cause the formation of aggregates, There-
fore, lnvestigation of molecular weight phenomena is limited
to the region of very low concentrations,

The original conception of chain molecules as straight,

stiff rods has likewlse given way to a conception of a more
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or less randomly kinked molecule. Whether the molecules are
rigid 1s not definitely known. Experimentsl evidence by Kemp
end Pitzer (18), Kistiaskowsky and Nazmi (19) and others has
proved the exlstemce of potential energy barriers in the case
of paraffins, These may analogously be considered probable
for other chain polymers, Rotation about the carbon-carbon
bond is therefore limited to a few degrees, Only partial
flexiblility may be assumed, It appears probable, therefore,
that portions of a molecule behave as semi-independent kinetic
units, and, in solution, the molecule executes internal
Brownian motion. Kauzmann and Eyring (20) decided that
viscous flow of molten polymers takes place in segments, and
Powell et al (21) attempted to show that polymers also act in
segments in producing other phenomena, such as osmotic pressure,
The present problem arose out of observations by various
workers on the instabllity of high polymers during preparation,
and purification, and in some cases even on standing. Blalkie
and Crozier (22) found that polyvinyl acetate increased in
viscoslity when purified by steam distillation, whereas heating
it in acetlc acid produced a drop in viscosity, occasionally
followed by a rise, Mead and Fuoss (23) found that the vis~
coslty of solutions of polyvinyl chloride in cyclohexanone
slowly decreased on standing, while 1t increased in methyl
amyl ketone., Similar degradations have been noted by Jirginson
(24) for solutions of gelatin in water, by Bartell and Cowling

(25) for alkali cellulose and by Ott (26) for pure cellulose.
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It has been noted in most cases (22, 25, 26) that the presence
of oxygen accelerates the rate of degradation. Impurities
(22, 23, 25)may affect both the rate and direction of the
changes, Rubber solutions exposed to light and oxygen (27)
slowly absorbed oxygen. The viscosity of the solution de-
creased, Tobalsky et al (28) noted a two-fold ageing reaction
for rubber samples at high temperatures, The rubber under-
went two changes, softening or tackefying, which was considered
due to scission of the chains, and hardening or embrittlement,
which was related to cross-linking, Both of these reactions
were shown to be dependent on the presence of oxygen.

Simha (29), Jellinek (30) and others have given a quan-
titative treatment of the degradation of long-chain polymers
for simple cases, Mark and Simha (31) developed the distri-
bution curve for the simplified case of the degradation of an
initially homogeneous polymer., Jellinek (30) obtained better
agreement with experiment by assuming a number of weak links
distributed over each polymer chain,

Morrison (3), Grummitt (4) and Holmes (5) carried out a
detailed investigation of the viscosity changes of polyvinyl
acetate, polystyrene and polymethyl methacrylate in various
solvents over long periods of time, Morrison, Grummitt and
Holmes found that solutions of polyvinyl acetate and poly-
methyl methacrylate l1n solvents such as B-B'-dichlorodlethyl
ether, acetone and nitrobenzene decreased in viscosity over

long periods of time, The presence of oxygen and impurities,
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especially ferric salts, affected the rate of degradation
and in some cases an increase in viscosity occurred, As in
the results of Tobolsky et al (28), these effects were inter-
preted as the result of two opposing processes, The first
was a decrease in viscosity due to rupture of the polymer
chaln by oxygen. The second consisted in the formation of
cross links between polymer molecules through atoms of iron,
Thus the solvent was immobilized and gels formed, In extreme
cases the polymer separated out on the walls of the glass,
Morrison (3) showed that changing the solvent could alter
not only the rate, but also the direction of the viscosity
change, This effect was not due to solvation because the
addition of l-chloro-l-nitropropane - a highly polar substance =
was without effect, Naunton (27) has also observed similar
dependence on solvent, Morrison (3) felt, however, that the
effect of solvent was mare apparent then real, since the
amount of oxygen reaching the solute depends on the solu-
bllity of oxygen in the particular solvent in use,
It was felt that the ageing of polymers in the absence
of solvent should be lnvestigated, The agelng of a polymer
homologous series of polymethyl methacrylate was undertaken
as a portion of the present problem, The changes were
followed by viscometric and osmometric measurement s,
Methacrylates are prepared from acetone (32)., The acetone
is first converted to acetone cyanohydrin by the addition of

hydrocyanic acid,
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(CHz)g C = O + HCN --» (CHsz)p COH
o

The acetone cyanohydrin is treated with methyl alcohol and
sulfuric acld to form the monomer. After purification itispoly-
merized by the action of heat, light, air or by oxygen-
producing substances which are used as catalysts (33, 34).
In the absence of oxygen and light at temperatures up to 100°C,
the polymerization of methyl methacrylate practically stops
(32) after a smsll fraction of the monomer has polymerized,
The recurring unit in polymethyl methacrylate is

?00CH5

- CHo - ? -

CHz
Staudinger and Werth (17) degraded the polymer quantitatively
to the monomer at 300°C. They concluded on this basis that

polymethyl methacrylate was unbranched.

2. Viscosity of dilute polymeric solutions

Much has been written in the past 40 years concerning
the classification and characterization of solutions by
viscometric meassurements, Two methods of approach have been
used, namely, the theoreticsl method based on suspensions,
begun by Einstein (35), and the empirical, based on solutions,
begun by Staudinger (13, 36). Einstein's calculation of the
viscosity was based upon an 1dealized suspension of rigid

spheres at extremely low concentrations. The spheres are
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large compared with solvent molecules, and are completely
wet by them, The solvent 1s incompressible and flow rates
are so gradual that turbulence is excluded.

For such a suspension Einstein's viscosity law,

qc = ‘70 (1 + 2.5 ¢)
where QIc is the viscosity at concentration c
‘7 0 1s the viscosity of pure solvent, and
¢ 18 the concentration of the suspension in ¢c/100 c.c,

predicts that the coefficient of viscosity will increase by a
fraction corresponding to 2.5 times the volume fraction of the
suspended spheres, The subsequent experimental verificatlon
of this law has been reviewed thoroughly by Mark (37).

Attempts were made to use Einstein's law for solutions
of high polymers, In the course of these investigations Berl
(38) and Biltz (39) observed wide variations from Einstein's
law for systems containing solutions of starch and cellulose
derivatives, Billtz recognized that there 1s a relationship
between the molecular weight and the viscosity in solutions
of high polymers, Staudinger (13, 36) formulated this relation=-
ship quantitatively in the empirical equation

nsp = .151_1'_12 = Km M€
o}

where'n sp = the specific viscosity

’73 and 7 o = the viscosity“solution and solvent
respectively

Km = an empirical constant
¢ = the concentratlion iIn monomoles per litre

M = the weight average molecular welght of the solute.
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To explain the disagreement with Einstein's calculations,
Staudinger suggested that the molecules could be represented
by straight, stiff rods, each of which vibrates in such a way
as to occupy, for viscosity purposes, a flat cylinder of

height equal to the dlameter of the molecule and base egual

m(y)’

where L 1s the length of the molscule.

to

Staudinger (17) and Schulz and Husemann (41) showed
that in the range between 1,000 and 10,000 the rule gave
good agreement with absolute methods for stralght paraffins,
esters and amines, for cellulose and cellulose derivatives
(42). Thus finding that his rule gave good agreement with
cryoscopic and osmotic measurements, Staudinger immediately
assumed 1ts validity far above this range of molecular size,
As osmotic pressure methods were refined and measurements
extended to higher molecular weights and a greater variety
of polymers, 1t soon became evident that many exceptions to
Staudinger's rule existed (43, 44)., Wide variastions were
observed for long flexible molecules such as the polyvinyl
polymers, For these Staudinger and Werth (17) found the
value of Km to decrease as the molecular welght in a given
specles Increased., Staudinger suggested that this was elther
due to branching of the molecules or to an exceptional chain
configuration., Dinglinger (2) showed that the Km for poly-

methyl methacrylate was independent of the method of preparation
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and decreased wlth increasing molecular welght, but became
constant between the degrees of polymerization of 1500 to
6000, Fractionated samples were employed, Nevertheless, in
spite of the fact that Staudinger's rule was only a rough
approxihation, it stimulated further work along similar
lines which proved to be very fruitful indeed.

The mathematical treatment of the increase in viscosity
due to the presence of non-spherical particles introduces
many difficulties, Jefferey (45), by the application of
hydrodynamic principles, extended Einstein's theary to the
case of ellipsolds, Retaining Einstein's original concepts
of dilute solution and gradual flow (35), he showed that as
8 result of the presence of a velocity gradient, the molecules
rotate in the solution, with a preferentlal orientation in
the direction of flow - an orientation which is opposed by
Brownian motion, The resultent degree of orlientstion depends
on the relative magnitudes of the two superposed forces,

Using these concepts, Eisenschitz (46, 47) derived an
expression for suspensions of long, ellipsoidal particles
with large Brownian motion, and, finslly, Kuhn (48) and Boeder
(49) epplied them to two cases of high polymers - the case
of a long, straight chaln and & highly simplified picture of
a branched polymer., The influence on the viscosity of a smell
section of a chaln was separated lnto two parts, one due to
its presence in the 1liquid, as calculated by Einstein (35)

and the other due to its rotational motion as a part of the
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complete molecule. For the case of a long, stiff, rod-like
particle with large Brownian motion and no solvation, Kuhn

(48) obtained the following expression:
2
MNe = Mo @ +2s50x ¢ (3) )
e \d

where G is the volume of solute per c.c. of solution

S is the length of the particle, and

d is the diameter of the particle.
It can be readily seen that the relation reduces to Einstein's
formula provided the particles are spherical as the rotational
part 1s negligible, As the molecule elongates, the rotational
part begins to predominate, and Einsteln's portion decreases
in magnitude. Consequently, the viscosity beccmes propor-

tional to (%) 2 and thus to M2,

Huggins (50) showed that none of the equations previously
developed sasgreed well with experiment. Kuhn (51) suggested
that this was due to an improper picture of the molecule, For

a more or less colled chain he found

(2%2) =  Km MY

c =0
where o < Vv < 2
Huggins (50,52,53,54,55) extended Kuhn's treatment to
the case of kinked molecules, a concept first suggested by
Haller (56). Like Kuhn, Huggins calculated the energy loss
due to the presence of solute molecules and obtained, as an
approximation, for thread-like molecules and large Brownian

motion,
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?752 oC M2

c
for randomly kinked molecules

7132 oK M
[

While for spherical molecules, the expression reduces to

Einstein's formula

2122 = constant

c

The general viscosity law now became

[7] = Km MV

where v equals O, 1 or 2 if the chaln molecules are
coiled into a ball, kinked in a purely random manner, or
extended in a rod-like configuretion.

Obviously, v may have fractional values corresponding
to intermediate ceses.

For lower molecular weights (up to 30,000), Hibbert and
co-workers (57, 58) and Flory and Stickney (28) obtained
better agreement, using

(7] = xu+:1
where 1 is a secondary constant,

The revised viscosity relation {7] = Km MY, in which
Staudinger had empiricelly set the exponent of M as 1, was
probably first used in its modified form by Mark (60, 61).
It has been repeatedly verified by Houwink (62) from data of
Staudinger and Werth (17) on heterogeneous samples, by Flory
(63) and Mark et al (64, 65) for fractionated polymers,
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The hydrodynamic theory, thus developed, was based on
the assumption that there was no Interaction between solvent
end solute particles, and that the monomolecules were so
separated that the solvent could flow freely about each ocne,
8o that Stoke's law could be applied to compute frictional
forces (66, 67). That this was not the case was quickly
demonstrated when 1t was found that a given polymer in
different solvents had different specific viscosities (17, 68).
Such dependency could only be explalned as Interaction between
solute and solvent, Huggins (54) proposed that this inter-
action, which was a distinctive property of ﬁ gilven solute-
solvent system, might be used to define the nature of the
polymer in that solvent, For the ideal case Huggins (54)

had derived

T (L), o+

= (B) a+ Nsp

At low concentrations
" 2
2L§2 = [7?] + fﬁ] c
In developing these expressions, Huggins started by using

a modified form of Stoke's law for computing the frictional

force acting on each submolecule in order to correct for the
deviation from the 1deal case,
Force 367777&'& AR
where 7 1s the viscosity of the solution

“a“is the effective diameter of the submolecule
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ot ot

A 1s the veloclty of the solvent molecules in
relation to that of the solute

“k'ﬂis a constant cheracteristic of the system.
It depends upon the sizes, shapes and cohesional
properties of both the solvent molecules and
solute submclecules, on the temperature, but
slightly or not at gll on the molecular
weight of the polymer.

Thus the new viscosity equation according to Huggins led to

e -(Le), aew Yon

or 1.52 = (") [1+k'["]] c]

This equation, in expanded form, 1s equivalent to the empiri-

wm

cal equation of Schulz and Blaschke (34), who proved experi=-
mentally that k' was 1ndep¢ndent of molecular weight for
various samples of fractionated and unfractionated polymethyl
methacrylate in chloroform. McIntosh et al (69) have found
that for solutions of polyvinyl acetate in acetone, the value
of k' decresses slightly with decreasing molecular weight.
Not only has Huggins eluclidated the initlial problem, but
also provided in the k' factor a means of investigating the
shapes of the molecules, It is to be noted that the intro-
duction of the shape factor does not completely account for
the effect of solvent, because Huggin's equation (54) predicts
that [q)] shall be independent of solvent type. Thils pre-

diction has been disproved by Mark et al (70), Flory (63) and
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others, Both Huggins (55) and Flory (71) agree that solvation
of the chains causes steric hindrance which would make it
impossible for a more coiled configuration. Consequently,
the average length of the molecule increases, simultanecusly
the value of the exponent "v " and the intrinsic viscosity'rvl,
According to Mark (70) for any given polymer solvents
may be roughly classified as "good" solvents and "bad"
solvents, Good solvents are characterized by an exothermic
solution process which tends to solvate and thus elongate the
molecule; whereas "bad" solvents are characterized by an
endothermic solution process, where the molecules tend to
squeseze out the solvent as a result of intromolecular attractions,
and now favour an unusually coiled configuration, Simha (72)
suggests that no special significance is to be assigned to
the case (v = 1) (expression reduces to Staudinger's equation)
because the exponent "v" is not merely a function of the normal
shape of the molecule,
Results from viscosity measurements on the polymer-liquid
interaction have led different investigators to conflicting

conclusions {73). In attempts to correlate 1732 versus ¢,
c

Frith (74) has shown in the case of polyvinyl chloride
solutions that the steeper slope corresponds to the better
solvent, whereas Spurlin (75) has shown the opposite to hold
in the case of solutions of cellulose derivatives, The lack
of generallty of any conclusions 1s emphasized by Huggins!'

statement that the molecular weight determined from viscosity
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measurements should be strictly defined as the Viscosity
Molecular weight "for a certain polymer in a certain solvent

at a certain temperature".

3. Osmotic Pressure of high polymers

As mentioned earlier, there are two absolute methods of
determining the mole cular weight of long chain polymers dis-
persed in dilute solution, namely, the sedimentation equili-
brium method using a Svedberg ultracentrifuge, and by direct
measurement of the osmotic pressure, The advantages of the
ultracentrifuge have been stressed by Svedberg (77) and
Krgemer (14), but owlng to the large initial expense it has
not been adopted into generasl uss. The measurement of osmotic
pressures has the advantage of requiring relatively simple
equipment, Other methods of mesasuring the colligative proper-
ties of solutions of small molecules are inapplicable for
molecular weights above 5000, The osmotic method in this
range 1s also difficult owing to incomplete semi-permeability

of the membranes,

Although the phenomenon of osmosis had been known for a
long time previously, in 1886, ven't Hoff showed the analogy
between gases and solutions. For the first time thermo-
dynamic methods were applied to the colligative properties of
solutions, Experimental confirmeation of this generalization
was cafried out by Morse and Frazer (78), Lord Berkley and
Hartley (79) and many others. Experimentalists have proven

ven't Hoff's limiting law without a doubt, but at present van't
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Hoff's original concept of osmotic pressure arising from
"the impact of the dissolved molecules on the semi-permeable
membrane" is false on the basis of thermodynamic reasoning.

Thermodynamic states that when two phases (80) are separ-
ated by a membrane perfectly permeable to one component and
quite impermeable to all others, the condition for equilibrium
is that the partial molal free energy of the component which
cen pass through the membrane should be the same in both phases.
There 1is no condition for the molecules which cannot pass the
membrane. The nature of the membrane such as its thickness,
chemlcal composition, physical state, have no effect at equi-
librium (81).

The component which 1s common to both phases is the sol-
vent, component 1l; the other component 1s the solute,

If the system 1s under the same pressure at constant
tempersture, end the solvent is separated from a solution by
& semi-permesble membrane, the chemical potential M/ of the
solvent in the solution will be less than,/“vl , the chemical
potential of the pure solvent, if both phases are under the
same pressure p'., If the system is to be in equilibrium, the
chemicel potential of the solvent in the solution must be
increased by a suitable chasnge in the pressure on the solution
(82). This can be effected by solvent flowing into the solution,
thus Iincreasing the pressure from p' to the greater pressure

p''e Therefore at steady state

I'Zs

] o I b -
(M dpt = (M Y pr = (M) + fp, Ty ap
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Hence

jp” VldP = [(/«]f') p' - g/ail)")p'}‘

pl

p" ol ¢
or S VidP = = {(/1“) p' - (/1')p'] = - oFf

pl
where F7 is the partial molal free energy
Vq (Pt - P') = - aF

The difference(P'' - P!)is called the osmotic pressure T7 of
the solution when the latter is under pressure P!'!,

For dilute solutions in which the osmotic pressure 1s
small, Vi may be regarded as constant end equal to Vj, the
molal volume of pure solvent,

Hence

or -V T = ,»Fy = RT 1lney

where aj is the activity of the solvent in the solution,

In very dilute solutions where Raocult's law 1s applicable,
Xx] the mole fractlion may replace aj, the activity of the
solvent in the solution. Since x3 =1 - xp and 1In (l=xg9) = =xo
the above equilibrium conditions may be written as T7Vy = RTxo.
This equation In the limiting case is equivalent to van't
Hoff's law,

For the determination of molecular welghts, this equation

may be restated as

YIR'
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where wo 1s the number of grams of solute in volume V
Mo 1s the molecular welght of solute
R 18 the gas constant in appropriate units
and T 1is the absolute temperature

The application of this equation to the determinastion of
molecular welghts of high polymers is much less simple and
necessitates certain restrictions and modifications.

