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MOLECULAR ~~IGHT MEASUREMENTS OF 
A~CROMOLECULES 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 fro~ the thermostating media. 

For the first time osmotic measurements were made em-

playing 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 is responsible for 

major 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 essential measurement far the exact comprehension of 

the physical properties of macromolecular substances, as well 

as far the study of the rules through whi eh their polymeri• 

zation reactions occur, is the determination of the molecular 

weight. 

A theoretically unquestionable method far the deter­

mination of the molecular weight of high polymers, in the 

ranges between 104 and 106, is the application of osmotic 

pressure measurements, or measure~nts of the sedimentation 

equilibrium (1) using a Svedberg ultracentrifuge. The importance 

of these methods depends upon the fact that in the case of their 

evaluation, only the gas constant R is assumed (2}. Besides 

these methods, because of its extreme simplicity, the visco­

metric determination of the molecular weight has been used 

extensively, particularly in industry. However, the inherent 

uncertainty associated with the interpretation of the results 

limits its value considerably. In the present work viscosity 

and osmotic 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, it was decided to study the ageing of high polymers 

by oxygen in the absence of solvents at a higher temperature. 



The original study by Morrison et al was made exclusively 

by viscometric measurements. Mcintosh and Morrison (6) 

attempted to determine the molecular weights on the samples 

using a modified van Campen type of dynamic osmometer (7). 

e. 

This osmometer does not yield very accurate results, especially 

in the ranges of low concentration, where a small hydrostatic 

head of solvent is involved. It was decided 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 

weights found with these two types appeared to differ when 

measured in the van Campen cell. The planned osmometer was 

to be used in developing these studies more fully. In con• 

structing the new osmometer, deficiencies were found in the 

designs used by many workers. The corrections of these 

deficiencies constituted an appreciable portion of the problem. 



THEORETICAL BACKGROUND 

1. General 

It is generally assumed on the basis of experlmental 

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 covalencies can be drawn from each individual 

atom to any'other atom 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 ~eight. They can, however, be separated 

by careful fractional precipitation. In addition, predomi­

nantlY' straight chained molecules mar have a small amount of 

branching or cross linkage. Therefore the polrmer may be 

described as being heterogeneous with respect to molecular 

weight and to shape. 

There are two groups of filamen~ molecules. The first 

group forms (or is believed to form) relatively rigid elon­

gated filament molecules in solution such as cellulose and 

its derivatives. The second group comprises the synthetic 

polrvinyl compounds which contain more or less coiled filament 

molecules in solution. 

Branched molecules may be regarded as giving rise to a 

three dimensional net work. These polrmers are very poorly 

soluble and their molecular weight cannot be determined (ll). 

However, deviations from linearity will have a marked influence 

on viscametric 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 important type. Lack 

of homogeneity in this sense not only complicates the compari­

son of average molecular weights obtained by various methods, 

but casts a doubt on existing values where this factor has 

'Qeen neglected. 

On account of the tremendous viscosity of even dilute 

solutions of high polymers, these solutions were originally 

believed to be colloidal suspensions, each particle of which 

was an aggregate of several large molecules, along with any 

attached liquid (12). However, Staudinger (13) demonstrated 

that in dilute solutions the viscosity imparted to a liquid 

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 

as 

:::: 0 
:. (ln ~ r) 

c c • 0 

"lsp • the specific viscosity which is a measure of the 

increase in viscosity due to the suspended solute and defined 

mathematically as 

"1r ... 1 • ~sp 



where 1r • relative viscosity 

~s • viscosity of solution 

~0 • viscosity of pure solvent 

c = concentration of solute in grams per lOO c.c. 

l1l· intrinsic viscosity 

was approximately constant (15) for a given polymer when dis­

solved in solvents of widely different nature and mixtures 

of solvents. Kraemer (14) also demonstrated that sec-cellulose 

acetate could be put through various chemical conversions 

without appreciably altering the particle size. In addition, 

Gee (16) and Staudinger and Warth (17) have shown that the 

molecular weight of a given polymer, determined osmotically 

in various solvents, is approximately constant. If the liquid 

is considered as a colloidal suspension, the obvious conclusion 

arises that different solvents produce colloidal particles of 

equal average size, containing equal amounts of solvated 

liquid and bound in some way which resists chemical attack. 

A much simpler conclusion is that particles of uniform average 

size are produced by dispersion of the solute to individual 

molecules. Consequently, a true solution is formed. 

According to Mark and Raft (8) this picture becomes too 

simple in the case of less dilute solutions and secondary 

valence forces do cause the formation of aggregates. There­

fore, investigation of molecular weight phenomena is limited 

to the region of very low concentrations. 