Since Mo is very large, [] will be very small, the re-
sulting experimental necessity arises that measurements be
carried out on only moderately dilute solutions, in order
that the resulting osmotic pressure may be determined with a
high degree of accuracy.

Very large deviations from ideality occur even in moderately
dilute solutions and s s result the limiting law will no longer
applys This concentration effect, analogous to that in con-
nection with viscosity due to the strong interaction between
solvent and solute molecules, suggested the expansion of the
osmotic pressure as a series in powers of Co (concentration).
Thus the expression for osmotlic pressure becomes

TT = ACZ"’ B022+ 0023 + o e e

At very low concentration ranges all terms in 023 and higher

are negligible and the equation reduces to

TT = ac. + BC2

2 2
In dilute solutions, therefore, the plot 4; versus C,should
2

be a straight line, This fact has been empirically verified

by Mark (83), Meyer et al (84) and many others, However,
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Flory (63) and Mark (64) and Schulz (2) have obtained curved
lines at concentrations as low as 3 gm, pser litre, As will
be discussed shortly, a linear relationship between %%.vs. C,
has been deduced on theoretical grounds by Huggins and Flory.
From the classical kinetic point of view, A, the first
coefficient of the power expansion, 1s directly connected with
the number of particles which move independently in the
solution, As Mark notes (37), A represents the pure gain in
entropy for ideal mixing. Subsequent coefficients will rep-
resent the entropy anomelles and energy terms due to inter-
molecular and intramolecular interaction as a result of chemicsal
attraction and the unusual shape and size of the chain-like

solute,

The equation can therefore be rearranged in the form

T RT
Tz T mp T PC2

In dilute solutions 1t 1is still possible to evaluate Mo by

extrapolating the 11 versus Co curve to infinite dilution (85),

Ce
therefore, :
Co -» 0 Co Mo
or Mo = (%g—
55) Co=0

In order to explain deviations from van't Hoff's law,
early attempts were made by Schulz (86), Stamberger (87) and

others. By analogy with van der Wéal's theory of real gases,
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they introduced a co-volume, b, caused by solvation and wrote
BT (1 )= RT(C2 + pc,2
i = Mg(r—b) (M% bc?)-
Ostwold (13), on the other hand, ascribes the deviation to a

swelling pressure, thus writes

CoRT . m
T = S5 *+ KC, .

As mentioned earlier, Powell, Clark and Eyring (21) in order
to explain exceptionally large osmotic pressures, assumed
that a long-chain molecule acts in segments, This theory has
been severely criticized on various bases, Flory (71) and
Huggins (88) do not believe the statement thet a polymer
molecule becomes stiffer as the solution is diluted. Huckel
(89) questions their assumption of the primary validity of
the i1deal solution laws when applied to mixtures of molecules
differing greatly in size,

In the past several years a statistical-thermodynamilc
attack on the problem has been more advantageous, It consists
generally in an extension of the method developed by Guggen-
heim (90, 91) and applled to perfect and nearly perfect
solutions, Essentially the total possible number of confi-
gurations is determined for a mixture of Np molecules of type
A and N molecules of type B, This 1s related to the thermo-
dynamic functions of the mixture, from which Guggenheim obtains

the expression

kT Na + Nj
M= fr loe S

where VA+ 1s the volume of liquid A under very

low pressure,
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Guggenheim (91) attempted to extend these concepts to slightly
imperfect solutions, which he defined as "Regular Solutions",
It was difficult, however, to evaluate some of the new Lerms
introduced,

It was Fowler and Rushbrooke (92) who tried a rigorous
attempt to extend the theory to the case of markedly dissimilar
molecules, They treated the case where one molecule was a
dumbbell exactly twice the size of the other., HRetalning the
essential Guggenheim concepts, they calculated the number of
configurations by considering the liquid as a crystal upon the
lattice points of which the large molecules are arranged,
Obviously, a glven molecule must occupy adjscent lattice
points. Subsegquently, the blank spaces are then filled with
smell molecules whose addition does not affect the number of
configurations. If the number of configurations are known,
the thermodynamic functions of the mixture can be calculated.

It is to be noted, however, that the behaviour of a
mi xture depends on two factors, the decrease in free energy
and the increase in entropy. As a result of lntermolecular
forces, the former represents a tendency toward a minimum
potential energy, whereas the latter represents a striving
toward the most probable state as a result of the kinetlc
notions of the particles (93),

Fowler and Rushbrooke's work demonstrated that unusuelly
large entropies of mixing, resulting from the difference in

size of the molecules, may be sufficiently great to cause
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deviations from idesality, sapart from intermolecular forces.
For polymers of very high molecular weight, the entropy of
mixing becomes the predominating factor.

The extension to really long-~chain molecules was first
discussed qualitatively by Meyer (94) and Haller (56), using
a quasi-solid lattlce, each point of which may be occupled
either by a solvent molecule or a polymer segment, Assuming
filexibility at each chaln linkage, there will be many alter-
native positions for each succeeding segment, Owing to the
great number of possible configurations, an unusually large
entropy arises, on the basis of the well-known Boltzmenn
equation

S=k lnW
where S 1s the entropy
W 1s the number of possible configurations

and k 1s Boltzmann's constant

Simultaneously Flory (71,95) and Huggins (88,96,97) gave
a quantitative elucidation of the problem using the gquasl=-
solid lattice of Meyer (94) and Haller (56) and obtained
equivalent results, Although a heat of mixing term was intro-
duced, based on the work of van Laar (98), Hildebrand (99) and
Scatchard (100), it was assumed small enough not to interfere
appreciably with entropy changes,

In this fashion Huggins (101) obtsains
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4 ny W\S
1n a1 = 1n 1+(1-§)\/2+/1 2
VQ - 72 2
and 1n ag = 1n V/ + (1 - — Vi+ = ~
2 2 V]_) l Vl/Mlvl

where aj and as are the activities of solvent and solute res-
pectively,
V/1 and \7% and the volume fractions of solvent and solute
respectively,
V1 and Vo are the partial molel volumes, and for the present
purposes assumed equal to the actual molal volumes,
and 1y 1s a term which includes
(a) the heat of mixing
(b) the difference in entropy of mixing between that
for infinite co-ordination number and for a
small effective co-ordination number
(c) deviations from complete random distribution on

account of assoclation, solvation, etec,

Consequently,,ﬁ41, like k', 1s dependent upon the polymer
solvent type, but not greatly on molecular weight, Similarly
to k',/b*l can be used to investigate changes in molecular
shape, Quelitatively My "1s a measure of the preference of
each molecule (or submolecule) to have like molecules (or
submolecules) rather than units of the other kind for immediate
neighbors", Its value will be specific for a given system.

Its quantitative interpretation 1s, however, complicated end
possibly prevented by the fact that My combines the heat of

mixing with unpredicted entropy effects. This 1s reflected
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in recent papers by Mark et al (64,65) where My 1s evaluated,
but 1t has not been given quantitative interpretation.

From the preceding equations

ln gy - 1n Vy "1 o= - ¥ +/“1\'/2
V2 V2

where 1ln ay *® =

7|3

Hence,//ﬂl can be evaluated as the slope of a plot

-1 vs V/g

iln a8y - 1ln \"/1
V2

By expanding 1ln V1 as

InVy3 = 1n (1 - Vg)»
= -Vg - V_a_ - VZ - - -

Huggins (102) writes

-4 &2

T - RIW® = RT + RT (
( )

1
Vo 3Vy Vo Vi 2

If the concentration is expressed in grams of solute per 100

c.¢. of solution, the expression became, according to Hugglns,

m - RTd]czz _ ... = RT +RTd (_:_L_-/(l)cz
Co 3M1 dg;5 Mo  Myds™ \2

where dy and do are the densities of solvent and solute res-
pectively.

M; and Mo are the molecular welghts of the solvent and
solute respectively.

It is to be noted, however, that the negative term on the

left is negligible for many osmotic pressure studies, but its
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omission or inclusion should be tested empliricelly. Welss-
berger (103) and Huggins (76) have shown that errors are
introduced in the molecular weight when this term 1s neglected.

With refersnce to Il = A + BCo
C2

Huggin's expression
T . Rrg céz —_—
Co 3Myde Co

- ERT
A ¥y

B = Sy (3-41)

1d2
Tr
should yield a straight line for a plot of s versus Co.

Mo can be determined and the slope should be independent of
molecular welght for a given polymer-solvent system. The
constancy of slope has been demonstrated approximately by
Robertson, Grummitt and McIntosh (69) and by Wise (104) for

the system polyvinyl acetate 1n acetone, Exceptions have been
noted by Mark (65). Schulz (2), however, obtained curved

lines concave downward for fractionated polymethyl methacrylate
in acetone of low molecular weights, and concave upwards far
high molecular weights (about 600,000).

The straightness of the 7 versus 8o line 1s still
C2
debatable, McIntosh et al (69) and Gee (105) obtain straight

lines as predicted, while others (63,64,106,107) report both
straight and curved lines, Gee and Treloar (108) report curved

lines for the system rubber-benzene, In support of Huggin's
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work, Bartovics and Mark (65) and Dobry (109) have shown that
for a given polymer sample the solvent, and even the chemical
characteristics of the polymer, may be altered sufficliently
to affect the values of k', fn] and M7 without altering
appreclably the IZ intercept or the molecular welight determined
from it, °2

Flory (110), however, has demonstrated that the equations
for the partial entropy and partlial heat of mixing do not agree
well with expsriment. He ascribes thls to the fact that the
randomness of distribution is less than csalculated by Hugzins.
Each molecule occupies a “ecluster" of lattice points, and the
intervening spaces contain only solvent molecules, The de-

viation of a dilute polymer solution from ideality is then

found to be a function of the

Effective Volume Ratio = Effective volume of a Molecule
True volume of a Molecule

On this assumption,Flory predicted that 4y should decrease
slightly with increasing molecular welght,in the case of high

polymeric solutions at low concentrations,

4, Average Molecular Weights

In the process of polymerization a mixture of chain
lengths is obtained, The polymers thus obtained are hetero-
geneous in respect to molecular weight, The chain lengths are
distributed over a wide range, and will approximaete symmetricsal
distribution about & single maximum analogous to the Gaussian

error curve, The conventlional methods of determining molecular
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welghts will yleld average values, The thermodynamic relations
deduced for homogeneous samples are not affected by the hetero-
geneity (110). It 1s necessary, however, to distinguish at
least two different average molecular weights., Cryoscopie,
chemical methods and osmotic methods, etc., which "count" the
number of molecules present in a given concentration, will
yield for & heterogeneous material a number average molecular

weight, This 1s defined by Krasemer and Lansing (2) as

.
=00 (=00

Mn = Z niMi = Z,niMi 1
"i'.q: ni N

where Mi 1s the molecular welght of the ith

species;
ni is the number of molecules of molecular welght M1

and N is the total number of molecules present.

For any given concentration of a heterogeneous material,
however, 1t is evident that a smsll emount of low molecular
weight molecules will have & much greater effect on the osmotic
pressure than an equal amount of high molecular welght sub-
stance. On the other hand, the intrinsic viscosity for a
heterogeneous mixture, depends on the molecular welght of e ach
specles, Consequently a high molecular weight materlial has a
di sproportionate iInfluence on the viscosity. The intrinsic

viscosity for such systems is given by

[/}7] = t(n wi i3

Z wi
where [7ﬁ] is the intrinsic viscoslty of the specles of

molecular welght M1

and wi 1s the weight of the 1th specles.
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As has been pointed out by Mark (112), Lansing and
Kraemer (1), if the Staudinger Rule is applicable

[4711 = KsT Mi 111

where M1 = molecular weight of the ith specles
KsT = Staudinger's constsnt,
Recently, however, the Staudinger Rule has been replaced by

the relationship

[/)1]1 = K MY 1v

where K and v are viscoslty constants deseribed in a
previous sectlon.

e « substituting equation iv- 1in 1ii
(M) - sem'wm v(a)
Wi
= 2K MY niM v(b)
Znl ML
= KXMII*V ni vic)
Znil M1

The "Viscoslty Average Molecular Weight" is defined as

[?7] = KMy' vi

Substituting the value of[17) in equation vi to equation v{c)

S yiltv
KMvv = K&Mi ni
2 ni Mi
v —————
Coyy =\ [Ea3Y) oy . vii
2 ni mi

Thus it cen be seen that Number Average and Viscosity Average

Molecular Weights are entirely different, The two averages
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become identlical, however, in the case of homogeneous samples.
It 1s for thls reason that the number average molecular welight
must not be used directly to determine the viscosity constants
unless the distribution is known.

To evaluate the two averages a distribution function re-
lating the number of molecules of given molecular weight to
the molecular weight must be assumed, 1In so dolng, the
summations are replaced by integrations, but since the incre-
ments of molecular weight are small compared with the molecular
weight, the error introduced is probably very smelil, It is
desirable to choose a distribution function which has a single
maximum and represents substantially zero numbers of molecules
of very low molecular welght and of very high molecular weight.
Theoretically there are probably several functions which could
be used, but the one adopted here 1s the logarithmic distri-

bution which has been used by Lansing and Kraemer (2) in the

form
aN 2 1 -y?
Fooyw LW
h i M_
where y = B in Y5

dN = number of molecules between y and y + dy

N = total number of molecules .
Mo and B may be considered parasmeters of the distribution
function., Mo 1s the molecular weight at the maximum value of

dN and B i1s defined as the non-uniformity coefficient.
dM
This is illustrated in the curve of the form:
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For homogeneous materials /5 is zero, and for heterogeneous
samples it has a poslitive value,

Since the curve 1is a continuous function

[ =]
2 { Mo - X fo“_yg ay

Mn —— —
Sodn %
N
But
B
M = Moe 3
Hence eo -
Mpn = = é.m>eﬁyy ay

v

completing the square, and since

o [Tty /2% ay = v
o <z
Mn = Mo e'BZ% is obtained.
Thls method has been applied by McIntosh and Morrison
(6) to the relation for the average intrinsic viscosity and they

obtalned

[77}' KM, eﬂl [(/’fz’l/}l_’if]

Combining thls wlth the expression for the number average

" molecular welght,
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[C7] = ¥n" K elég(/+V)V was obtained,

or
11'1[/)” - vlnMn+an+%2_(l+V)V

It 1s evident from thlis expression that a plot of
ln Mn versus 1ln ["7] should give a straight line of slope "V",
provided that the samples have the same degree of heterogensity
or have been rendered homogeneous by careful fractlional pre-
clpitation., The intercept, 1ln K', willl depend onﬁz, and
therefore heterogeneous samples cannot be employed to determine
K. However, with "V" known and sn arbitrary chosen value of K,

B2 may be evaluated.



Experimental

1, Materials

Two different polyvinyl derivatives were used in this
investigation, polyvinyl acetate (Gelva) and polymethyl
methacrylate. The polyvinyl acetate (Gelva 45) used in this
investigation was a commercial product, suppliéd by Shawinle
gan Chemicals Limited. The polymer was graded on the basis
of the viscosity at 20°C of a benzene solution of one monomo=
lecular weight (86 grams) of polyvinyl acetate per litre, Thus,
a solution of Gelva V 45 has a viscosity of 45 centipoises,
This terminology was retained as a convenlient method of naming
the polymers examined.

The polymethyl methacrylate polymers used in this inves=
tigation were commercial samples, They were supplied by E. T.
du Pont de Nemowrs and Co. and were ldentified by the code
numbers

NDR 474

NDR 471

NDR 359
The polymers were in the form of very fine snow=-white powder
of about =200 meshe All of these commercial samples con=
tained small amounts (usually less than 1%) of insoluble
polymer and other foreign material, Two procedures were
adopted, one for polyvinyl acetate and another for poly~-

methyl methacrylate, 1n order to remove the above impurities,
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Procedure for Polyvinyl Acetate (Gelva V 45)

A sample large enough for all tests was dissolved in
acetone and filtered under suction through two thicknesses
of Kleenex paper and a No. 1 Whatman filter paper supcorted on
a six-inch Bfichner funnel. The clear filtrate was made up to
5-6% concentration with acetone and precipitated by pouring
slowly into distilled water with stirring. The sticky polymer
coliected on the stirring rod and was removed periodically in-
stead of being permitted to accusmulate into a large mass., The
bulk water was permitted to drain off, and the wet polymer was
then placed in a vacuum desiccator over anhydrous calcium
chloride under a vacuum of 5 mn, overnight. The partially dry,
porous mass was sliced manually with a sharp razor blade into
small pieces for further drying. Scrupulously clean blades and
forceps were used in handling the polymer. The drying of the
polymer was complsted under vacuum at room temperature (25°C)

in two or three days. Heating of the polymer was avolded,

Procedure for Polymethyl Methacrylate

In order to remove impurities such as insoluble polymer,
foreign substances, benzene solutions were filtered in the
same fashion described in the case of Gelva, Due to 4iffi-
culties in filtering, however, less concentrated solutions were
used. It was extremely difficult to filter NDR 359 above 1%
concentration; NDR 471 and NDR 474 above 2% concentration. After
filtration, the clear liquid was precipitated by means

of petroleum ether B. P, 30 = 60°C, The petroleum ether
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was stirred and the somewhat sticky polymer gathered around
the stirrer from which it was removed at regular intervals,
The preclpitated polymer was placed in fresh petroleum ether
and after several such rinses, the polymer was free from ben=-
zene, This required about 16 hourss The product, after the
solvent exchange with petroleum ether, was dried under vacuum
at room temperature (25°C) to constant weight. This required
about 24 hourse A very brittle, snow-white, vorous material
was obtained. Enough polymer was precipitated to last for the
entire investigation. The samples were stored over CaClg
when not in use and evacuated again for several hours when so-

lutions were to be made up from them.