The original conception of chain molecules as straight, 

stiff rods has likewise given way to a conception of a more 
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or less randomly kinked molecul.e. Whether the molecules are 

rigid is not definitely known. Experimental evidence by Kemp 

and Pitzer (18), Kistiaskowsky and Nazmi (19) and others has 

proved the existe~ce of potential energy barriers in the case 

of paraffins. These may analogously be considered probable 

far other chain polymers. Rotation about the carbon-carbon 

bond is therefore limited to a few degrees. Only partial 

flexibility 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 ~at 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 instability of high polymers during preparation, 

and purification, and in some cases even on standing. Blaikie 

and Crozier (22) found that polyvinyl acetate increased in 

viscosity when purified by steam distillation, whereas heating 

it in acetic acid produced a drop in viscosity, occasionally 

followed by a rise. Mead and Fuoss (23) found that the vis­

cosity of solutions of polyvinyl chloride in cyclohexanone 

slowly decreased on standing, while it 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) far 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. Tob~ 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 an 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, Grummi~and 

Holmes found that solutions of polyvinyl acetate and poly­

methyl methacrylate in solvents such as B-B'-dichlorodiethyl 

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 

chain 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-1-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 than real, since the 

amount of oxygen reaching the solute depends on the solu-

bility of oxygen in the particular solvent in use. 

It was felt that the ageing of polymers in the absence 

of solvent should be investigated. The ageing 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 measurements. 

Methacrylates are prepared from acetone (32). The acetone 

is first converted to acetone cyanohydrin by the addition of 

hydrocyanic acid. 



(CH3)2 C 2 0 + HCN --~ (CH3)2 COH 
I 
CN 

13. 

The acetone cyanohydrin is treated with methyl alcohol and 

sulfuric acid to :form the monomer. After purification itispoly­

merized by the action o:f 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 small fraction of the monomer has polymerized. 

The recurring unit in polymethyl methacrylate is 

COOCH3 
' 

- CH2 - C -
t 

CH3 

Staudinger and Warth (17} degraded the polymer quantitatively 

to the monomer at 300°0. 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 classi:fication and characterization o:f solutions by 

viscometric measurements. Two methods of approach have been 

used, namely, the theoretical 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 idealized suspension of rigid 

spheres at extremely low concentrations. The spheres are 



large compared with solvent molecules, and are completely 

wet by them. The solvent is incompressible and flow rates 

are so gradual that turbulence is excluded. 

For such a suspension Einstein's viscosity law, 

'] c • 'l o (1 + 2.5 c) 

where '1J c is the viscosity at concentration c 

, o is the viscosity of pure solvent, and 

14. 

c is the concentration of the suspension in ~lOO 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 verification 

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 or these investigations Berl 

(38} and Biltz (39) observed wide variations from Einstein's 

law for systems containing solutions of starch and cellulose 

derivatives. Biltz recognized that there is 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 

1'J sp = ) s - }o 
"'lo 

• Km MC 

where ~ sp • the specific viscosity 

1s and"'/ o =the viscosity
1

'solution and solvent 
respectively 

Km a an empirical constant 

c = the concentration in monomoles per litre 

M a the weight average molecular weight 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 diameter of the molecule and base equal 

to 2 
TT ( ~) 

where L is the length of the molecule. 

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 straight 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 its 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, it soon became evident that many exceptions to 

Staudinger's rule existed {43, 44). Wide variations 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 weigot in a given 

species increased. Staudinger suggested that this was either 

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 



and decreased with increasing molecular weight, 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 

approximation, 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 theory to the 

case of ellipsoids. Retaining Einstein's original concepts 

of dilute solution and gradual flow (35}, he showed that as 

16. 

a result of the presence of a velocity gradient, the molecules 

rotate in the solution, with a preferential orientation in 

the direction of flow - an orientation which is opposed by 

Brow.nian motion. The resultant degree of orientation 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, finally, Kuhn (48) and Boeder 

(49} applied them to two cases of high polymers • the case 

of a long, straight chain and a highly simplified picture of 

a branched polymer. The influence an the viscosity of a small 

section of a chain was separated into two parts, one due to 

its presence in the liquid, as calculated by Einstein (35) 

and the other due to its rotational motion as a part of the 



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: 

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

S is the length o:f the particle, and 

d is the diameter of the particle. 

17. 

It can be readily seen that the relation reduces to Einstein's 

formula provided the particles are spherical as the rotational 

part is negligible. As the molecule elongates, the rotational 

part begins to predominate, and Einstein's portion decreases 

in magnitude. Consequently, the viscosity becomes propor-

tional to ( ~) 2 and thus to M2. 

Huggins (50) showed that none of the equations previously 

developed agreed well with experiment. Kuhn (51) suggested 

that this was due to an improper picture of the molecule. For 

a more or less coiled chain he found 

where o "' v .:::. 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, 



"1 sp .,c. M2 

0 

for randomly kinked molecules 

?} sp C( M 
0 

While for spherical molecules, the expression reduces to 

Einstein's formula 

constant 

The general viscosity law now became 

(1'J} • Km MV 

where v equals 0, 1 or 2 if the chain molecules are 

coiled into a ball, kinked in a purely random manner, or 

extended in a rod-like configuration. 

Obviously, v may have fractional values corresponding 

to intermediate oases. 

For lower molecular weights (up to 30,000), Hibbert and 

eo-workers (57, 58) and Flory and Stiokney (28) obtained 

better agreement, using 

(~} • K M+ I 

where I is a secondary constant. 

The revised viscosity relation (~) • Km MV, in which 

Staudinger had empirically 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 Warth (17} on heterogeneous samples, by Flory 

(63) and Mark et al (64, 65) for fraetionated polymers. 

18. 



The hydrodynamic theory, thus developed, was based on 

the assumption that there was no interaction between solvent 

and solute particles, and that the monomolecules were so 

separated that the solvent could flow freely about each one, 

19. 

so that Stoke's law could be applied to compute frictional 

forces (66, 67). That this was not the case was quickly 

demonstrated when it was found that a given polymer in 

different solvents had different specific viscosities (17, 68). 

Such dependency could only be explained as interaction between 

solute and solvent. Huggins (54) proposed that this inter-

action, which was a distinctive property of a given solute­

solvent system, might be used to define the nature of the 

polymer in that solvent. For the ideal case Huggins (54) 

had derived 

'ls;p 
c 

.l?zsp) (1 + ~sp) 
\ c cso 

• ( '>JJ (l + 7sp) 

At low concentrations 

"il sp 
c = 

2 
+ ['7 J 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 ideal case, 

Force • 6 Tr '7 J,.' 4 .M. 

where "7 is the viscosity of the solution 
,, ,, 

a is the effective diameter of the submolecule 
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. ' ,, 
M. is the velocity of the sol vent molecules in 

relation to that of the solute 
,, ,, 

k' is a constant characteristic of the system. 

It depends upon the sizes, shapes and cohesional 

properties of both the solvEilt molecules and 

solute submolecules, on the temperature, but 

slightly or not at all on the molecular 

weight of the polymer. 

Thus the new viscosity equation accordiDg to Huggins led to 

or 1'f sp 
c • 

This equation, in expanded form, is equivalent to the empiri• 

cal equation of Schulz and Blaschke (34), who proved experi­

mentally that k' was independent 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' decreases slightly with decreasing molecular weight. 

Not only has Huggins elucidated the initial problem, but 

also provided in the k' factor a means of investigating the 

shapes of the molecule&. It is to be noted that the intro­

duction of the shape factor does not completely account for 

the effect of solvent, because Hugg1n 1 s equation (54) predicts 

that {~l shall be independent of solvent type. This pre­

diction has been disproved by Mark et al (7~, Flory (63) and 
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others. Both Hugglns (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, simultaneously 

the value of the exponent "v n and the intrinsic viscosity["]]. 

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 

squeeze 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 invest:J.gators to conflicting 

conclusions ,{73}. In attempts to correlate "1 SF versus c, 
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 generality of any conclusions is emphasized by Huggins' 

statement tbat the molecular weight determined from viscosity 



measurements should be strictly defined as the Viscosity 

Molecular weight "tor a certain polymer in a certain solvent 

at a certain temperature". 

3. Osmotic Pressure of high polymers 

22. 

As mentioned earlier, there are two absolute methods of 

determining the mo~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 

Kraemer (14), but owing to the large initial expense it has 

not been adopted into general use. The measurement of osmotic 

pressures has the advantage of requiring relatively simple 

equipment. Other methods of measuring the colligative proper­

ties of solutions of small molecules are inapplicable for 

molecular weights above 5000. The osmotic method in this 

range is also difficult owing to incomplete semi-permeability 

of the membranes. 

Although the phenomenon of osmosis bad been known for a 

long time previously, in 1886, van'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 confirmation of this generalization 

was carried out by Morae and Frazer (78}, Lord Berkley and 

Hartley (79) and many others. Experimentalists have proven 

v&n't Hoff's limiting law without a doUbt, but at present van't 



Hoff'e 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. 

23. 

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 

can pass through the membrane should be the same in both phases. 

There is no condition for the molecules which cannot pass the 

membrane. The nature of the membrane such as its thickness, 

chemical composition, physical state, have no effect at equi-

librium (81). 

The component which is common to both phases is the sol-

vent, component 1; the other component is the solute. 

If the system is under the same pressure at constant 

temperature, and the solvent is separated from a solution by 
lt 

a semi-permeable membrane, the chemical potential~~ of the 
I sol vent in the solution will be less than ./"'1 , 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 

chemical potential of the solvent in the solution must be 

increased by a suitable change in the pressure on the solution 

(82). This can be effected by solvent flowing into the solution, 

thus increasing the pressure from p' to the greater pressure 

P''• Therefore at steady state 

" ,, fp ~l = c~. >p' + v dP 
p' 



Hence 

or 

where F1 is the partial molal free energy 

v1 (P'' _ P'> • 

The difference(P' 1 - P•) is called the osmotic pressure TT of 

the solution when the latter is under pressure P''. 