Solvents

Chloroform

The chloroform used in all phases of this work was Merck's
Reagent grade. The chloroform was dried over calcium chloride
for 24 hours, distilled over fresh calcium chbride and stored
over "Drierite" until used,

Benzene

The benzene used in this work was Mallinckrodt's Reagent
grade (thiophene free). The benzene was dried over calcium
chloride and stored over clear sodium wire,

Acetone

The acetone used was Merck's Reagent grade. It was

treated in the same manner as chloroform.
Ethanol

The ethenol used in the preparation of membranes was
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Standard Chemical Co. 95% ethanol.

Petroleum Ether

Mallinckrodt?!s Reagent grade B.P. 30-60°C petroleum
ether was used to flocculate polymethyl methacrylate polymer.
2, Solutions

The accurate knowledge of concentrations of polymer 1in
acetone, benzene and chloroform solutions was Important. In
both osmotic and viscometric determinations, values at zero
concentrations were required, and these were obtained by extra-
polating the concentration function of the observed phenomena
from the range of finite concentration to an ideal value at
infinite dilution (C=0). The accuracy of such extrapolation
depended to a large degree on a precise knowledge of the con-
centration.

Two general methods for determining concentrations of such
solutions have been reporteds The more satlisfactory method and
the one adopted 1In this investigation, was to dissolve a known
weight of polymer 1in the solvent and make up to any desired
concentration by weights 1In the relatively dilute solutions
used 1t 1s permissible to assume no change in density from
that of pure solvent when expressing such concentrations in
terms of grams per 100 c.c., of solution. The second method
depends upon the evaporation of the solvent from a welghed
sample of solution taken from the apparatus immediately after
a measurement has been made., Such a method, i1f accurate,

would have two Important advantages for osmotic investigations.
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It would overcome the uncertainty concerning the real concentra=
tion in the cell after indeterminate amounts of adsorption have
taken place on the membrane and at the walls, Besides, such a
method would ellminate the wasteful procedures involving numerous
washes - an important consideration where molecular weight de-
termination must be made on a limlited sample,

The direct method of determining the amount of polymer in a
weilghed sample of solution by evaporation was found unsatisfac=-
tory for the system volyvinyl acetate - acetone by Robertson (7)
and Wise (104),

A similar method was attempted to determine the concentra=
tion of polymer in a solution in this work, since the polymer and
solvents differed from those employed by Kobertson and Wise. The
solutions were evaporated directly, in additlion, by the aid of a
flocculating agent. The results obtained are shown in TABLE I,
This method of determining concentrations was abandoned owing to
the erratic results obtained,

Two tests for semi-permeability of membranes used in osmo=-
tic pressure determinations were employed.s In the first the con-
tents of the solvent half-cell were pipetted into a tared weigh-
ing bottle and the thimble and contents quickly weighed. The
sample was then evaporated to dryness and the container again
weighed. Blank determinations permitted correction for any
corrosion of the brass osmotic cell,

The second test was found to be somewhat more sensitive and,
to be sure, more convenient. In this case the contents of

the solvent half-cell (about 10 c.c.) were run into a small



TABIE I

Showlng Errors in Evaporation Methods for the System
Polymethyl Methacrylate - Benzene,

Calculated Tempera ture Time in Hours (% Error) Flocculating

Residue (°c) Agents
24 48 72

0.,0482 100 - 0.416 - 1,24 - 1.87 _—
0.,14956 100 + 1,27 + 0,87 + 0,54 —_—
0.09356 100 + 0,22 - Co11 - C,21
0,0338 a0 - 0.89 -~ 0,89 - 1,48 Water
0.0286 90 + 8,40 + 7,01 + 5,95 Pete. Ether =
0.10%96 90 + 90,40 + 9,00 + 7,76 Pet, Ether #%
C.09185 60 + 8,84 + 6,78 + 5,25 Water
00,0302 60 ~ 4,88 - 4,68 - 5,3 Pet. Ether %
0., 1554 60 + 1,33 + 0,48 - 030 Pet., Ether %
0, 0180 90 + 0080 emm—— 4+ 2,78 Cyclohexane
G, 0253 90 + 3,86 —m—— 4 2,57 n
O, 0450 90 + Bgd7  —m— 4+ 2,65 "
0,05821 90 + 4,08 + 3,85 "

Glass weighing bottles were used in all cases.

*

clear supernatant liquid was carefully pipetted out.

These samples were flogculated in petroleum ether B.P. 30-60, and the

fully rinsed several times wlth petroleum ether.
on the calculated residue,

The precipltate

was care-

The per cent error was based

vy
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beaker containing sbout 25 c.c. of water., The appearance of
turbidity indicated that polymer was present. Tests with

this procedure, in the case of Gelva V 45, showed that a solu-
tion of 0.11% concentration could be detected with certainty

on & Fisher A.C. Model Electrophotometer. In the case of the
system polymethyl methacrylate -~ chloroform or benzene the con-
tents of the solvent half-cell (about 10 c.c.) were poured into
25 ¢.c., of petroleum ether. Tests carried on known concentra-
tions showed that a solution of 0.0018% could be tested with

certalnty visually,

3¢ Lgeing of Polymethyl Methacrylate

As previously mentioned Morrison (3), Grummitt (4) and
Holmes (5) aged the majority of their polymer solutions in
various solvents at 60°C, It was expected, however, that the
changes 1in the solid state would proceed more slowly. Therefore,
in order to magnify these changes the polymethyl methacrylate
samples were aged at 100°C,

An air bath was constructed for this purpose large encugh
to hold a large number of glass bombs. The bath consisted of an
insulated metal container, 15 inches in diameter and 18 inches
deepe The outside portion of the vat was wound with two pafallel
layers of nichrome wire heating element, insulated from one
another, and regulated by a De Khotinsky bi-metallic thermoregu=
lators This bath could be maintained at 100°t10C without dirfi-

culty.
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Bombs
The polymers were aged in thils work both in the presence and
absence of oxygen. For this purpose, bombs of the sort shown in
Fig. IA were constructed. These consisted of 500°- ml. Erlen-
meyer flasks to which two tubes were attached as shown. The
larger tube (C) served the purpose for filling and then sealed
off, The male part of a 10/30 ground glass joint was attached
to the other. Thereby, connection could be made to the vacuum
systems

A second type of bomb (Fig. IB) was used to investigate
pressure changes above the polymer to detect the possible evolu-
tion or absorption of gases, This was constructed with two
250 - ml. Erlenmeyer flasks, connected first through a small mere-
cury manometer and secondly, by means of a common btube, to the
vacuum system. One flask was partlially filled with polymer,
the other was left empty. After evacuation and filling to a
pressure of % atmosphere of oxygen, the two upper tubes were
sealed off simultaneously at "D", leaving the only connection
through the manometer. By so doing, the heat required to seal
off the upper tubes did not cause a large differential to be

set up in the mercury manometer,

Method of Evgcuation and Filling

The system used in this investigation for evacuating and
filling the bombs is shown in Fig., 2. The bomb was connected
to the system by means of the ground glass joint C. In order

to fill the bomb with oxygen, stop cocks A and H were opened
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Figs. 1A and 1B

Bombs in which Polymer was Aged

(Following page 46)
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System for Filling and Evacuating

Fig. 2

Glass Bombs

(Following page 46)
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and the system evgcuated by means of a mercury diffusion pump
backed by a Hyvac pump to a pressure of about 10'4MM. as read
on the Mcleod Gauge. The liquid air trap, D, was flushed by
means of a stream of oxygen entering at stopcock E and esca-
ping through stopcock B to the open alr, By reversing stop-
cock B, oxygen was admitted into the system to a pressure of
about % atmosphere as read on mercury manometer F, Stopcock
H was then closed and the polymer left in contact with the
oxygen for at least two hours, in order to flush the polymer
thoroughly. Stopcock H was then opened, the system again
evacuated to the previous pressure and the bomb refilled with
oxygen iIn the same fashion to a pressure of %4 atmosphere, The
bomb was then sealed at the constriction,

Dur ing the prelimlnary trials, bombs to be aged in vacuum
were merely pumped down to 4 x 10"% mm, of Hg. and sealed off.,
Meanvwhile, Tobolsky et al (28) showed that very small amounts
of oxygen were sufficlent to cause definite deterioration of
rubber, Consequently, later samples, the ones reported in
this work, were flushed with carbon dioxide, This was achleved
by condensing gaseous carbon dloxide in the trap D with stop-
cock B closed and E connected to vacuum. The condensed carbon
dioxide was purified by being allowed partially to vaporize
and the gases belng pumped off., The purified fraction was
then admitted through stoncock B to the evacuated system, to

a pressure of 3/4 atmosphere and permitted to remain in con-

tact with the polymer for at least two hours, Filnally the
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bomb was evacuated to a pressure of lO"4 mn. and sealed off
at the constriction. The amount of polymer aged 1In each
bomb was about 12 grams,

Physicel appearance of polymer after ageling

The polymer samples as viewed visually did not fuse together,
There weas also no change in color. They remained snow=white
during the entlre ageing process ranging from two weeks to

six and one~half months,
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4, Viscosity Measurements

Appsaratus
Viscosities were measured in a modified Ostwald type of

viscometer, having an outfl ow time of 136 seconds for 2.5 c.c.
of benzene and about 72 seconds for chloroform, The capillsary
was 10 cm. long and had a radius of 0,038 cm, Other dimen-
sions are included in pamphlet No. 188 of the British Engineering
Standards.,

The viscometer was mounted on a brass frame which fitted
snugly into grooves in a second frame clamped to hold the
viscometer verticelly in the water bath, A standard mercury
thermoregulator relay system controlled the temperature at
20 + 0.,02°C, Accurate temperature control is of particular
importance in specific viscosity measurements since a variation
of as little as 0.01°C will cause a calculated (105) variation

of 1% in a specific viscosity determination of 0.05.

Procedure and csaslculation of viscosities

To determine the intrinsic viscosity of a polymer, a
series of 4 to 6 solutions varying from O.1 to 0,35% was
made up by weight iIn 125 c.c. glass stoppered Erlenmeyer
flasks, About 50 c.c. of sclution was made for concentrations
above 0.1%,and 100 c.c. for solutions of 0.,1% and lower,
Intrinsic viscosities were carried out with benzene and chlioro-
form solﬁtions of polymethyl methacrylate,

Just before the determination the viscometer, which had

been in contact with chrome-sulfuric acid mixture, was thoroughly
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rinsed with distilled water, dry acetcne, then followed by
dry benzene or chloroform. The viscosity of the solvent used
in meking up the solutions was determined since small de-
viations in the viscosity of the solvent can cause appreciable
errors in the specific viscosity.

The solutions were allowed to reach approximate tempera-
ture equlilibrium by having them partially immersed in the
water bath for at least 10 minutes, In order to reduce errors
due to evaporation and suspended foreign matter, the solutions
were blown into the viscometer by filtering through a fine
sintered glass disc by slight pressure spplied through a
drying tube, The viscometer was rinsed twice and in the
final filling the solution level was adjusted to the greaduated
line above the lower bulb with a fine glass pipette, After
the solution had reached thermal equilibrium, usually less
than five minutes, it was blown to the upper bulb and the
outflow time noted with a stop watch, Three or four deter-
minations of the same solutions were maede, The solutions were
measured in the order of increasing concentrations, The
average deviation was about 0.l to 0.3 seconds in an outflow
time of at least 110 seconds in the worst cases, The average
deviation from the mean, however, was much less, Such accuracy
is none too great since an error of 0.05 seconds in the flow
time cen introduce an error of 1% in a specific viscosity of
0.05.

Viscosities were calculated from the flow times by the

formula
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= ¢cpl - ¢!
T= o 2
where C and C' are cmstants of the instrument.
They are calculated according to Bingham (113) by determining
the outflow times for freshly bolled distilled water, dry

benzene, chloroform and acetone,

F = density of solution - assumed to be the same
as the solvent in such dilute solutions
ta. the time of flow
The kinetic energy correction term was of the order of 1.9%
of the viscosity of the solutlon in the worst cases,
From a series of such measurements on any sample, the

Intrinsic viscosity [711 1s obtained by means of a plot of

in 11_

Mo versus C
C

or 3015’_ versus )zsp

also from ’7$P versus C, as previously described.
C

The wvalue of the characteristic constant k' is obtained in the

first plot by the slope

(k' - -32‘-) [7'(]2 = - slope

In the second plot
k! = 8lope
(™)
and in the last plot

k! = slops

(7)?
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S5 The Osmometer

Osmotic pressure measuring devices fall generally into
two classes, static and dynamic, In the dynamic type, first
used by Berkeley and Hartley (79) and improved by Van Campen
(114), Boissonas and Meyer (115) and Obogl and Broda (116)
and many others, the cell is designed so that the osmotic
pressure can be counterbalanced by an externally applied
pressure of known magnitude. The external pressure necessary
to prevent the flow of solvent into or out of the solution 1s
taken as the osmotlic pressure,

In the static method, the osmotic pressure of the solu-
tion 1s valanced by the liquid column due to the impulse of
solvent into the solution. Static types of osmometers have
been used by Schulz (117), Dobry (15), Flory (63) and others,
for solutions of high polymers. '

Recently Jullander (118) introduced an osmotic balance.
Jullander weighed the amount of solvent passing through the
membrane by suspending the osmotic cell on a balance,

As has already been mentioned, a dynamic Van Campen type
of osmometer used by Robertson et al (7, 69) and McIntosh and
Morrison (6) was tedious in operation. In addition, it was
difficult to obtain accurate results at concentrations lower
than 1 gram per 100 ml., thus leaving a long extrapolation to
zero concentration,

In recent years a combined static and dynamic osmometer,

designed by Flory (63) and Fuoss and Mead (119) has come into
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general use, It consisted essentially of two metal plates,
clamped together over the membrane by means of machine screws
at the edge, The face of each disk contained a shallow well,
surrounded by a carefully machined flat ring; inside this ring
was a set of concentric cuts connected by a vertical cut which
ran from inlet to outlet of each half-cell, 'When the cell
was assenbled, the membrane was the gasket., The membranes

used were fairly soft and according to Fuoss and lead "

only
moderate pressure (a little more than fingertight) was needed
to prevent leakage at the edges" of the membrane, One halfe
cell, containing the solvent, was connected with a capillary
tube, while the other, containing solution, was comnected with
a wide tube, within which was a caplllary of bore identical
with that of the first capillary. The equilibrium difference
in height between the two capillaries was taken as the os-
motic pressure,

The original osmometer constructed by the writer followed
this type of cell. It was made of brass blocks 4 x 4 x & inches,
This avpparatus was found unsatisfactory owing to persistent
warpages,

In order to diminish warpage, another osmometer was con-
structed of one inch thick brass blocks, by soldering together
under mechanical pressure two pieces of one=half inch thick
brass plates, In order to decrease the time required to
reach equilibrium, each half=-cell was fitted with a capillary

tube, This system was found completely inadequate. The levels

in both capillaries dropped at the same time, much greater than
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the amount attributed to evaporation of solvent, The move-
ment of the liquid levels in the capillaries was downwards,
regardless of the relative helght of the hydrostatic head of
the thermostating media., Thls strongly suggested a diffusion
of solvent from the cell into the bathe The cell was emptied
of 1ts contents, and dried, and tested with air pressure of
about twenty-nine 1b./sq. inch but showed no mechanical
leakage under water, Bolting down the two cell blocks more
firmly by the use of bolts rather than machine screws, the
rate of drop decreased, but not to such an extent that serious
error was eliminated. Representative data of the leakages ob-
served are shown in Table II, Acetone was the solvent used in
determining the dropse.

Intensive work on several modifications of this cell
proved conclusively that the membrane did not form a satisfac-
tory gasket for sealing the cell, Carter and Record (106)
reached a similar conclusion, Flory (63) admitted that his
cell may have been leaking, but did not locate the leask at the
sealing face, Unfortunately, after & short period of time, the
cell leaked in between the soldered blocks, This cell was dis-
carded as resoldering proved fruitless, The flnal osmometer
will be described shortly.

Careful examination of the literature reveals further evi-
dence of leakage through the membrane, Fuoss and Mead (119) re=-
port that when solvent 1s placed In both half-cells of the os=-
mometer, using denitrated collodion membranes, a difference of

one mm, Or more ls observed in the levels of the two capilla-
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ries, This difference 1s ascribed to asymmetry of the mem=~
brane, Reversal of the half-cell contents does not reverse
the head.