For dllute solutions in which the osmotic pressure is 

small, V1 may be regarded as constant and equal to V1, the 

molal volume of pure solvent. 

Hence 

or RT lna1 

where a1 is the activity of the solvent in the solution. 

In very dilute solutions where Raoult's_ law is applicable, 
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Xl the mole fraction maJ replace a1, the activity or the 

solvent in the solution. Since x1 • l - x2 and ln (l•x2) : •x2 

the above equilibrium conditions may be written as 1TV1 = RTx2• 

This equltion in the limiting case is equivalent to van't 

Hof'f's law. 

For the determination of molecular weights, this equation 

may be restated as 

:z 



where w2· is the number of grams of solute in volume V 

M2 is the molecular weight of solute 

R is the gas con•tant in appropriate units 

and T is the absolute temperature 

25. 

The application of this equation to the determination of 

molecular weights of high polymers is much less simple and 
' 

necessitates certain restrictions and modifications. 

Since M2 is very large, TT will be very sme.ll, 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 as a result the limiting law will no longer 

apply. 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 C2 (concentration). 

Thus the expressJ.on for osmotic pressure becomes 

At very low concentration ranges all terms in c23 and higher 

are negligible and the equation reduces to 

+ BC 2 
2 

In dilute solutions, therefore, the plot 1[ versus C2 should 
c2 

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. per litre. As will 

rr be discussed shortly, a linear relationship between,;, vs. c2 

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, is 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 anomalies and energy terms due to inter­

molecular and intramolecular interaction as a result of chemical 

attraction and the unusual shape and size of the chain-like 

solute. 

The equation can therefore be rearranged in the form 

+ 

In dilute solutions it is still possible to evaluate M2 by 

extrapolating the 

there .fore, 

lim 

C2 -~ 

or 

7T versus C2 curve to infinite dilution (85}, 
c2 

7T = RT 
0 02 M2 

M2 
RT 

= -
(62) C2=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 Waal's theory of real gases, 
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they introduced a eo-volume, b, caused by solvation and wrote 

i7 • !! ( 1 ) = RT ( 92 + bC 2 ) 
M2 V-b J2 2 · 

Ostwold (13), on the other hand, ascribes the deviation to a 

swelling pressure, thus writes 

lT: 

As mentioned earlier, Powell, Clark and Eyring (21) in order 

to explain exceptionally large osmotic pressures, assumed 

tbat 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 that a polymer 

molecule becomes stiffer as the solution is diluted. Huckel 

(89) questions their assumption of the primary validity of 

the ideal solution laws when applied to mixtures of molecules 

differing greatly in size. 

In the past several years a statistical-thermodynamic 

attack on the problem has been mare advantageous. It consists 

generally in an extension of the method developed by Guggen­

heim (90, 91) and applied to perfect and nearly perfect 

solutions. Essentially the total possible number of confi-

gurations is determined for a mixture of NA molecules of type 

A and NB molecules of type B. This is related to the thermo­

dynamic functions of the mixture, from which Guggenh&m obtains 

the expression 

TT. kT 
VAJ. log 

NA + N£3 
N.A 

where VAJ. is 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 terms 

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. Retaining 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 given molecule must occupy adjacent lattice 

points. Subsequently, the blank spaces are then filled with 

small 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 

mixture depends on two factors, the decrease in free energy 

and the increase in entropy. As a result of intermolecular 

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 kinetic 

notions of the particles (93). 

Fowler and Rushbrooke's work demonstrated that unusually 

large entropies of mixing, resulting from the difference in 

size of the molecules, may be sufficiently great to cause 



deviations from ideality, apart 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 lattice, each point of which may be occupied 

either by a solvent molecule or a polymer segment. Assuming 

flexibility at each chain 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 Boltzmann 

equation 

S • k ln W 

where S is the entropy 

W is the number of possible configurations 

and k is Boltzmann's constant 

29. 

Simultaneously Flory (71,95} and Huggins (88,96,97) gave 

a quantitative elucidation of the problem using the quasi­

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) obtains 
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and ln a2 :s ln \1 2 

where a1 and a2 are the activities of solvent and solute res­

pectively, 

\11 and \12 and the volume fractions of solvent and solute 

respectively, 

vl and v2 are the partial molal volumes, and for the present 

purposes assumed equal to the actual molal volumes, 

and ~1 is 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 association, solvation, etc. 

Consequently,)"" 1 1 like k', is dependent upon the polymer 

solvent type, but not greatly on molecular weight. Similarly 

to k',? 1 can be used to 1nvestiga te changes in molecular 

shape. Qualitatively~! "is 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 is, however, complicated and 

possibly prevented by the fact that~ 1 combines the heat of 

mixing with unpredicted entropy effects. This is reflected 
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in recent papers by Mark et al (64,65) where~1 is evaluated, 

but it has not been given quantitative interpretation. 

From the preceding equations 

ln a1 - ln 'V 1 

'V'2 
... 1 111 

where ln a1 • 
TTV --RT 

V +~1\/"2 
- v2 

Hence, /"1 can be evaluated as the slope of a plot 

ln a1 - ln \Y 1 

V'2 
By expanding ln V'1 as 

ln V/1 • ln 

Huggins (102) writes 

- 1 

{1 -

vs \1' 2 

3 
\7'2 

3 

If the concentration is expressed in grams of solute per 100 

c.e. of solution, the expression became, according to Huggins, 

where dt and d2 are the densities of solvent and solute res­

pectively. 

M1 and M2 are the molecular weights of the solvent and 

solute respectively. 

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

left is negligible tor many osmotic pressure studies, but its 



omission or inclusion should be tested empirically. Weiss­

berger (103) and Huggins (76) have shown that errors are 
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introduced in the molecular weight when this term is neglected. 

With reference to TT =A + BCg 
~ 

Huggin's expression 

= 

A = RT 
M2 

7T should yield a straight line tor a plot of C2 versus c2. 

M2 can be determined and the slope should be independent ot 

molecular weight tor a given poly~er-solvent system. The 

constancy of slope has been demonstrated approximately by 

Robertson, Grummitt and Mcintosh (69) and by Wise (104) tor 

the system polyvinyl acetate in acetone. Exceptions have been 

noted by Mark (65). Schulz {2), however, obtained curved 

~ines 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 7T versus ~2 line is 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 sufficiently 

to affect the values of k', (1Jl and~l without altering 

appreciably the TT intercept or the molecular weight determined 

from it. 

Flory (110), however, has demonstrated that the equations 

for the partial entropy and partial heat of mixing do not agree 

well with experiment. He ascribes this to the fact that the 

randomness of distribution is less than calculated by Huggins. 

Each molecule occupies a "cluster" of lattice paints, 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/" 1 should decrease 

slightly with increasing molecular weight,in the case of high 

polymeric solutions at low concentrations. 

4. Average Molecular Weishte 

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 a re 

distributed over a wide range, and will approximate symmetrical 

distribution about a single maximum analogous to the Gaussian 

error curve. The conventional methods of determining molecular 
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weights will yield average values. The thermodynamic relations 

deduced for homogeneous samples are not affected by the hetero­

geneity (110). It is necessary, however, to distinguish at 

least two different average molecular weights. Cryoscopic, 

chemical methods and osmotic methods, etc., which "count" the 

number of molecules present in a given concentration, will 

yield for a heterogeneous material a number average molecular 

weight. This is defined by Kraemer and Lansing (2} as 

. 
c. '&Cl:) 

Mn - f;, 9 niMi 
, .... 110 

i 

l: ni 
,·"" N 

where Mi is the molecular weight of the ith species; 

ni is the number of molecules of molecular weight Mi 

and N is the total number of molecules present. 

For any given concentration of a heterogeneous material, 

however, it is evident that a small amount of low molecular 

weight molecules will have a much greater effect on the osmotic 

pressure than an equal amount of high molecular weight sub-

stance. On the other hand, the intrinsic viscosity for a 

heterogeneous mixture, depends on the molecular weight of each 

species. Consequently a high molecular weight material has a 

disproportionate influence on the viscosity. The intrinsic 

viscosity for such systems is given by 

(~l- r (1zJwi ii 
~ wi 

where ( ~.:] is the intrinsic viscosity of the species of 

molecular weight Mi 

and wi is the weight of the ith species. 



As has been pointed out by Mark {112}, Lansing and 

Kraemer (1}, if the Staudinger Rule is applicable 

[1~ = KaT Mi iii 

where Mi = molecu~ar weight of the ith species 

KaT= Staudinger's constant. 

Recently, however, the Staudinger Rule has been replaced by 

the relationship 

iv 

where K and v are viscosity constants described in a 

previous section • 

• 
• • substituting equation 

['YJ) = 

= 

iK Miv Wi 
~Wi 

~K Miv ni Mi 
l:. ni Mi 

K l: Mil+v ni 

I. ni Mi 

i:9 in ii 

v(a) 

v(b) 

v(c) 

The "Viscosity Average Molecular Weight" is defined as 

Substituting the 

KM V 
V 

• 
• • 

= 

KM V 
V 

value of ( 'lJ } in 

KI Mil+v ni 

I. ni Mi 

v E Mi (l+v) ni 
2: ni mi 

vi 

equationu to equation v{c) 

1 
vii 
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Thus it can be seen that Number Average and Viscosity Average 

Molecular Weights are entirely different. The two averages 
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become identical, however, in the case of homogeneous samples. 

It is for this reason that the number average molecular weight 

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. In so doing, 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 small. It is 

desirable to choose a distribution function which has a single 

maximum and represents substantially zero numbers of molecules 

of very low molecular weight and of very high molecular weight. 