While the source of difficulty due to leakage was eli-
minated by Wise (104) and the writer, as will be shown shortly,
and accurate osmotic pressures were being measured in this in-
vestigation, Lossing (120) reported a similar "asymmetry" to
that observed by Fuoss and Mead, whose magnitude can be
changed by "further tightening of the outer bolts" which
seal the osmometer, Lossing at this time was studying osmo-~
metry using Fuoss and Mead osmometers under the direction of
Dr, Mark at the Laboratory Clinic of the Brooklyn Polytech~
nic Institutes. It may be further mentioned that results ob=-
tained by Fuoss and Mead using horizontal and vertical capile
laries are not in good agreement (121). Foster and Hixon (122),
working with a dynamic osmometer, guessed that leakage occurred
apparently around the membrane and consequently applied cor-
roctions periodically with solvent in each compartment, They
admitted, however, that the leakage constituted the "chief un-

certainty about the msasurements."
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Showing Typlcal Leakages Observed in the Osmometer

Type of Membrane
6% NaOH

6% NaOH

Carter and Record

Denitrated Collodlion
Carter and Record

1.5% NaOH

Leakage per Hour
0,34 cm.

0.50 cm,
0633 cm,

0.42 Cltle
0.064 cm,
0,067 cm,

Remarks

3/16" machine screws
made to be tightened
with a small wrench,
3/16" machine screws
3/16" machine screws
made to be tightened
with a small wrench.
3/16" machine screws
" steel bolts

2" steel bolts
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It is to be noted, however, that this conclusion is in
contradiction to the majority of the recent literature (63,
118, 65, 123, 124 etc.)., Therefore the experimental evidence
on vhich the conclusion is based will be presented in some
detail.

The fundamental ecriterion of cell behaviour lay in
whether the liquid levels in the caplllaries of a carefully
thermostated cell remained steady over periods of several
hours, Persistent dropping of the levels indicated the pre-
sence of a leak., Simple tests, such as lmmersing the cell in
water and applylng air pressures up to twenty-nine pounds per
square inch, were found to be totally inadequate, although ex-
cellent in detecting mechanical flaws, such as plnholes etc.
The osmotic cell, while appearing perfectly free from leaks
under such a test, would still show a marked drop in the ca-
pillary levels when fllled with solvent and having the mem=-

brane as the gasketing material,

Proof of the Diffusion Process

It was demonstrated that the difficulty was not due to
improper machining of the sealing face by replacing the mem=-
brane with a sheet of 0,001 inches thick composition foil,
(Supplied by the courtesy of Dominion Foll Limited, Pb = 97.5%;
Sn - 0,5%3; Sb - 2%)e Such a system was definitely leak tight.
When filled with solvent and thermostated, the levels remained
constant over a period of six = eight hours, It may be men-

tioned again that the system leaked when replaced with a
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membrane about four times as thick., There was a perfect im--
print of the machining marks of the sealing face on the peri-
phery of the cellophane membrane., Several thicknesses of cele
lophane membranes behaved still worse. It was therefore con-
cluded that no gross leak existed, but that it was apparent that
diffusion took place directly through the membrane, The cell
leaked as well in an air bath,

Numerous methods of overcoming the difficulty were ex-
amined, and some of which gave promise will be described briefly,
The sealing face of one half-cell was reduced from 3/8%" to 1/8",
This permitted a very great pressure on the sealing face. This
reduced the leak to comparatively small proportions (approx.
0,033 cm./hr.) and occasionally sealed the cell completely. The
method, however, proved inconsistent, very likely due to warping
of the cell, Attempts were made to seal the osmometer complete-
ly with "Sauereisen" cement and "Sealit" palnt. This reduced the
rate of leakage, but did not completely eliminate it. Further-
more, the method was inconsistent,

Recourse was made to gaskets of "composition" foil. These
gave good sealing properties and were inert to solvents. The
exact method of use will be described below.

The final osmometer was made of one inch thick cast brass

plates as is shown schematically in Fig. (3),

The two brass blocks were four and one-half inches wide,

five inches high and one inch thick., Into these blocks were

machined alternate, concentric grooves and ridges, each 1/16"



I

WY

€
b

m

d T

SEGTION A-A
ST AT I c O3 MOME TER [

Fige 3

Osmotic Cell

(Following page 58)



59.

wide and 3/16" deep. The grooves and ridges of one half=-cell
exactly matched those of the other, A central vertical cut
connected the circular grooves from inlet to outlet of each
half=cell, The grooves thus held the liquids in use, while
the ridges supported the membrane and prevented much of its
motion.

Surrounding the grooves was careful ly machined a flat
ring 3 3/4" in outside diameter and 5/16" wide. On one half=
cell thls ring was level with the tops of the ridges, on the
other it was 0.012"™ below the tops of the ridges in order to
accommodate the composition foil gasket, At the outer perl-
phery of the ring, on one-half-cell, was machlned a second ring
1/8" wide and raised 0.012" above the first ring. This se-
cond ring exactly matched a groove in the sealing face of the
other half-cell, 1/8" (+ 0,004" clearance) wide and 0.012" deep.
In practice the membrane (F), fitted inside the matching ridge
and groove, while an annulus of "composition" 1oil, (E),
0.014" thick, was placed over the whole sealing face and sealed
at the ridge and groove. Thus the membrane was completely en-
closed within the cell and protected from the thermostating
mediae. The two half-cells were clamped together, by means of
eight % inch, stainless steel bolts at the outer edge of the
osmometer,

A 1/8"™ hole was drilled vertically into one edge of each
half-cells This hole connected with a similar one drilled with

a slight downward slope from the bottom of the vertical groove,
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In this fashion, the cell could be filied from the bottom, thus
eliminating trapped alr bubbles as much as possible, By means
of a fine plpette, each compartment could be dralned completely,

The top of the vertical hole was originally closed by a
standard needle valve (B). This consisted of a tapered steel
stem, which fitted into a cone tapered at a slightly different
angle, Such a system could not be made consistently leak proof
in spite of the fact that the wvalve appeared to sit on a sharp
line. The steel stem was therefore thickly coated with hard
solder (lead 50%, tin 50%) and then 1t was machined to a proxi-
mately the same angle., Thils relatively soft tip could be seated
with slight pressure and formed a consistently vacuum-tight seal,
Such a valve would withstand repeated manipulations and required
soldering about once a month.

The tops of the valves were protected from contamination by
the thermostating media by means of short brass tubes soldered
to the brass blocks. These tubes, in use, were closed by corks
and inverted test tubes, which produced air locks and prevented
the entrance of oll or water, The male valve stems could be re-
moved by means of a cork borer.

Two methods were used to attach pyrex capillaries to tle
celle In the first method, a stainless steel tapered joint,
machined to match accurately a 10/30 ground glass female joint
attached to the capillary, was soft soldered to each brass block
and connected to the top of the vertical grocve by means of a

1/8" drill hole. The steel joint was coated with a very thin



61,

layer of soft solder and covered with a layer of "Denco" silver=-
tin emalgam, The 10/30 female jolnt was then forced firmly over
the male and allowed to harden for twelve hours, Such glass~to=-
rmetal seals covld often be made vacuum tight, were tedlous to
construct and 1n many cases undependable, When replacements
were required, the female 10/30 joint could be removed easily by
surrounding 1t with absorbent cotton and a small amount of
liquid sir poured on the surface.

A much more superior method was that used by Fuoss and
Mead (119). The pyrex capillary was connected to a "Fernico"
bushing, (supplied by General Electric Company, Schenectady,
N.Y.), (D) through a graded seal of corning A0 and uranium
glass, The "Fernico" was, in turn, soldered to a brass nipple,.
which screwed intoc the top of the cell block. The joint was
made leak tight by solder tipping the face of the male brass
nipples The caplllaries were supported and aligned verti-
cally by means of 3" posts.

The capillary tubing used on each half-cell was cut from
the same plece of tubing of calibrated unlform bore of about
0.5 M, in dlameter. The mean diameter varled by no more than
t 1%. Since the capillary rise was of the order of 1.5 cm. for
acetone and 1.0 ¢m. for chloroform, the error in the readings,
due to difference in capillary rise in the two tubes, was only
about 0,015 em. and 0,01 c¢m. respectively.

In order to elimlinate errors due to evaporation of solvent

from the capil’aries, which was indecd appreciable for acetone
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and chloroform, the ends of the caplllaries were fitted with
10/30 ground glass joints and connected by a Y glass jolnt to

a thermostated 100 c.c. reservolr half full of solvent. This
reduced the rate of evaporation from 0,05 - 0.06 to 0.0 cm,
per hour, which 1s of the order of expsrimental error. The re-
servoir was clamped on the wall of the bath.

The assembly of the cell required very great care on account
of the tendency of the membrane to lose its permeabllity on very
slight drying (106). Invariably two persons were required. The
half-cell containing the composition foil gasket 0,014" thick
was placed in a slightly inclined position having the fllling
tube in the higher level, The half-cell was fitted with two re-
moveble guide posts. As the cell was being flooded, a membrane
was fitted and flooding was continued to prevent the membrane
from drying until the two half=-cells were firmly bolted to-
gether, MNMore solvent was added through the fllling tubes when
necessary,.

The cell was placed in an upright position and each half-
cell was rinsed with solvent and solution, by means of a pi-
pette which reached into the lower tip of the cell inlet. As
previously mentioned, the cell could be drained almost com=-
pletely. _

Robertson et al (69) state that membranes treated with
sodium hydroxlide do not adsorb appreciable amounts of polymer
from the solutions In the relatively low concentrations used

in this investigation rough trials with the static osmometer
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Iindicated that sufficient adsorption does take place to cause
an error of about two - three per cent. Consequently the
freshly installed membrane was asccommodated by allowing it to
stand for about six hours in contact with a polymer solution
of approximately the concentration to be used. The cell was
rinsed then three or four times with the next solution in order
to ensure adequate rinsing and filnally filled. The solvent
was similarly replaced. Bubbles were partially removed by
having a little more solution and solvent than wasnecessary to
wet the membrane. Then the cell was oscillated from side to
side for several minutes. DMore solvent and solution were
added and the valves inserted and tightened.

Final adjustments on the liquid levels were made by adding
or removing the solution and solvent through the upper ends of
the vertical glass tubes connecting wlth the half-cells by means
of a fine pipette or a small strip of Kleenex paper.

In spite of the utmost care, air bubbles frequently ap-
peared after the cell was in use, A simllar effect has been
reported by Gee (123) using a Carter and Record osmometer.
These bubbles manlifested themselves; in extreme cases, by.
actual appearsnce of bubbles in capillaries, in milder cases,
by & continuous rise in the capillary levels, or even a con-
tinuous drop - the drop however was not very severe, about
0.04 cme. per hour - without the appearance of bubbles. This
phenomenon has been noted by other workers (63) but has been

attributed to trapped air, which could be eliminated by
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oscillating the cell. Observations made here suggest that
this 1s not entirely correct. In some Instances the osmo=-
meter appeared to be free of air bubbles, but in the majority
of cases difficulties occurred. Bubbles became continually
harder to eliminate as the cell was useds It has been found
empirically that the bubble trouble was much more pronounced
when a fresh membrane wsas placed in the osmometer. Once
bubbles have been eliminated from a filled cell, the solution
may be removed and replaced with a fresh one with comparatively
little bubble formation. The difficulty due to air bubbles
using benzene, was much less, perhaps due to 1ts low wetting
angle, the disadvantage being, however, that it has a low per-
meabllity through the membrane. Chloroform is more trouble=
some than benzene but less troublesome than acetone. Similar
observetions were made by Madras (125),.

Carter and Record (106) eliminated bubbles by evacuating
the solvent before use. This method was found of little use,
Boiling the solvent just before being used was not very pro-
mising. Three other methods have been developed to overcome
the difficulty. The first consisted in filling the cell and
then applying suction to the ends of the caplllaries until the
liquid momentarily boiled. This method had two essential draw-
backs, First, it introduced an unknown error into the concen-
tration of the solution of the cell, and secondly, more bubbles
were trapped as shown by the occurrence of long time lags be-
fore equilibrium was re-established. The second method con-

8isted in placling the cell block in an oil bath at 32° ¢, for
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several hours, with the valves closed to prevent evaporation.
The cell was then osclllated every twenty minutes, In this
manner usually a few tiny bubbles came out of the system into
the capillaries. The tubes above the valves were then rinsed
with solvent and solution respectively to account for any
evaporation there, With the valves open, the liquid levels
were gently oscillated by blowing through the filling tubes
several times, The valves were then closed and the cell
placed in the thermostated bath. Unfortunately even with this
treatment, bubbles made their appearance, although not in as
pronounced a degree, The third method, and the preferable
one, was to f£1ll the cell slowly and oscillate after each in-
crement of liquid. When the cell was filled, the liquid le=-
vels were gently oscliliated, as before, through the filling
tubes. The osmometer was placed in the 30° C, bath and ose~
clllated perliodically for the first several hours, Then, a
little gentle oscillation applied on top of the capillaries
removed the bubbles, which were trapped on the uvper portion
of the cell face adjacent to the outlets The liquid levels
were followed periodically and the same procedure applied
when bubbles appeared to be present. This method was time-
consuming, but effective,

It might be mentioned that a gold plated cell of the
same design as shown in Figure 3 has been used in the latter
stages of this investigation. It was generally observed that
the appearance of bubbles was less frequent than with the

brass osmometer. With the gold plated cell, there were strong
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indications that the bubbles are of two types, those trapped
and which could be removed during the first several hours of
an experiment, and bubbles arising from the solvent which

made their appearance over long perlods of time, After their
removal, the levels in the capillaries dropped to a height al~
most equivalent to that due to evaporation, relative to the
original observation.

Constant Tempsrature Bath

The osmometer was thermostated at 30° C. Air, water and
0oll baths were tried. The alr bath was found to glive inade-
guate control over fairly long perlods of time, A water bath
has been used, but unfortunately the water became turbid and,
for the sake of good visibility, it had to be changed weeklys
the advantage being, however, that it was much cleaner to work
with. With the gold-plated cell, a bath containing Shell Iris
19 01l was used. Control was achleved by means of a 150 watt
bulb heater, coated with black paint to eliminate glare, A
variable resistance was wired 1n series with the heater. The
bath was controlled by a mercury thermoregulator actuating a
supersensitive relay. The thermoregulator consisted of four
prongs of % inch glass and eight inches long. The prongs were
connected by a common 3/4 inch glass tube of the same length;
this system was made more sSensitive by means of a Guoy Inter=-
rupter (126). However, a much more sSensitive arrangement was
obtained by installing a vibrator on the thermoregulator. This

consisted of a buretteclamp attached to the thermoregulator.
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The clamp was attached to a long iron bar to which the stir-
riﬁg motors were clamped. The thermoregulator was suspended
vertically by means of two wires attached on opposite wslls of
the bath, Cohtrol was of the order of 10.001°C. for periods of
twenty-four hours or more. The mercury thread in the Beckman
thermome ter, as viewed with a magnifying lens, showed little

or no movement,

This osmometer could be used both as a static or a dynamic
cell, In the static method, the osmometer was filled with solu-
tion and solvent and permitted to stand until the difference
in levels became constant. Thils difference was taken as the
osmotic pressure. The levels were measured with a cathetometer
good to ¥,005 ecm. The time required to reach equilibrium de-
pends on the specific permeability of the membrane, the dia-
meter of the capilliary, and on the rigidity with which the mem-
brane is held in place (63)., Of these the most important is
the last,

If the membrane is not held rigidly enough, any differen-
tial betwecn the tw half-cells causes the membrane to bulge
to one side. As the solvent passes through the membrane to
eliminate the differential, the membrane moves back to its
neutral position. Thus the decrease in the differential bet-
ween the two capillaries is less than that represented by the
amount of solvent which had passed through the membrane,

When the osmotic pressure 1s high, its hydraulic head holds
the membrane fairly rigidly in its distorted position. The
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extent of "membrane flap"™ is thus less, and the apparent per=
meabllity greater, <Consequently, the apparent permeability
diminishes with decreasing osmotic pressure. When the mem-
brane 1s held rigidly, the permeabllity of the membrane is
practically constant. This is clearly shown in Table III,

The relation of permeabllity to osmotic pressure deter~
mines the lowest osmotic pressure which can be measured with
the osmometer. When the permeabllity becomes so low that the
osmotic pressure is not reached within a reasonable length of
time, falrly satisfactory results may be arrived at by ap-
proaching the osmotic pressure from above and below and avera-
ging the two values, This method, however, is limited by the
error Introduced, as the difference betweecn the two values
increases. In this investigation every eflort was made to
have a reasonably rigid membrane so that the two values
agreed within cathetometer reading error etc.

The specific permeabllity 1s defined by Manegold and co-
workers (127, 128) as

P = D12d

where D is the ml./sq.cm/sec. under a pressure of 1 cm. of
water, ‘h is the viscosity of the solvent in polses - for
chloroform at 30°C. 'ﬁ = 0,00522 &and 4 is thickness of the

membrane in centimeters, about 7.5 x 10'5.
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Relation Between Osmotic Pressure and Permeability

Polymer Concentration Osmotic Permesbility Permeability
32 gm/100 ml., Pressure cm/hr/cm,
cm. of of chloroform
chloroform pressure

DR 474 0. 4007 0,557 0.416 s 6,96 x 10772
0, 5030 0. 499 0,470 <= 7.88 x 10_12

0. 8303 0.769 0,165 2,76 x 10 12

0.8109 1.081 0,457 7.65 x 10777

0,0e24 1.558 0,164 2.74 x 10

-1
NDR 471 0.3589 0.239 1.349 13.6 x 10_}%
03774 0.280 1.211 12.2 x 10_75

0.4508 0.3855 1.336 13.4 x 10";5

0.5488 0.511 0,528 ¢ 8e¢8 x 10__]*_2

0.7746 0.913 1,393 14,0 x 10_12

0.9866 1.431 0,448 #% 7.51 x 10

NDR 359 00,4970 0.366 0.164 * 2.74 x 10'%:
0.6093 0.510 1.414 14.2 x 107
0.8295 0.918 1,135 11.4 = 10'i“

0, 9864 1.312 l.148 11,5 x 107+

Thz starred values were obtained when the membrane had a considerable amount
of flap.