Theoretically there are probably several functions which could 

be used, but the one adopted here is the logarithndc distri­

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

form 

dN 
N 

1 

vrr 
where y • ~ ln ~ 

dN = number of molecules between y and y + dy 

N • total number of molecules . 

Mo and B may be considered parameters of the distribution 

function. Mo is the molecular weight at the maximum value of 

dN and B is defined as the non-uniformity coefficient. 
dM 

This is illustrated in the curve of the form: 



Mo 

M 

For homogeneous materials ft is zero, and far heterogeneous 

samples it has a positive value. 

Since the ~urve is a continuous function 

Mn 
2N • VfT 

N 

But 

M • Mo e !By 

Hence 
Mn• 2 -vrr 
completing the square, and since 

2 [roe_ (y• .B/2) 2 dy • 
() 

is obtained. 

This method has been applied by Mcintosh and Morrison 

(6) to the relation for the average intrinsic viscosity and they 

obtained 
rn) v Pl. [ (! .. :!:Y) .. - _J ] 
L ( • KM 0 -e 2. 4 

Combining this with the expression for the number average 

molecular weight, 
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was obtained. 

or 
• :v ln Mn + ln K + ~ ( I 7- V) V 

It is evident from this expression that a plot of 

ln Mn versus ln ["?] should give a straight line of slope "V", 
provided that the samples have the same degree of heterogeneity 

or have been rendered homogeneous by careful fractlonal·pre­

cipitation. The intercept, ln K', will depend onp 2, and 

therefore heterogeneous samples cannot be employed to determine 

K. However, with "V" known and sn arbitrary chosen value of K, 

f3 2 may be saluated. 



Experimental 

1. Materials 

Two different polyvinyl derivatives were used in this 

investigation, polyvinyl acetate (Gelva) and polymet~yl 

methacrylate. The polyvinyl acetate {Gelva 45) used in this 

investigation was a commercial product, supplied by Shawini­

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. ~us, 

a solution of Gelva V 45 has a viscosity of 45 centipoise&. 

This terminology was retained as a convenient method of naming 

the polymers examined. 

The polymethyl methacrylate polymers used in this inves• 

tigation were commercia1 samples. They were supplied by E. I. 

du Font de Nemours and eo. and were identified 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 mesh. 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, in order to remove the above impurities. 
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Procedure ror 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 supported on 

a six-inch Bftchner funnel. The clear filtrate was made up to 

5-6% concentration with acetone and precipitated by pouring 

slowly into distilled '~vater with stirring. llie sticky polymer 

collected on the stirring rod and was removed periodically in­

stead of being permitted to accu:nulate 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. overnigl.tt. The partiaJly dry, 

porous mass was sliced manually with a sharp razor blade into 

small pieces for further drying. Scrupulously clean bJa des and 

rorceps were used in hanclling the polymer. The drying of the 

polymer was completed under vacuum at room temperature (25°C) 

in two or three days. Heating of the polymer was avoided. 

Procedure :for Polymethyl Methacrylate 

In order to remove impurities such as insoluble polymer, 

foreign substances, benzene solutions were filtered in the 

same rashion described in the case of Gelva. Due to diffi­

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 27& 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 precipitated polymer was placed in fresh petroleum ether 

and after several such rinses# the polymer was free from ben­

zene. This required about 16 hours. The product, after the 

solvent exchange with petroleum ether 1 was dried under vacuum 

at roam temperature (25°C) to constant weight. This required 

about 24 hours. A very brittle, snow-white, porous material 

was obtained. Enough polymer was precipitated to last for the 

entire investigation. The samples were stored over CaCl2 

when not in use and evacuated again for several hours when so­

lutions were to be made up from them. 

Solvents 

Chloroform ...;o;;;:;;.-.....,;;;;...;;...;;:;...;;;.;;;-

The chloroform used in all phases of this work was Merck'a 

Reagent grade. The chloroform was dried over calcium chloride 

for 24 hours, distilled over fresh calcium chbride and stored 

over 0 Drier1te" 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 Marek's Reagent grade. It was 

treated in the same manner as chloroform. 

Ethanol 

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

Petroleum Ether 

Mallinckrodt's Reagent grade B.P. 30-6000 petroleum 

ether was used to flocculate polymethyl methacrylate polymer. 

2. Solutions 

The accurate knowledge of concentrations of polymer in 

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=O}. The accu~acy 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 reported. The more satisfactory method and 

the one adopted in this investigation, was to dissolve a known 

weight of polymer in the solvent and make up to any desired 

concentration by weight. In the relatively dilute solutions 

used it is permissible to ass,xme 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 weighed 

sample of solution taken from the apparatus ittaediately after 

a measurement has been made. Such a method~ if 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 ind~terminate amounts of adsorption have 

taken place on the membrane and at the walls. Besides, such a 

method would eliminate the \~steful procedures involving numerous 

washes - an important consideration where molecular weight de­

termination must be made on a limited sample. 

The direct method of determining the amount of polymer in a 

weighed sample of sol"J.ti on by evaporation was found un.:;ati sfac­

tory for the system )Olyvinyl 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 Robertson and Wise. The 

solutions were eva<Jorated directly, in addition, 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. 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 



Calculated 
Residue 

0.0482 
0.0978 
0.1495 
0.0935 

o.0338 
0.0286 
0.1096 
0.0915 
o. 0~502 
o.lc!54 
0.,0180 
o. -. rz ..:}..._') 

Cl. Ot:1Si0 
o. 05:~:1 

TABLE I 

Showing Errors in Evaporation Methods for the System 
Polymethyl Methacrylate - Benzene. 

Temperature 
(OC) 

lOO 
lOO 
100 
lOO 

90 
90 
90 
60 
60 
60 
90 
90 
90 
90 

Time in Hours {% Error) 

24 48 72 

- 0.416 - 1.24 - 1.87 
+ 1.84 + 1.43 + 1.23 
+ 1.27 + 0.87 + 0.54 
+ 0.22 - 0.11 - 0.21 

- 0.89 - 0.89 - 1.48 
+ 8.40 + 7.01 + 5.95 
+ 8.,40 + 9.00 + 7.76 
+ 8.,64 + 6.78 + 5.25 
- 4.65 - 4.,65 ·- 5~31 
+ 1.33 + 0.45 - 0.30 
+ 0,89 + 2.78 
+ 3.86 + 2~57 
+ 3.Ll"7 + 2;65 
+ 4.. ~:)8 + 0.85 

Floccula ting 
Agents 

Water 
Pet. Ether * 
Pet. Ether * 

Water 
Pet. Ether * 
Pet. Ether * 
Cyclohexane 

" " " 
Glass weighing bottles were uae4 in all oases. 

* These samples were flo~culated in petroleum ether B.P. 30-60, and the 
clear supernatant liquid was carefu1ly pipetted out. The precipitate was care­
fully rinsed several times with petroleum ether. The per cent error was based 
on the calculated residue. 

If:>. 
.cp. 
• 
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beaker containing about 25 e.c. of water. The appearance of 

turbidity indicated that polymer was present. Tests with 

this procedure- in the case of Gelva V 45 1 showed that a solu­

tion of 0.11% concentration could be detected with certainty 

on a Fisher A.c. Model Electrophotometer. In the case of the 

system polymethyl methacrylate - chloroform or benzene the con­

tents of the solvent halt-cell (about 10 c.c.) were poured into 

25 c.c. of petroleum ether. Tests carried on known concentra­

tions showed that a solution of 0.0018% could be tested with 

certainty visually. 

3. P~eing ot Polymethyl Methacrylat~ 

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 in the solid state would proceed more slowly. Therefore, 

in order to magnify these changes the polymethyl methacrylate 

samples were aged at 1oooc. 

An air bath was constructed for this purpose large enough 

to hold a large number of glass bombs. The bath consisted ot an 

insulated metal container# 15 inches in diameter and 18 inches 

deep. The outside portion of the vat was wound with two parallel 

layers of nichrome wire heating element, insulated from one 

another, and regulated by a De Khotinsky bi-metallic thermoreg11• 

later. This bath could be maintained at 10dP!1oc without diffi­

culty. 
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Bombs 

The polymers were aged in this 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 soo·- 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 

system. 

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 mer­

cury manometer and secondly, by means of a cormnon tube, to the 

vacuum system. One flask was partially filled with polymer, 

the other was left empty. After evacuation and filling to a 

pressure of i 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. 

M~~h~~o£ Ev1cuation and Fill~ 

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. lA and lB 

Bombs in which Polymer was Aged 

(Fol~owing page 46) 



Fig. 2 

System for Filling and Evacuating 

Glass Bombs 

(Following page 46) 
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and the system evacuated by means of a mercury diffusion pump 

backed by a Hyvac pump to a pressure of about l0-4 MM. 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 air. 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 in the same fashion to a pressure of i atmosPhere. The 

bomb was then sealed at the constriction. 

During the preliminary trials, bombs to be aged in vacuum 

were merely pumped down to 4 x 10-4 mm. of Hg. and sealed off. 

Meanwhile, Tobolsky et al (28) showed that very small amounts 

of oxygen were sufficient to cause definite deterioration of 

rubber. Consequently, later samples, the ones reported in 

this work, were flushed with carbon dioxide. This was achieved 

by condensing gaseous carbon dioxide 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 being pumped off. The purified fraction was 

then admitted through stoqcock 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. Finally the 
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-.4 bomb was evacuated to a pressure or 10 • mm. and sealed off 

at the constriction. The amount of polymer aged in eadn 

bomb was about 12 grams. 

Phrs2-c~t. .. appearance of polyPler arter ageins 

The polymer samples as viewed visually did not fuse together. 