The double starred values were obtained when the membrane was held more
rigidly, achieved by closer machining.

The non=-starred values were obtained with a similar osmometer, but having a
larger working surface or cell face.

°69
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6. Membranes \
The preparation of sultabls membranes, the most 4iffi-

cult and most critical step in osmotic determination, 1s far

from being clearly understood, Robertson and Grummitt and

McIntosh (69) have shown that cellophane membranes which have

been treated with caustic show no appreciable adsorption of

polymer and had not only increased semi-permeability but also

g higher rate of solvent transference, Therefore, caustic

treated membranes were used almost exclusively in this work.

In the case of Gelva V 45, both caustic and swollen cello-

phane membranes of the types used by Carter and Record (106)

and Robertson et al (69) were attempted.

The characteristics of a good membrane are as follows:

(1) It must be as nearly seml-permeable &s possible, With
samples of polymer that are quite heterogeneous, parti-
cular care must be taken t o make certain that the lower
molecular welght material does not pass through the
membrane, For example, the passage through the membrane
of 0.1% of polymer of average molecular weight 5000 from
a polymer mass of average molecular weight 100,000 would
introduce an error of 4% in the osmotic pressure,

(2) It must have as high permeebility for the solvent as
possible, The material should be such that it can be
used with a wide variety of solvents., This is not often
the case., Cellophane membranes prepared in the same

manner show different permeabilities with various solvents.
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Madras (125) found that for the same membrane chloroform

has a permeability 75% that of acetone and benzene 15%

that of acetone, This does not affect the equilibrium

osmotic pressure,
(3) It should be as mechanically stiff as possible to elim-
inate membrane flap.

The starting material used for the preparation of cello-
phane membranes was cellophane No, 600PT (not waterproofed),
contributed by Canadlian Industries Limited., Cellophane has
been found unsatisfactory for a few systems (129) but has been
used successfully by Carter and Record (106), Hoff (107),
Flory (63), and in the present investigation. Its availability,
ease of preparation and uniform thickness certainly recommends
its use,

The preparation of membranes from such commercial film
falls into three general steps:

(1) The removal of plasticijers

(2) The adjustment of the permeability

(3) The sccommodation of the membrane to orgenic solvents,
The general method suggested by Carter and Record (106) was
used to obtain membranes having low permesbility, while the
caustic treatment, suggested by Morton (131) as a method of
increasing the permeability to water, gave membranes of high
permeability,

Squares of cellophane were first partially freed of

plasticizer by boiling for one hour in water, It was found
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that the initial swelling, which takes place at this point, 1is
not uniform in all directions., The membranes were therefore
not cut to the desired size and shape until after this initial
boiling.s In order to allow for shrinkage, circles were cut
from the squares 1/8 inch too large, Final traces of plasti-
cizer were then removed by bolling in water a second time for
one hour.

After removsl of the plasticizer the membranes were soaked
in 2% NaOH solution for 15 minutes at 25°C. They were then
dipped for two minutes in distilled water and twice for two
minutes each in 95% alcohol in a large evaporating dish,
Following this the membranes were placed in ethanol prepared
from 95% material which had stood over Drierite,for 15 minutes.
The exact amount of water left in the ethanol in the presence
of Drierite is not definitely known. The membranes were rinsed
In dry chloroform and finally transferred to a desiccator con-
taining dry chloroform over Drilerlite where they were stored
until used, A minimum of two hours in chloroform was necessary.
The amount of caustic left on the membranes after accommodation
to the organic solvent varied about 25%. The minimum amount of
caustic observed per membrane was 2,2 milligrams.

Although Robertson, Grummitt and McIntosh (69) have shown
that the permeabllity of caustic treated membranes increases
with the concentration of caustic used, reproducible osmotic
pressures were obtained over a fairly wide range of caustic

concentrations, so long as the membrane remalned semi-permeable,
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The preparation of less permeable membranes of the Carter
and Record type was somewhat similar to the caustic membranes,
After the removal of the plasticizers, etc., the membranes
were dipped twice in 95% ethanol and finally stored in 95%
ethanol over Drierite for at least 12 hours. The amount of
water left in the slcohol was not known., Then they were
finally stored in anhydrous acetone., As Robertson et al (69)
have shown, Carter and Record membranes are not only less
permeable, but also less seml-permeable than caustic treated
membranes for the same polymer in the same solvent., It was
empirically found that the Carter and Record membranes made
by this method were semi-permeable when tested with a solution
of 3% Gelva V 45 in mscetone for two days.

Fuoss and Mead (119) claimed that membranes made from
denitrated collodion were fairly soft and the osmometer could
be sealed with moderate pressure to prevent leakage at the
edges of the sealing face, These membranes were attempted
hoping that they would sesl the cell. The preparation follows
the general brocedure of Montonna and Jilk (129) and of Flory
(63)e A ring of monel metsl six inches in diameter was floated
on & clean mercury surface and as free from vibrations as
possible, Into this was run 80 ml, of Merck's C.P. collodion,
care being tsken to avold the formation of bubbles. After
several hours the membrane was removed from the mercury by
1ifting the monel metal., The monel metal to which the membrane was

firmly feastened was dipped in distilled water in order to
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remove the last traces of solvent, The ridge on the peri-
phery of the membrane was carefully cut off and the membrane
denitrated. DPinitration was origilnally carried out in a
mixture of 900 ml, of 5N ammonium hydroxide and 100 ml, of

95% ethanol, saturated with hydrogen sulphide., The observation
of Fuoss and Mead (119) that this does not result in complete
denitration at the centre of the membrane was substantlated

in the present work, Membranes prepared in this way tended

to shrink on belng instelled in the cell and surrounded with
acetone, in spite of the fact that they had been previously
kept in dry scetone for several days., An alternative deni-
tration solution suggested by Dr., Purves (132) was adopted.
This contained 125 ml, of concentrated NH40H and 325 ml, of
95% ethanol, saturated as before with hydrogen sulphide. This
solution gave a better membrane., After denlitration the mem-
branes were washed in water, carbon dlisulphide and acetone in
the order named, after which they were accommodated to solvent
in the same manner as for cellophsne membranes.

It may be mentioned, however, that according to Morton
(131) and McBain and Kistler (133) membranes swollen in water
do not decrease appreclably in swelling on treatment with
alcohol, and consequently do not lose the permegbility imparted

to them due to the initial swelling.
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7. An Attempt to Determine the Osmotic
Pressures of Very Dilute Solutions
with Copper Ferrocyanide Membrenes

The first direct measurements of osmotic pressures of
aqueous sugar solutions were made by the botenist Pfeffer (134)
in 1877, using lnert copper ferrocyanlde membrenes imbedded on
porous clay. Excellent agreement was found between the work
of Berkeley and Hartley (79) who used a dynamic osmometer and
that of Morse and Frazer (78) who used a static method for de-
termining the molecular welght of sucrose solutions with copper
ferrocyanide membranes. The work of Morse (135) has demon-
strated the efficlency of this type of membrane for aqueous
solutionse

With a view to eliminating snd elucidating some inherent
éifficulties, such as membrene flap, adsorption effects,
leskages through the organic membrane,and bubble formation
present in most osmometers, recourse was made to the use of
sintered glass lmpregnated with a presumably inert membrane
of copper ferrocyanide., As far as the writer 1s aware, the
use of thls type of membrane with organic solvents has not
appeared in the literature, although Murray (136) claims without
presenting experimental evidence that copper ferrocyanide
membranes are not sultseble for non-aqueous solutions,

Provided that this type of static osmometer is semi~-
permeable, which 1s a prerequisite for the true determination
of molecular we ights, leakasges and membrsne flap and possibly

adsorption would be eliminated. The presence of bubbles could
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be detected visually and removed, Furthermore, the very low
cost incurred in making such an osmometer, and compactness,
would certainly recommend its use, especially in industry
where a large number of measurements might be required,

The static osmometer used with a copper ferrocyanide
membrane 1s shown schematically in Figure 4, The valves and
glass to metal seals were made as already described in & pre=-
vious section., The cell was 2,5 cm, In dlameter at the base
and had a capaclty of 6 c.c.

Morse (135) recommended that the air in the porous portion
of the osmometer should be replaced by water, The removal of air
from the sintered glass was achleved by electrolysing with e sol-
ution of 0.005 N KoS0O4 as follows:

The cell was nearly filled with 0.005 N KoS804 solution and
immersed in a 150 c.c. beaker contalning the same solution to
the lower limit of the glazed portion, The electrcdes were of
platinum and the one withln the cell was made the cathode, The
water within the cell was removed periodically by means of a
fine pipette. The electrolysis was stopped after 60-100 c.c, of
water had been removed, The cell was taken out, rinsed with dls-
tilled water and socaked in water for several hours., The arrangement
for the deposition of the membrene was as follows:

The enode was made of a strip of copper and was placed in
an empty 150 c.c, beaker, and within the beaker was placed
the cell, cerrylng a platinum cathode., The circult was closed,
and as nearly slmultasneously as possible the cell and the vessel

outside of it were filled with 1 N Ko(FeCN)g and O.1 N CuSO4

respectively. The ferrocyanide solution was renewed periodi-
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cally. The solutions were electrolyzed slowly for about 3-hour
employing 1.5 amperes for this purpose, 1In some cases better
semi-permeabllity was obtained by allowlng the cell to remain
In contact with the solution after the circuit was broken for
at least 5 to 6 hours,

After a membrane was lmbedded in the sintered glass disc,
the cell was thoroughly washed with ethyl alcohol and then
acetone untll free from water, The cell was then stored for
several hours in the organic solvent to be used.

The osmometer was tested for semi-permeabllity with a
chloroform sdution of polymethyl methacrylate NDR 474, 1%
concentration, for at least 10 hours, Invariably the polymer
test on the solvent side on this basis was negative, Attempts
were then made to determine osmotic pressures of polymethyl
methacrylate NDR 359, whose molecular weight hed been estab-
lished with the static brsss osmometer having a caustic treated
cellophene membrane as has been described, Occasionally the
values obtained were comparable, but after several exposures
to solutions on the copper ferrocyanide membrane, the osmotic
pressure drifted below that obtalned with a cellophane membrane,
elthough the osmotlc pressure was constant for at least 24
hourse The permeability had increased somewhat and a very
faint polymer test was found in the soclvent side, Presumsably,
small cracks developed on the membrane, Occasionally a very

small amount of air accumulated below the tapered valve seats,
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The speculation 1s, however, the source of air 1s due to the
fact that the solvent degasses at the higher temperature of
the thermostat.,

McLeod (137), moreover, in continuing this study, has
been able to deposit on sintered glass discs copper ferro-
cyanide membranes which were semi-permeable to a 3% solution
of Gelva V 45 in écetone, whose molecular welght is 10-fold
less than that of polymethyl methacrylate NDR 359,

The results obtained with copper ferrocyanide membrane
are summarized in Table IV. For comparative purposes a
summary of the values calculated from the cellophane membranes

1s glven.

TABLE 1V

Osmotic pressure values obtalned with a
copper ferrocyanide membrane and caustic treated
cellophane membranes for polymethyl methscrylate NDR 359

] P
< i
Copper C Specific
Conc'n. ferro- Cellophane permea-
gm/100 c.c, cyanide membrane bility Remarks
0.6000 1.097 1.243 3.6x10711 differential con-
stant for about
12 hours
0.8106 1.705 1,610 v
0.988 1.955 1.925 no polymer test
after 3 days
0.5981 1,100 1,240 constant differ-
ential 24 hours
0.7132 1.239 1.440 1.5x10711 constant for 5%
days
1.056 1.861 1,968

0 0.10 0.19
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Where possible the specific permeability of the copper
ferrocyanide membrane is given.

When the copper ferrocyanide membrane eppeared no longer
semi-permeable, it was removed with a solution of 10% sodium
hydroxide containing a little "Rochelle" salt. The next

membrene was precipitated as described previously.



RESULTS

l, Viscosities of Aged Polymers

As has already been mentioned, agelng of polymethyl meth-
acrylate studied by licIntosh et al (138) was limited to polymers
dissolved in various solvents and aged at 60°C., In the present
work the polymers were aged in the solid state at 100°C, since
it was anticipated that the changes would be smaller,

Viscoslty measurements for all aged samples were deter-
mined 1n benzene and 1ln chloroform ln order to obtain some
idea of the interaction between solute and solvent. It was
also of lnterest to note any changes that might occur in the
characteristic constent k', as discussed in the theoretical
introduction.

In Table V typlecal viscosity data are shown for unaged
polymethyl methacrylate NDR 359 1n benzene. The viscoslity data
of all the samples are summarized In Table VI and iIn Figure 5.

Typical viscosity results for unaged polymethyl metha-
crylate NDR 359 in chloroform are shown in Teble VII, The
results of all the samples are summarized in Table VIII and
in Figure 6,

For the sake of clarity, only the sample aged in vacuo
for the longest period of time 1s shown in the graephs, The
others have a slightly higher intrinsic viscosity and are
crowded too closely together, The calculation of C and C!

has been described in a preceding section.,



Typical Viscosity Measurements for

TABLE V

Unaged Polymethyl Methacrylate NDR 359 in Benzene

Concentration Flow time C'P in M /o

gm/100 cecC. (secs.) CPt t 1‘1 C
0.1000 279.7 1.348 0.004 1,344 7.321
0.1231 322,.,8 1.556 0.003 1.553 7.119
0.1616 410.2 1.977 0.003 1.974 6.904
0.1891 475.3 2.291 0.002 2.289 6.685
0.2256 5175.1 2,772 0.002 2,770 6.448
0.2560 669.1 3.225 0.002 2.223 6.276
Benzene 135.9 0.6549 0,008 0.647 -—-
0.0 --- ——- --- --- 7.96

‘18
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TABLE VI

Viscoslity of Aged Polymethyl Methacrylate NDR 359
in Benzene

Treatment of Concentration ln'7g7o
Lab. No. polymer gm/100 c.c. 71
NDR 359 Unaged. Fig. 5 0.1000 1,344 7.321
curve No, 1 0.1231 1.553 7.119
0.1616 1,974 6.904
0.1891 2,289 6.685
00,2256 2.770 6.448
0.2560 2.223 6.276
0.0 7.96
NDR 359 K in vacuo 15 0.1221 1.511 6.833
days 0.1661 1.934 6.585
0.2030 2.382 6.412
0.2447 2.941 6.177
0.,2668 3.274 6,071
0.0 7.47
NDR 359L in oxygen 15 0.0525 0.9211 6.988
days 0.0855 1.144 6.736
(Fig. 5 curve No,3) 0.0966 1.213 6.612
0.1199 1.404 6.507
0.1693 1.816 6.156
0.2302 2.481 5.865
0.2695 2.911 5.619
0.2996 3.381 5.552
0.3157 3.624 5.491
0.0 7.26
NDR 359I in vacuo 90 0.1108 1,392 6,971
days 0.1399 1.662 6.785
0.1738 2.000 6.530
0.2238 2.611 6.263
0.2531 3.087 6.195
0.2881 3.614 5.992
0.0 7.52
NDR 3594 in oxygen 90 0.0546 0.9208 6.600
days 0. 1089 1 .266 6 . 232
(Fig. 5 curve No, 4) 0.1453 1,554 6.095
0.1818 1,864 5.859
0.2196 2.246 5.702
0.2563 2.664 5.554
0.3011 3.213 5.347

0.0 6.86
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(contd.)

83.

Viscosity of Aged Polymethyl Methacrylate NDR 359
in Benzene

Treatment of Concentration 1n%W Mo
Leb, No, polymer gm/100 c.c. ‘n C
NDR 3590 in vacuo 127 0.0994 1,296 7.000
days 0.1217 1.493 6.882
0.1865 2.143 6.427
0.2222 2.586 6,240
0.2564 3.046 6.047
0.0 7.55
NDR 3959P in oxygen 127 0.0999 1.169 5.965
days 0.1291 1,345 5.699
(Fige 5 curve No. 5) 0.1648 1.597 5.508
0.2088 1.923 5.236
0.2473 2.318 5.180
0.0996 1.178 6.045
0.1920 1.873 5.551
0.2474 2.271 5.088
0.0 6.50
NDR 359M in vacuo 195 days 0.1039 1,317 6.847
(Fige 5 curve No, 2) 0.,1408 1.642 6.615
' 0.1759 2.001 6.419
042238 2.582 6.184
0.2490 2.873 5.988
0.0 7.41
NDR 359N in oxygen 195 days 0.0996 1.158 5.841
(Fige 5 curve No, 6) 0.1283 1.356 5.765
0.15659 1.560 5.646
0.1832 1,796 5.572
0.2210 2.024 5.162
0.2486 2.354 5.194
0.2514 2.305 5.055
0.0 6.44
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TABLE VII

Typical Viscosity Measurements for Unaged Polymethyl Methacrylate NDR 359
in Chloroform

Concentration Flow time cre 1n /7%

gm/100 cecC. (sec,) cft T 1\
0.1016 171.6 1.404 0.018 1.389 9.040
0.1017 171,9 1,406 0,015 1.391 9,038
0.1243 ' 202.6 1.688 0.01& 1.645 8.804
0.1413 229,6 1.878 0,011 1.867 8.590
0.1646 270.2 2.210 0.010 2.200 84366
0.1882 513.8 2.566 0.008 2,558 8.121
0.2258 393.2 3.216 0.007 3.20¢ 7.773
0.2503 458,65 3.751 0.006 3.745 7.632
0.2915 574.7 4,700 0.005 4,695 7.328
Solvent 72.2 0.5905 0.0356 0.5549 -
C.0 - - ——- - 10,06

‘8
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TABLE VIII

Viscosity of Aged Polymethyl Methacrylate NDR 359
in Chloroform

Treatment of Concentration in
Lab., No. polymer gm/100 ceCs 1] C
NDR 359 Unaged, Fig. 6 0.1016 1.389 9.040
curve No, 1 0.1017 1.391 9.038
0.1243 1.645 8.804
0.1413 1,867 84590
0.1646 2.200 8,366
0.1882 2.558 8.121
0.2258 3.209 T.773
0.2503 35.745 7.632
0.2915 4,695 7.328
0.0 10,06
NDR 359K in vacuo 0.0969 1.301 8.788
15 days 0.1434 1.834 8.339
0.1813 2.354 7.977
042275 3.097 7.561
0.0 9.70
NDR 359L In oxygen 0.1064 1.336 8.245
1% days 0.1503 1.785 T7.773
(Fig. 6, curve 0.1835 2.226 7.570
no. 3) 0.2042 2.489 7.383
0.0 9.19
NDR 3591 in vacuo 0.1104 1.452 88553
90 deys 0.1311 1.691 8,366
0.1601 2.048 8.048
0.2013 2.667 7.711
0.2357 3.266 7.447
0.0 9.59
NDR 3594J in oxygen 0.1035 1.264 7.784
90 days 0.1257 1.479 7.661
(Fig. 6, curve 0.1571 1.791 7.345
no, 5) 0.3010 2.341 7.074
0.2402 2.918 6.837
0.2633 3.261 6.659
0.0 8453
NDR 359 © in vacuo 0.1095 l.452 8.€624
127 deays 0.1241 1.607 8.426
0.1640 2.097 8.002
0.2114 2.817 7.600
0.2367 3.248 7.391

0.0 9.59
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TABLE VIII (contd)

Viscosity of Aged Polymethyl Methacrylate NDR 359
in Chloroform

Treatment of Concentration 1n /Mo
Lab. No. polymer gm/100 c.c. 11 C
NDR 359P in oxygen 0.0994 1.200 7.729
127 days 0.1362 1.514 7.345
(Fig. 6, curve 0.1524 1.688 7.280
no, 4) 0.1862 2,060 7.026
0.2129 2,269 6.609
0.,2524 2.743 6.320
0.0 8.65
NDR 359M in vacuo 0.1066 1,395 8,563
195 days 0.1231 1.579 8,352
(Fig. 6, curve 0.1577 2,010 8,052
no. 2) 0.2037 2.675 7.635
0.2431 3.386 7.369
0.2761 4,025 7.114
0.0 9.48
NCR 359N in oxygen 0.1088 1.260 7.372
195 days 0.1339 1.462 7.106
(Fig. 6, curve 0.1731 1.901 7.013
no. 6) 0.2074 2.230 6.621
0.2578 2.897 6.342
0.2794 3.243 6.258
0.0 8.13

The changes in intrinsic viscosity of chloroform and
benzene solutlions concerning the aged polymer NDR 359 are
shown graphically in Figure 7. The intrinsic viscosity is

plotted versus time in months,
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There is an apprecilable amount of scattering of the

ggﬁﬁg_ values for the polymers aged in the presence of oxygen.

¢ The dispersion appears to be more marked in benzene
than in chloroform solutions, The lower molecular welght
polymers such as NDR 471 and NDR 474 did not show such an
obvious scattering of the viscosity values,

In order to determine whether this observed dispersion
was due to insufficlent time allowed to effect complete solu~-
bllity, several benzens solutions of NDR 359P of approximately
the same concentration were measured In the viscometer at
different intervals of time. The results obtained are shown
in graphical form in Figure 5, line 5, and labelled 1, 2, 3.

The data are also shown in summary form in Table IX.

TABLE IX

Effect of Time on the Solubility of
Polymethyl Methacrylate NDR 359P in Benzene

inNr
Solution No, Conce. gm/100 c.cC, Age of sol. C
1 0,.1215 24 hours 5.730
2 00,1221 48 hours 5,920
3 0,1225 96 hours 5.660

On the basls of these figures the time involved in dis-
solving the polymer does not explain the scattering observed.
It 1s very likely, however, since the polymer was precipitsted

and dried to a very porous mass, that oxygen was not accessible
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to some portions of the sample during the ageing process.
This view 1s supported by viscosity measurements on the unsaged
samples and also on polymers aged in vacuo, where no scattering
occurred beyond experimental error. On the other hand, as is
evident from Figure 6, the intrinsic viscosity in chloroform
of polymethyl methacrylate 1s approximately 25 per cent higher
than that obtalned with benzene, Therefore, 1t is reasonable
to assume that the scattering is swamped to a large extent in
the case of chloroform solutions. Yet the error due to
scattering in chloroform solutions may still be appreclable.
As demonstrated in the case of NDR 359P aged in oxygen 127
days and shown in Figure 6, curve No., 4, this sample should
have a slightly lower intrinsic viscosity then NDR 359J aged
in oxygen 90 days (Fig. 6, curve No., 8&).

Summarles of the data for polymethyl methscrylate samples
NDR 471 and NDR 474 both 1n benzene and in chloroform solutions
are given in Tables X and XI, XII and XIII respectively. A
graphical representatlion of the change 1n intrinsic viscosities
of the polymers is given in Fig. 8, where the intrinsic viscosity

is plotted against time,



TABLE X

89.

Viscosity of Aged Polymethyl Methacrylate NDR 471

in Benzene

Treatment of Concentration 1n‘7gko
Lab, No. polymer gm/100 c.c, 77 C

NDR 471 Unaged 00,0997 0.9684 4,051
0.1563 1,192 3.914

0.,2094 1.438 3.815

0.2555 1.660 3.691

0.3337 2.097 3.526

0.3753 2.379 3.471

0.0 - 4,28

NDR 471K In vacuo 0.0552 0.8074 4,185
15 days 0.1047 0.9763 4.021

0.2083 1.425 3.836

0.3646 2.232 3.423

0.4009 2.497 3.393

0.0 - 4.29

NDR 471L In oxygen 0.0509 0.7894 4,158
' 15 days 0.1640 1.204 3.865

00,2215 1.462 3.739

00,2783 1.744 3.608

0.3452 2.099 34445

0.0 -—- 4.24

NDR 471 I In vacuo 0.1025 0.9812 4.132
90 deys 0.1517 1.183 4,024

0.2019 1.400 3.8589

0.2616 1.737 3.768

0.3441 2.176 3.547

0,4132 2.647 3.427

0.0 -~ 4,36

NDR 4714d In oxygen 0.1003 0.9442 5.841
90 days 0.1368 1.079 3.796

0.1985 1.308 3.583

0.2736 1.619 3.378

0.3157 1.821 3.301

0.0 -——— 4.09

NDR 471 O in vacuo 00,0983 0.9660 4,084
127 days 0.1420 1.128 3.918

00,2069 1.401 3.736

0.3215 1.992 3.500

0.3776 2.319 3.390

0.0 .= 4,28
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TABLE X (contd)

90.

Viscosity of Aged Polymethyl Methacrylate NDR 471

in Benzens

Treatment of Concentration ln M /Mo
Lab. No,. polymer gm/100 c.c. 77 C
NDR 471P In oxygen 0.1011 0.9259 349571
127 days 0.1466 1.080 3,016
0.2017 1.276 3.383
0.2956 1.631 3.137
0.3684 1.981 3.046
0.0 ——— 3.82
NDR 471M In vacuo 0.0970 00,9425 34877
195 days 0.1510 1.164 3,882
0.2024 1l.364 3.684
0.2669 1.665 34541
0.3031 1.875 3.510
0.3704 2.240 3e347
0,0 - 4,16
NDR 471N In oxygen 0.0971 0.9292 3.736
195 days 0.2013 1,297 3.456
0.2590 1.524 3.309
0.3039 1,718 3,216
0.3623 1.993 3.108
0.0 - 3,96




TABLE XI

91.

Viscosity of Aged Polymethyl Methacrylate NDR 471

in Chloroform

Treatment of Concentration lnfﬁgﬁo
Lab. No. polymer gm/100 c.cC. 1l C
NDR 471 Unaged 0.0969 0.9411 5.266
0.1264 1.077 5.110
0.1563 1.231 4.982
0.2117 1.551 4,769
0.25564 1.823 4,588
0.3048 2.185 4,439
0.0 -——— 5.62
NDR 471K In vacuo 0.105¢ 0.9618 5.194
15 days 0.1678 1.270 4.935
0.2277 1.601 4.656
0.3002 2.095 4.426
0.3886 2.763 4.131
0.0 - 5.59
NDR 471L In oxygen 0.0994 0.9316 5.214
15 days 0.15870 1.216 4.999
0.2126 1.525 4.754
0.3024 2.143 4,470
0.3787 2.781 4,229
0.0 -——— 5.56
NDR 471 I In vacuo 0.1189 1.044 5.168
90 days 0.1553 1.225 4,980
0.2032 1.424 4.785
0.2770 1.979 4,528
0.3422 2.491 4,337
0.3919 2.911 4,184
0.0 -—- 5.58
NDR 471J In oxygen 0.1080 0.9476 4.790
90 days 0.1979 1.389 4.548
0.2934 1.934 4,195
0.3340 2.202 4.974
0.0 -——- 5.16
NDR 471 O In vacuo 0.0063 0.9310 5.187
127 days 0.1479 l.181 4,986
0.2004 1.468 4,765
0.2519 1.788 4.576
0.34¢0 2.517 4.282
0.3951 2.911 4,151
0.0 -——- 5.565
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TABLE XI (contd)

Viscosity of Aged Polymethyl Methacrylate NDR 471
in Chloroform

Treatment of Concentration in
Lab. No. polymer gm/100 c.c. 7? C
NDR 471F In oxygen 0.1000 0.9040 4,703
127 days 0.1525 1.127 4,528
0.2123 1.3¢7 4,266
0.2905 1.830 4.047
0.3521 2.187 3.846
0.0 - 5.04
NDR 471M In vacuo 0.1557 1.200 4,839
195 days 0.2288 1.642 4.665
0.3036 2.118 4.354
0.3702 2.667 4,193
0.0 -—— 5.39
NDR 471N In oxygen 0.1596 1.159 4.503
195 days 0.2492 1.52¢ 4.251
0.3146 2,024 4.058
0.3770 2.496 3.943

0.0 -—- 4.93




TABLE XII
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Viscosity of Aged Polymethyl Methacrylate NDR 474

in Benzena

Treatment of Concentration ln.j{ﬁo
Lab. No. polymer gm/100 c.c. 17 C
NDR 474 Unaged 0.0977 0.9017 3.400
0.1530 1.069 3.288
0.2054 1.243 3.181
0.2815 1.533 3.067
0.3195 1.678 2.985
0.3744 1.902 2.884
0.0 -—— 3.58
NDR 474K In vacuo 0.1024 0.9193 3.542
15 days 0.1644 1.131 3.469
0.2943 1.665 3.202
0.3583 1.998 3.181
0.4139 2.272 3.0091
0.0 -m——— 3.69
NDR 474L In oxygen 0.0500 0.7576 3.361
15 deys 0.1110 0.9183 3.243
0.1583 1.049 3.116
0.2279 1.285 -3.056
0.3133 1.582 2.887
0.3481 1.722 2.842
0.4004 1.930 2.755
0.0 -——- 3.43
NDR 474 I In vacuo 0.1039 0.9208 B5.483
90 days 0.1725 1.135 3.293
0.2530 1.414 3.113
0.3148 1.634 2.963
0.3555 1.819 2.924
0.4115 2.056 2.824
0.0 hafinind 3065
NDR 474J In oxygen 0.0954 0.8843 3.321
90days 0.1452 1.024 3.192
0.2099 1.234 3.0092
0.2691 1.439 2.986
0.4005 1.942 2.755
0.0 -——— 3.47
NDR 474 © In vacuo 0.1004 0,9055 3.545
127 days 0.1393 1,025 3,303
0.2225 1.296 31123
0.2476 1.389 3,086
0.3102 1.616 2.950
0.3603 1.826 2.879
0.0 - 3.54



TABLE XII (contd)
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Viscosity of Aged Polymethyl Methacrylate NDR 474

in Benzene

Treatment of Concentration In /Ao
Lab. No. polyner gm/100 c.c. 7] C
NDR 474 P In oxygen 0.0992 0.8776 3.101
127 days 0.15871 1.041 3.044
0.2086 1.181 2.899
0.2544 1.323 2.824
0.2987 1.466 2.748
0.0 - 3.28
NDR 474 M In vacuo 0,1015 0.9214 34488
195 days 0.1572 1.096 3.357
0.1986 1.250 3,318
0.2564 1.466 3,193
0.3121 1.690 3,078
0.0 -—- 3.68
NDR 474 N In oxygen 0.1023 0.8896 5.118
195 days 0.1517 1.017 2.984
0.2080 1.185 2.914
0.2598 1.357 2.854
0.3056 1.497 2.148
0.0 - 3.27




TABLE XIII

95.

Viscosity of Aged Polymethyl Methacrylate NDR 474

in Chloroform

Treatment of Concentration In /o
Lab. No, polymer gn/100 c.C. 1]
NDR 474 Unaged 0.0996 0.8842 4,501
0.1463 1.068 4,355
0.1711 1.175 4,277
0.2574 1.581 3.999
0.3084 1.864 3.870
0.356%7 2.153 3.753
0.3758 2.274 3,707
0.0 - 4,80
NDR 474K In vacuo 0.1052 0.8962 4.530
15 days 0.1627 1.131 4,359
0.2111 1.349 4,195
0.2913 1,753 3.939
0.36480 2,191 3.756
0.0 -——- 4,84
NDR 474L In oxygen 0.1043 0.8788 4,374
15 days 0.1547 1.063 4,180
0.2098 1.292 4,015
00,2803 1.619 34809
0.3727 2.124 3.594
000 - - 4066
NDR 474 1 In vacuo 0.11056 0.9040 4,255
90 days 0.1536 1.066 4.135
0.2018 1.257 3.965
0.3024 1,722 34685
0.,3567 2.038 5.598
0.4807 2.802 Be332
0.0 -——— 4,55
NDR 474J In oxygen 0.1229 0.9411 4,153
90 days 0.,1581 1.065 4,013
0.2099 1.265 3841
0.2816 1.585 3+665
0.3629 2.007 3.492
0.0 -—— 4,45
NDR 474 O In vacuo 0.,1072 0.8965 4,309
127 days 0.1518 1.062 4,159
0.2022 1.276 4,031
00,2532 1.519 3,906
0.3585 2.080 3.637
0.4180 2.447 3.508
0.0 -——- 4,55



Viscosity of Aged Polymethyl Methacrylate NDR 474

TABLE XIII (contd)

in Chloroform

96.

Treatment of Concentration 1InM /Ao
Lab. No. polymer gm/100 c.c. 1] C
NDR 4'74P In oxygen 0.1161 0.8910 34928
0.2109 1.220 3652
0,2701 1.465 3530
00,3491 1.826 3+360
0.4148 2.187 3.264
0.0 - 4.17
NDR 474K In vacuo 0.0963 0.8678 4,445
195 days 0.,1442 1.046 4,272
0.2141 1.355 4,085
0.2578 1.569 3.963
0.3121 1.872 3.839
0.3698 2.208 5.686
0.0 ——— 4,72
NDR 474N In oxygen 0.0951 0.8276 4,015
195 days 0,1569 1.046 3,927
0.,2075 1.245 3.807
00,2537 1.438 3683
00,3089 1.683 3.535
00,3989 2.167 3,372
0.0 -——— 4.22




TIME IN MONTHS

Hig:, 8

Decrease in [”l] with age for
polymethyl methacrylate fractions
NDR 471 and NDR 474
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With reference to all the samples measured, the changes
in intrinsic viscoslty are greatest with NDR 359. It is in-
teresting to note the initial marked drop in viscosity
suffered by NDR 3592 aged in vacuo, after which i1t remained /
practicelly constant with further ageing., The polymers with
the longest chaln length showed greatest decrease in viscosity.
Polymethyl methacrylate NDR 359 will be discussed shortly

under osmotic pressure determinations,

Effect of Concentration on Viscosity

In the case of polymethyl methacrylate NDR 359, the vis-
cosity asbove 0.25 gm/100 c.c., 1n benzene solutions and about
0.,22 in chloroform solutions does not increase proportionately
to the concentration., It rises above that concentration. A
similar behaviour was observed by Flory (63) in solutions of
polyisobutylene in diisobutylene., As degeneration increased,
the variation of 1n r/C from linearity decreased, however,

According to Staudinger (17) polyvinyl derivatives are
linear collolds by which the viscosity in the region gel-
solution does not increase proportionately to the concentration,
but it rises above that concentration. It is to be noted,
however, that the viscosity in the region gel-solution devliates
from Hagen-Polsseullles' law, that is, the rate of shear is

not proportional to the shearing stress,
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Effect cf different solvents on the viscosity

Many investigators (63,17,95,119,70,74, etc.) have noted
that the viscosity of solutions of high polymeric substances
in a good dilssolving agent in which the thread-llike molecules
are strongly solvated 1s higher than in & poor dissolving
agent, Thils effect 1s remarkably demonstrated with pol&methyl
methacrylate in benzene and in chloroform solutions, The
polymer has a much higher intrinsic viscosity in the latter
solvent, For comparatlve purposes the lntrinsic viscosities
and the characteristic constants k' of all the samples studied

ere summarized in Table X1V,

Hydrodynamic¢ ccnstant k!

In agreement with Huggins (76) and others (17, 104), the
k! in this Investigatlon appears to be very slightly dependent
on the molecular welght, In spite of the marked difference in
intrinsic viscosity between chloroform and benzene solutions
of polymethyl methacrylate, the hydrodynamic constant k' is
practically identical for the two solvents, Schulz and Blaschke
(34) reported a value of 0.30 for k' in the case of fractionated
and unfractionated polymethyl methacrylate in chloroform. How=-
ever, other values ranging from 0.26 to 0.33 hawbeen summarlzed
by Schulz and co-workers (139) for the same polymer-solvent

systen,



TABLE X1V

Summery of Intrinsic Viscosities end k' Values
for all samples studied in this work

NDR 3569 NDR 471 NDR 474
in in in in in in
Time aged at Benzene Chloroform Benzene Chlorof orm Benzene Chloroform
Lab. No. 100 Ty ® g ¥R _E R K TR ET Oy K
Control O time 7.96 0,40 10.06 0,40 4.28 0,38 5.62 0.,38 3.58 0,36 4.80 0,37
K 2 wks in 7.47 0.41 9,70 0,40 4,29 0,38 5.59 0,38 3.69 0,39 4,84 0.37
Vacuo
L 2 wks in # 7.26 0,39 9.19 0.39 4.24 0.37 5.56 0,38 3.43 0.36 4.66 0,37
atm. Ogo
I S mo.in Vacuo 7.52 0.41 9,59 0,40 4,36 0,38 5,58 0,37 3.65 0,35 4.556 0.37
J 3 mo. in 3 6.86 0.39 8.53 0.40 4.09 0.36 65.16 0.38 3.47 0.35 4.45 0.36
atm, 02
0 4% mo, in 7.65 0.40 9.59 0,40 4.28 0.37 b5.55 0,38 3.54 0.35 4.55 0.28
Vacuo
P 4% mo, in # 6.50 0.37 8.65 0.,38 3.82 0,35 5,04 0,37 3.28 0.35 4.17 0,37
atmo 02
M 6% mo. in 7.41 0.40 9,48 0,40 4,16 0,38 5.39 0.39 3.68 0,36 4.72 0,37
Vacuo
N 63 mo. in % 6.42 0,37 8.13 0.40 3,95 0.35 4.93 0,39 3.27 0.35 4.22 0.238
atm. Og
Ave. k! « 39 0.40 0.37 0.38 0,36 0.3%7

*66
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(3) Osmotic Pressure Determinations

(a) Osmotic pressure results of polyvinyl acetate Gelva V 45
in various solvents

Since the majority of the literature shows or assumes that
the molecular weight of high polymers dissolved in various
solvents 1s constant within experimental error, it was deemed
necessary to investigate this important point with the Improved
osmometer, Two per cent caustic treated membranes were used.
Gelva V 45 was chosen for this portion of the investigation
since a considerable amount of data had been accumulated for
this particular sample, The solvents employed were chloroform,
benzene and acetone. The results obtalned are summarized in
TABLE XV and in Figurs 9O,

As 1s shown in Figure 9 two lineg of different slope
(curves 1 and 2) were obtained for the system chloroform - Gelva
V 45, but gave identical limiting %éavalues. The line with the
higher slope (curve 1) was obtained with an osmometer in which
the membrane was held more rigidly in place; whereas, the line
with the smal ler slope (curve 2) was obtained with another
osmometer having an aprreciable amount of membrane flap. However,
as closer machining was obtained and the membrane held more
rigidly in place, excellent agrecment resulted between the two
osmotic cellss As shown in the tables, the molecular weight
of Gelva V 45 in chloroform, benzene and acetone 1s identical.

A further discussion of these results and the necessary correce=

tion terms are given in a later section.



TABLE XV

Osmotic Pressure Data for Gelva V 45 in Various Solvents Using 2% Caustic

Treated Cellophane lMembranes

System Spnc.n Osmotilc T} o %; II__ RTd1
100 cece Pressure gm/cm C —_—
& in cm. of 2 2 5M1d25
solvent

Chloroforme= 1,186 4,08 6.01 5,07 4,98
Gelva V 45 0.7904 2.18 3421 4,086 4,02
(Membrane 0.5856 1.38 2.03 3,47 3¢45
flap present) 00,9648 D604 4,47 24,62 4.56
Fige 9 Line 2) 0.0 1.84 1.85
Chloroform= 1.0037 B¢ B 5.25 5.23 5,17
Gelva V 45 0.4053 0.898 1,32 S.eh .24
(Membrane flap 1.0278 5.70 5,44 5.30 54,23
negligible) 00,7513 2.28 3,35 4., 47 4,44
(Fige 9 Line 1) 0.0 —_ 1.84 1.87
Benzene-Gel- 0.7880 a8 2. 44 3,09 3.05
va V 486 0.9768 ST 2o 3.35 330
(Fig. 9 Line 3) 1,177 4o 95 4,28 3. H4 3.56
0.0 —_— - 1.83 1.84

Acetone= '
Gelva V 45 Q45237 2406 1.E61 e 7L 2.69
(Fige 9 Line 4) 0,9972 VOIS ST o) 3.06 35.29
0.,2703 0,770 0. 602 2.23 2.22
0.0 — 1.80 1.82

‘101
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Figure 9

Dependence of Osmotic Pressure on Concentration for Solu-
tions of Polyvinyl Acetate, G. V 45, In Various Solvents agnd
Various Membranes,

Curve 1 Gelva V 45 in chloroform (2% caustic membrane)
Curve 2 Gelva V 45 in chloroform (2% caustic membrane)
Curve Gelva V 45 in benzene (2% caustic membrane)

3
Curve 4 Gelva V 45 in acetone (2% caustic membrane)
5

Curve Gelva V 45 in acetone (Carter and Record membrane)

(Following page 101)
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(b) Osmotic Pressure Results of Polyvinyl Acetate, Gelva
V 45 ih Acetone Using Carter and Record Type of
Cellophane Membrane

As has been mentioned in a previous section, some
authors, notably Carter and Record, have considered cello-
phane membranes satlsfactory, while othe;s have remarked
that such membranes were found unsuitable (129), but have
not stated the source of difficulty. Robertson (7) and
McIntosh and co-workers(69) have found that membranes pre=
pared by the Carter and Record method gave molecular weights
which were not in agreem:nt with those obtained using caustle
treated cellophane membranes, They found that adsorption of
polymer occurred on the cellophane membranes when the men=
branes are prepared by the Carter and Record method., Further=
more, time lags 1n the establishment of equilibrium osmotic
pressure were caused mainly by the adsorption process. It
was decided to redetermine the molecular weight of Gelva V 45
in acetone using a Carter and Record type of membrane with the
improved osmometer,

The molecular weight values were obtained with Carter
and Record membranes by permitting adsorption to occur and
then refilling the cell a number of times with a fresh solu-
tion of the same concentration. When the osmotic pressure of
a finite concentration was obtained, the cell was rinsed until
free of polymer, Consequently, the amount of adsorption
could be determined for each solution. The results obtained

are shown in TABLE XVI and in Flgure 9, Line 5.
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TABLE XVI

Osmotlc Tressure Data for Gelva V 45 1in Acetone Using a
Carter and Kecord Membrane

Conce F11ling m L T grra,
gm /100 cc gm/cm, Co Co = —<. —— Cg
SMi1dg
0.4139 1 0.830 2,00
2 0.940 2,27
3 0.994 2,39
4 0.970 2,35 2.36
0.6284 1 1.659 2,64
2 1.699 2,70
3 1.705 2,71 2,68
1, 0045 1 3.36 3.34
2 3,37 3,35
3 3437 3.35 3.28
1.219 1 4.50 3.69
2 4.55 3,73
3 4.61 3.7 3,67

0.0 —_— 1.63 1.67
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As 1s evident from the limiting value, the molecular
weight obtained as descrived above does not correspond with
that obtained when a caustic treated membrane is employed,
The results cannot be explained by a difference in permeabi-
lity of the membranes to small molecular weight material,

It is to be noted that the greatest discrepancy in molecular
weight determination between the improved osmometer used in
this investigation and the van Campen dynamic osmotic cell,
used by McIntosh and co-workers (69) lies in the use of
Carter and Record type of membranes, In both osmometers the
values ootained with caustic treated and Carter and Record
cell ophane membranes are not concordant. No satisfactory
conclusion has been reached concerning the discrepancye Pre~
sumably elther the caustic treated or the Carter and Record
cellophane membranes are at fault,

It is not very likely that in the case of caustic
treated membranes the higher extrapolated value was duvue to a
Donnan effect, There was never any indication of caustic
on the solvent or 1n the solution side of the half-cells,
even after being in contact with the membrane for a week,
Furthermore, 1if caustic was free, polyvinyl acetate 1s
easlily saponified, consequently a drop in osmotic pressure
should be observed as polyvinyl alcohol is insoluble in
acetone or any other organic solvent used in this investi-

gatione
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It may be mentioned, moreover, that possible error due to
corrosion of the osmometer has been practically eliminatede A
gold-plated cell of the same general deslign as described pre=
viously (Fig.3) was used for this particular portion of the
investigation,.

With caustic treated menbranes, a very small amount of
adsorption took place in the range of very low concentration,
circa 0,5% concentration, to the extent of 2-3%. For higher
concentrationa the per cent adsorption was much smaller,
However, it was found empirically that accommodation of the mem-
brane and cell for about six hours with a solution of about the
same concentration used 1in determining an osmotic pressure was
sufficlent to satisfy the adsorption effects, Subsequent wash=
ing with fresh solution of the same concentration dld not
change the equilibrium value previously observed, The amount
of alkall which much be retained on the membrane is not known
exactly, but relatively wide varlation of the caustic content
does not appear to alter the membrane behaviour appreciably,

Referring to the expression due to Huggins (101)

1L RTd1 2 RT RTA
% s "ot e B oo
3M1de < Mld322
the negative term -~ RTd1 c,2 Was calculated and sub=-
3M1dod
tracted from the m values in all cases, The importance
Ce

of this evaluation and the effect on the extrapolated value

when this correction is omitted has been emphasized by



TABLE XVII

Various Characteristic Constants Obtained for Gelva V 45 in

the Improved Osmometer

Solvent Membrane Slope# Slope Jr ( Com C22) M7, Mn3* 5 Mo
Co 3M1dg® x 105 x 10
(C2=0) (02 =0)

Chloro~
form 2% NaOH 3.42 3032 l.84 1.87 0,371 0,377 1.40 1.38
Benzene 2% NaOH 1.87 1,52 1.82 1.84 0,423 0,427 1.41 1,40
Acetone 2% NaOH  1.57 1.50 1,80 1.82 0,437 0,439 1,43 1.41
Acetone Carter 1.72 1.1 1,66 1,69 0,432 0,436 1,55 1,52

and Re-

cord

‘Rle

3¢ Values obtained when =

3Mydg®

osmotic pressure due to Huggins (101),

022 term 13 not included 1n the expression for

*a0T
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Huggins (76) and Weissberger (103), In the case of Gelva V 45
the omission of thls correction is not very serious in the
ranges of low concentrations,

For comparative purposes, data obtained for Gelva V 45
in various solvents and different membranes are summarized in

TABLE XVII, Errors due to the omission of the ~ BTGl 5 C2?

3Mide
term in Huggins!' expression for osmotic pressure are indicated,

It is clear from TABLE XVII, that the molecular weight of
Gelva V 45 in wvarious solvents is identical within 1.5% when
caustic treated membranes are used, In the case of Gelva V 45
when a Carter and Record membrane is used, the molecular weight
obgerved is 8.,6% greater than that obtained withacaustic mem=
brane,

As is evident from Figure ¢ and TABLE XVII, the solvent
polymer-interaction 1s almost identical for benzene and acetone
solutions of Gelva V 45, The value of M7 = 0,43 agrees well
withM; = 0,43 = 45 calculated from the results of Stgudinger
and Warth (17) and #7 = 0,44 from that of Wise (104) in the
case of polyvinyl acetate in acetone. The value of #3 for
polyvinyl acetate-chloroform from the present work is 0,377,
The suggestion of Gee (123), Flory (63), Doty and Zable (73)
that the slope of a plot of :%g versus Cg 18 a rough measure
of the tendency of solute to solvate 1s borne out in this work
in the case of polyvinyl acetate in various solventse The mean-
ing attached tos, by Huggins (101) and Flory (111) has been

thoroughly reviewed in the theoretical discussion,
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() Osmotic Pressure Determinations on a Series of Polymethyl

Methacyrylate Fractions

Osmotic pressure measurements were taken in chloroform and

2% caustic treated cellophane membranes were used throughout
this phase of the work, Owlng to the high molscular of the
fractions and consequently the small osmotic pressures obser-
ved in centimetres of solvent, the attalnment of the utmost
accuracy was particularly emphasized in this series, The os-
motic pressure data obtained for polymethyl methacrylate

NDR 474, NDR 471 and NDR 359 are shown in TABLE XVIITI and in

graphical form in Pigure 10, lines 1, 2 and 4 respectively,

(4) Osmotic Pressure Determinations on Polymethyl Methacry-

late Aged in the Presence and Absence of Oxygen

On the basis of viscosity measurements wolymethyl metha-
crylate NDR 359 degenerated to a larger extent than NDR 474 and
NDR 471 (c.f. Fige 7 and 8)., The shape of the intrinsic vis-
coslty versus time curve was practically identical with that of
NDR 474 and NDR 471les Therefore, for a more complete analysis of
the ageing of polymethyl methacrylate, the osmotic pressure de=-
terminations were carried out on representative samples of aged
NDR 359, The osmotic pressure data for thls szmple are given
in TABLE XIX and represented graphically in Fig. 10, lines 3 and
4,

Although 195 days of ageing in a vacuum caused a marked
decrease in viscosity, no change in molecular weight occurred

according to osmotic pressure measurements, as shown in



Osmotic Pressure Data for a Series of

TABLE XVIII

Polymethyl Methacrylate Polymers

Polymethyl Conce Osmotic w r T _RT4) c.2
Methacry= gm/100 cc. Pre ssure gm/bmz 02 Co 5M1d23 2
late in cm. of
chloroform
NDR 474 0.9924 1.559 2.29 2.312 24250
Unaged 0.6303 0,729 1.071 1,702 1l.677
(Figure 10 0. 4007 0.357 0.525 1.311 1.301
Curve No.l) 0.5030 0.499 0.735 1.461 1.445
0.8104 1,081 1.590 1.961 1,920
0.0 0,612 0.635
NDR 471 0.,3589 0.239 0.3515 0.979 0.971
Unaged 0.4508 0.355 0.522 1.158 1.146
(Figure 10 0.7746 0.913 1.340 1.732 1.694
Curve No.2) 0.,3774 0.280 0,412 1.091 1.082
0.9866 1.437 2,11 2.14 2.08
0.5488 0.511 0.751 1.368 1.349
0.0 0.390 0.415
NDR 359 1,165 1.753 2.58 2.21 2,13
Unaged 0.4970 0.366 0.538 1.081 1.066
(Figure 10 0.9864 1.312 1,931 1.955 1.894
Curve No.4) 0,6093 0.510 0,750 1.231 1.208
0.8295 0.918 1,349 1,623 1.580
00,4435 0.302 0,444 1.000 0.988
0.0 0.19 0.225

‘60T



Osmotic Pressure

TABLE XIX

Data for Aged

Polymethyl Methacrylate NDR 359

Lab No, Treatment conce Osmotic Pressure TT 5 = IT _ RT41 022
gm/100 cc. in em. of chloro- gm/em Co Co  2Mydgp3
form
NDR 359M Aged in 0,5381 0.414 0,609 1,132 l.114
vacuo 195 00,7469 0.780 1,148 1l.534 1.49¢
days 0,991%7 1.296 1.905 1.920 1.858
(Figure 10 0.5880 04473 0.696 1.183 1.161
Curve No.4) 0,0 0.19 0.225
NDR 359L Aged in 00,8048 0.951 1,400 1.738 1,697
Oxygen 15  0,5440 0. 458 0.674 1,238 1.219
days 1.0030 1,404 24065 2.050 1,990
(Figure 10 00,6658 0,682 1.001 1,505 1.477
Curve No.3) 0,473 0,257 0.525 1.113 1,087
0.0 0.290 0.335
NDR 3594Jd Aged in 1,0117 1,443 2.12 2.09 2,03
Oxygen 90 0.5031 0,404 0.5986 1.181 1.165
days 0.0 0.290 0.335
(Figure 10
Curve No.3)
NDR 359N Aged in 00,5471 0.466 0.686 1,252 1.233
Oxygen 195 1,052 1540 2.7 2,15 2,08
days 0.0 0.290 0,335
(Figure 10

Curve No.3)
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Fig. 10

Dependence of Osmotic Pressure on a
Series of Polymethyl Methacrylate Polymers

3 NDR 474
2 NDR 471
3 Aged NDR 359 in Oxygen

Open circle-NDR 359L, aged for 15 days

Upper half circle filled-NDR 359J, aged
for 90 days

Lower half circle filled-NDR 359N, aged
for 195 days

4 Circle filled-NDR 359, unaged

Circle half filled on righit-NDR 359M, aged
for 195 days 1in vacuo

(Following page 110)
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Fige. 10, line 4 (circle half-filled on the right). Since the
osmotic pressure values for the unaged and the sample aged in
vacuo were not distinguishable, they are represented by a com-
mon curve in Flg. 10, 1line 4,

A much greater decrease 1in viscosity was caused by the
presence of oxygen. Two weeks of ageing in the presence of
oxygen not only caused a marked lowering in the intrinsic vis-
cosity, but also an appreciable increase in the osmotlc pres-
sure, Moreover, subsequent ageing in oxygen up to 195 days
showed no change 1n osmotic pressure, although the intrinsiec
viscoslty had decreased appreciably., Since the osmotic prese
sure values for the sumples aged in the presence of oxygen are
not distinguishable, they are represented by a common line in
Figure 10, curve 3.

As in the case of Gelwa V 45, the negative term in the os=
motie pressure expression is evaluated. For comparative pur-
poses the error incurred vhen this term is omitted is shown in

TABLE XX,

(8) calculation of Characteristlc Constants

Reference has been made in detall to the use of the charac=
teristic constants kl and M,, Both factors are theoretically
dependent on the interaction between solute and solvent., Sincs
their theoretical bases are so completely different that they
may be used to check each other, TABLE XXI summarizes the kl

and M Pactors for a number of samples studied,



TABLE XX

Various Characteristic Constants for Polymethyl Methacrylate in Chloroform

Polymethyl Slopex* Slope E E -RTd1022 M1 My Mnit g Mn 5
Methacrylate Co JCo=0 Cg ————— x 10 x 10
3M1dg® /Co=0
NDR 474 (unaged) 1,71 1,620 0,612 0.635 0.423 0.427 4,20 4.05
NDR 471 (unaged) 1.76 1,680 0639 0.415 0.422 0,424 6.59 6.19
NDR 359 (unaged) 1.76 1,67 0.190 0.225 0.422 0,424 13,52 11,42
NDR 359M (aged 1,76 1,67 0,190 0.225 0.422 0,424 15,52 11,42
in vacuo 195
days)
NDR 359L (aged 1.77 1.67 0,290 0.335 0.421 0.424 8487 7.68
in oxygen 15
days)
NDR 359J (aged in 1,77 1.67 0.290 0.335 0.421 0,424 8.87 7.68
oxygen 90 days)
NDR 359N (aged in 1,77 1.87 0.290 0,335 0.421 0,424 8,.87 7.68

oxygen 195 days)

¥ BStarred values,

the correction is excluded,

‘21T



TABLE XXI

Characteristic Constants of Polymethyl Methacrylate

NDR 474, NDR 471 and NDR 359 in Chloroform

Treatment of sample

NDR 474 unaged

NDR 471 unaged

NDR 359 unaged
Aged 15 days in vacuo
Aged 15 days in oxygen
Aged 90 days in vacuo
Aged 90 days in oxygen
Aged 195 days in vacuo
Aged 195 days 1n oxygen

No change appears on mj, the slight

be attributed to the slight dependence of kl

i x 10° My
4,05 0,427
6.19 0,424

11,42 0,424
7.68 0,424
7.68  0.424

11,42 0.424
7.68 0,424

(]

4.80
5,62
10.06
9,70
9.1¢

0
. .
92} oy
¢\ ©

3

8.13

0,369
0,376
0,400
0,400
0,393
0,399
0,401
0. 402
0,395

113.

drift in k¥ may

on molecular

weight (76)s The values of mq = 0.42 agrees fairly well with

the values of/ul = 0,44 ~ 0,45 calculated from the data of

Staudinger and Warth (17).
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TABLE XXII

Evaluation of B2 for Aged Polymethyl
lethacrylate from an Arbitrary K

Treatment of Sample [”” Mn x 10° /31'
NDR 474 unaged 4,80 4,056 6.10
NDR 471 unaged .62 6.19 5.72
NDR 359 unaged 10,06 11.42 6458

15 days in oxygen 9.19 7.68 7.20

90 days 1n oxygen 8.53 7.68 687

195 days in vacuo Q.48 11,42 s34

195 days in oxygen 8.13 7.68 6467

(7) Pressure Changes

In order to investigate further the nature of the change
undergone by polymethyl methacrylate during ageing, a sample
of NDR 359 was aged 1in oxygen in a bomb fitted with a small
manometer, The change in pressure with time was very small
and in contrast to polyvinyl acetate (104) oxygen was ab-
sorted by the polymer. It was also observed visually that mer-
cury from the manometer was distilling off into the flasks,

The pressure change test was not very conclusive, therefore,
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Discussion

le Osmotlc Pressures

It has now been estgblished that the use of a cellulose
membrane gasket 1s inadequate completely to seal an osmometer,
The process of leakage has been shown to be caused by the
diffusion of solvent through the membrane, rather than by leaks
arising from faulty construction of the sealing faces. Pre=
suniebly, on the basls of this investigation, a similar leak
may have been present in all osmometers, used by other workers,
which depended on a cellulose membrane gasket to seal the os-
mometer, Consequently, it 1s necessary to consider critically
all osmotic data determined by other workers on osmometers
using cellulose membranes as the packing mat:rial agalnst
leakage in order to determine to what extent credence may be
given them.

In spite of the fact that there 1s sufficient evidence of
legkage to be found in the literature, there 1s also occasional
evidence of a surprising degree of consistency of results. For
example, Flory (63), in one case, presented determinations on a
sample of polylsobutylene in cyclohexane, carried out by using
membranes, both of denitrated collodion and of cellophane, which
agreed within 3%. Fuoss and Mead (119) reported osmotic pres=-
sures which checked ultracentrifuge data within 2%, Finally, the
results of lMcIntosh et al (69) on Gelva V 45, determined by
means of a dynamlc osmometer sealed with a caustic treated

membrane gasket, are within 2% of the value obtained with the
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improved osmometer,

On the other hand, an examination of the results of Fuoss
and Mead (121) showed that the osmotic pressure curve deter-
mined by using a horizontal capillary is straight, whereas, by
using a vertical capillary it is curved. There 1s a difference
of 25% in slope for two fractions of polymethyl methacrylate in
chloroform calculated from the data of Staudinger and Warth (140).

Many workers (119, 122, 120 etc.) recognized the need for a
zero point correction factor, although they attributed it to
various causes rather than leakage through the membrane, The
accuracy of the results, therefore, is dependent on the care
with which this factor was determined. Such a method could con=-
celvably yield osmotic pressures of a high degree of accuracy.
By this means, McIntosh and co-workers (69) obtained results
with a van Campen type of dynamic osmometer which are in excel-
lent agreement with the improved osmometer in spite of the lesk-
age at the cell faces In general, however, it 1s unavoidable
that some uncertainty should be introduced by the use of zero
point corrections. It 1s not certain that a zero point, once de-
termined, would remain constant, because other factors must be
considered.

(1) For example, 1f diffusion from the solution side is
dependent on the viscoslty of the solutlon, the zero point cor-
rection, determined with pure solvent on both sides, would be
invalidated. Similarly, 1f the rate of diffusion of liquid out

of the cell is dependent on the height of solvent in the
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capillaries, the error introduced by the leak would be dependent
on the osmotic pressure, This is unlikely, as the rate of leak
observed in this work was not affected by an opposing hydrostatic
head of the thermostating medla.

(2) The zero point correction might change., As Lossing (120)
stated, the zero point can be altered by tightening the outer
bolts on the osmometer. Such an occurrence might elucidate the
discrepancy in the results of Bartovics and Mark (85) where all
curves of %} versus C with the exception of one, have the same
slope,s Such an exception might be due to a change in leak,

(3) The determination of a zero poilnt correction may be ren=-
dered inadequate owing to the presence of bubbles,

In this work, the criteria for acceptable osmotic pressure
measurements ares

(a) The observed osmotic pressure must remain constant
over periods of several hours.

(b) The same value must be attained when equilibrium
i1s aporoached from either sidse,

(¢} At equilibrium, the individual levels must remain
constant, A drop of 0.0l cm. per hour, as a result of evapo-
ration, is permissible.

Although the improved osmometer is accurate, yet it proved
tedious in operation. Most of this diffliculty has been caused
by the time required to remove bubbles. A gold-plated cell
shown in Figure 1l has been used in the latter stages of the in-

vestigations This cell is equioped with a flooding ridge, thus



119.

requiring only one person to assemble it., The cell face 1s simi-
lar to that shown in Figure 3, Attention 1s drawn to the imprint
of the sealing faces on the composition foil annulus, It may
also be seen from the ridge marks on the membrane, that it was
held rigidly in place. The gold-plated cell was found to be

much superior in operation because of the less frequent apoearance
of bubbles, For this reason, osmometers made from non-corrosive
metals should be less tedious in operation. Howcver, an improve-
ment could be made on this type of osmometer by having vertical
Instead of concentric ridges and grooves. It is conceivable

that trapoed bubbles could be removed imunediately after filling
the hall=cell compartments, DBubbles that arise from the solvent
at the higher temperature of the thermostat, would appear in the
capillaries, without remaining trapped in the various sections

within the cell,

2. Membranes

It has been demonstrated by McIntosh and co-workers (69)
and redetermined in this investigation that adsorption of poly-
mer 1s observed when membranes are made by the Carter and Récord
methodes The molecular weight thus obtalned 1s not in agrecment
with that obtained when caustic treated membranes are used. The
reason for this discrepancy is not definitely known,

The osmotic pressure measurements obtained with the impro=-
ved osmometer are considered as giving devendable molecular
welghts when caustic treated membranes are employed. The loglc

of this conclusion 1s based on the following factors:
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(1) Inanvreciable amounts of adsorption take place on
caustic treated membranes.

(2) Identical molecular weights were obtained for Gelva
V 45 in chloroform, benzene and acetone,

(3) The ratio :g— of osmotic pressure to concentration has
been found, in the case of polymethyl methacrylate, to vary
linearly with concentration in agrecment with recent theories
advanced by Huggins (97 ) and Flory (71 )« In addition, the
slopnes of the lines as shown in Figure 10 and TABLE XX are the
same within experimental error, This 1s in contrast to the
lines obtained by Staudinger and Warth (140) on polymethyl metha-
crylate in chloroform where, in some cases, a variation of 25%
in slope has been calculated.

The precise form of ﬁhe Igé versus Co extrapolation to
zero concentration has been subject to controversy, Thus
Meyer and co-workers (84) draw a straight line for the system
rubber = toluene, Gee and Treloar (108) obtained lines wilith up-
ward curvature for the system rubber = benzene, Mark and co=-
workers (64) find the relationship to be linear for polystyrene
in toluene when the polystyrene has been prepared above 100°,
but curved upwards when prepared at 60° C, Flory (63) found up=
ward curvature for the system polyisobutylene in cyclohexane, In
the latter case, it appears as if a straight line could be drawn
through all the points. If this were the case, the agreement in
molecular weight of polyisobutylene in benzene and in cyclohexane

in the case of the high molecular weight fractions would be
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According to Huggins (78), Flory'!s (63) osmotic pressures
of polyisobutylene in cyclohexane may be cited as an example
of an instance in which the negative term in Huggins!' expression
for osmotic pressure is not negligible, Needless to say, when
this correction was applied, straight lines were obtained. This
may be true of other upward curved lines reported by other
workers,

The writer fezls that 1f adsorption takes place on the sur-
face of the membranes and osmotic determinations are made in the
order of increasing concentrations, a line concave upwards arises,
This is true only when the adsorption efiects have not been satis-
fied, It is conceivable, however, that i1f osmotic pressures are
carried out 1n order of decreasing concentrations, a straight

T

line would be obtained, as subsequent ‘EE values would be de-

termined on an accommodated membrane.

3¢ Ageling of Polymethyl kiethacrylate

As predicted by McIntosh et al(l38) dispersion in a solvent
13 not a necessary step for the degeneration of polymers. liore-
over, the magnitude of the changes of solid polymers is, in many
cases, of approximately the same order as for those aged in solu-
tion (2)s The changes in viscosity with time are more clearly
shown in Figures 7, 8 and 10 in the preceding section.

As anticipated from the work of McIntosh and co-workers
(3,4,5,6) and others (22,27,28 etc.) the changes in oxygen were
much greater than for polymers aged in vacuo. MNorrison (3) has

shown that oxygen does not act merely as a catalyst, but 1s used
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up in the ageing process., The samples aged in vacuum, such as
NDR 474 and NDR 471, did not change very much in intrinsic vis-
cosity. The drop was within the experimental error in the cass
of NDR 474, but slightly beyond it in NOR 471, However, the vis-
cosity of NDR 359 dropped markedly. The inference was that the
lower molecular weight fractions, according to viscosity measure-
ments, are more stable to ageing in vacuo.

The changes in intrinsic viscosity for all the polymers
aged in oxygen were marked, but greatest for NDR359 and least for
NDR 474, A similar behaviour was observed by Wise (104) on aged
s0lid polyvinyl acetate polymers under the same conditions,
Naunton (27) found that rubber photogels in excess oxygen de~-
graded to a limiting viscosity.

Osmotic pressure determinations on the aged NDR 359 polymer
indicated that no change in molecular welght occurred in the
case of the sample aged in vacuo for the longest period of time,
although a marked decrease in intrinsic viscosity was observed.
Furthermore, the same polymers aged 1n oxygen for two wesks in=-
creased in osmotic pressure, Hence a lower molecular weight was
obtained, No further change in molecular weight was observed
with subsequent ageing even up to 195 days, whereas the intrinsic
viscosity continued to decrease beyond two wesks of ageing, but
became almost constant beyond three months in the presence of
oxygenes Thls behaviour strongly sug.ests two processes taking
place, namely, change in the geometrical configuration of the

polymer, without sufiering variations in kl and secondly, some
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type of tond rupture.

The first process is in agreement with Morrison's (3) hy-
pothesis that viscosity changes can be explained as changes in
their geometric form and flexibility., This, however, does not
affect the number average molecular weight which involves the
number of molecules in a given concentration.

The second process, which evidently takes place predominant=-
1y in the presence of oxygen, leads directly to the hypothesis
that long chain polymers possess, at certain points along the
chain, bonds which are weaker than normal. When enough energy 1is
accumulated at these particular bonds (14l) chain splitting takes
place, This is in contrast to the assumptions of Mark and
Simka (31, 142) that all bonds are of ecual strength, Jellinek
(30), however, arrived at a similar conclusion, The exact nature
of these weak links is, as yet, undecided,

The constancy of the characteristic constants, k}and,ul
(TABLE XXI) indicated that major changes in solute - solvent
interaction do not take place, The sensitivity of these two con-
stants is rather dubious. The hydrodynamic constant kl is iden=-
tical for benzene and chloroform solutions of polymethyl methac-
rylate, although the intrinsic viscosities in the two solvents
are markedly different, Similarlyyul 1s also insensitive since

a variation of 25% in the slope of‘%} versus C causes a varis-
tion of 2,5% in the value of M;. In addition, M; may be slight=

ly dependent on concentration (76) and on molecular weight (111).
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These effects have not been observed in this work. Also kl may
be slightly dependent on molecular weight (76, 7). This is evi=-
dent from TABLE XXI.

The calculation of p 2, however, is based on assumptions of
an initially symmetrical distribution of the form expressed by
the Lansing and Kraemer formula (1), discussed in a previous sec-
tione In addition, it assumes that in the case of degraded sam-
ples, the symetry of distribution is retained, This is incom-
patible with the concept of an initial preferential split of one
fraction of the polymer and secondly, a change in shape of the fila=-
ment molecule, Therefore, owing to the irregularities in the
ageing process, the B 2 factors determined here as shown in

TARIE X¥IT are doubtfule.



Fig. 11

Gold-plated Osmometer -




CLAIMS TO ORIGINAL WORK
AND
CONTRIBUTIONS TO KNOWLEDGE

(1) A source of error was found in osmometers described in
the literature which used treated cellulose sheets which
acted both as a membrane and gasket to seal the osmometer,
This error was found to be caused by diffusion of solvent
through the periphery of the celilulose membrane in a manner
independent of an opposing hydrostatic head of o0il or water,
A new osmometer was developed to permit the use of "com-
position" foil gaskets to completely seal the membrane from

the thermostating medla.

(2) Techniques were developed for investigating the changes
in polymethyl methacrylate when aged in the presence and ab-
sence of oxygen, DBombs were constructed and utilized along
wlth an apparatus for evacuating them or filling them with
gases,

An apparatus was designed for determining the pressure

changes during ageing,

(3) An osmometer was attempted employing copper ferrocyanide
membranes lmpregnated on sintered glass for use 1In organic

solutions of macromolecules,

(4) By viscometric and osmometric investigation of aged poly-

methyl methacrylate, it was found that:



126,

(a) Dispersion in a solvent 1s not regquired for viscosity

. changes in polymethyl methacrylate.

(b) The major viscoslty changes are due to changes in

molecular weight of the polymer,

(c) Oxygen is effective in splitting chains of polymethyl

methacrylate,

(d) Ageing in vacuo with heat 1s effective in changing

the shape of polymethyl methacrylate,

(e) Ageing in the presence of oxygen causes a sclssion
of the chains and also a change In shape for the

polymethyl methacrylate molecules,

(f) The chains of polymethyl methacrylate split pre-

dominantly at a few weak links,

(g) Viscometric changes in the aged samples is greater

in the case of the long chaln members,

(5) Adsorption on Carter and Record type of cellulose membranes

was confirmed with the Improved osmometer,

(6) Osmometers having a non-corrosive surface are less tedious

in operation.
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