There was also no change in color. They remained snow-white 

during the entire ageing process ranging from two weeks to 

six and one-halr months. 
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Viscosities were measured in a modified Ostwald type of 

viscometer, having an outflow time of 136 seconds for 2.5 c.c. 

of benzene and about 72 seconds for chloroform. The capillary 

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 vertically in the water bath. A standard mercury 

thermoregulator relay system controlled the temperature at 

20 ! o.02°C. Accurate temperature control is of particular 

importance in specific viscosity measurements since a variation 

of as little as O.Ol°C will cause a calculated (105) variation 

of 1% in a specific viscosity determination of 0.05. 

Procedure and calculation of viscosities 

To determine the intrinsic viscosity of a polymer, a 

series of 4 to 6 solutions varying from 0.1 to 0.35% was 

made up by weight in 125 c.c. glass stoppered Erlenmeyer 

flasks. About 50 c.c. of solution 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 chloro-
) 

form solutions of polymethyl methacrylate. 

Just before the determination the viscometer, which had 

been in contact with chrame-sulfuric acid mixture, was thoroughly 
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rinsed with distilled water, dry acetone, then followed by 

dry benzene or chloroform. The viscosity of the solvent used 

in making up the solutions was determined since small de­

viation& in the viscosity of the so!vent can cause appreciable 

errors in the specific viscosity. 

The solutions were allowed to reach approximate tempera­

ture equilibrium 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 applied through a 

drying tube. The viscometer was rinsed twice and in the 

final filling the solution level was adjusted to the graduated 

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 so!utions were made. The solutions were 

measured in the order of increasing concentrations. The 

average deviation was about 0.1 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 can introduce an error of 1% in a specific viscosity of 

o.os. 
Viscosities were calculated from the flow times by the 

formula 
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c ,~ - ,. 

where C end C' are ccnstants of the instrument. 

They are calculated according to Bingham (113) by determining 

the outflow times for freshly boiled distilled water, dry 

benzene, chloroform and acetone. 

p z density of solution- assumed to be the same 

as the solvent in such dilute solutions 

tz the time of flow 

The kinetic energy correction term was or the order of 1.9% 

of the viscosity of the solution in the worst cases. 

From a series of suCh measurements on any sample, the 

intrinsic viscosity ( "'l} is obtained by means of a plot of 

ln !L_ 
1o versus C 

c 

or k 
c 

versus ~ sp 

also from 1?sp versus C, as previously described. 
c 

The value of the characteristic constant k 1 is obtained in the 

first plot by the slope 

• -slope 

In the second plot 

k' = sl~Je 
and in the last plot 

k' slope 

[~]2 
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5. The Osmometer 

Osmotic pressure measuring devices fall generally into 

two classes- static and dynamic. In the dynamic type, first 

used by Berkeley and Rartley (79) and improved by Van Campen 

(114)# Boissonas and Meyer (115) and Obogi 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 is 

taken as the osmotic pressure. 

In the static method, the osmotic pressure of the solu­

tion is balanced by the liquid column due to the impulse of 

solvent into the solution. Static types of osmometera have 

been used by Schulz (117), Dabry (15), Flory (63) and others, 

tor 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. 1:Vhen the cell 

was assembled, the membrane was the gasl(et. 'rhe membranes 

used were fairly soft and according to F'uoss and Mead "only 

moderate pressure (a little more than fingertight) was needed 

to prevent leakage at the edges" of the membrane. One half­

cell, containing the solvent, was connected vr.t th a capillary 

tube, while the other, containing solution, was connected with 

a wide tube, within which was a capillary 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 apparatus 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 reouired to 

reach equilibrium, each half-cell was fitted with a capillary 

tube. This system was found completely inadequate. 1be levels 

in both capillaries dropped at the same time, much greater than 
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the amount attributed to evaporation o£ solvent. The move­

ment o£ the liquid levels in the capillaries was downwards, 

regardless of the relative height o£ the hydrostatic head of 

the thermostating media. This strongly suggested a diffusion 

of solvent £ram the cell into the bath. The cell was emptied 

o£ its contents, and dried, and tested with air pressure o£ 

about twenty-nine lb./sq. inCh but showed no mechanical 

leakage under water. Bolting down the two cell blocks more 

firmly by the use o£ bolts rather than machine screws, the 

rate of drop decreased, but not to such an extent that serious 

error was eliminated. Representative data o£ the leakages ob­

served are shown in Table II. Acetone was the solvent used in 

determining the drops. 

Intensive work on several modi£ications of this cell 

proved conclusively that the membrane did not £orm a satis£ac­

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 leak at the 

sealing £ace. Unfortunately, after a short period of time, the 

cell leaked in between the soldered blocks. This cell was dis­

carded as resoldering proved £ruitless. The final 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 tl~t when solvent is placed in both hal£-cells of the os­

mometer, using denitrated collodion membranes, a di£ference of 

one mm. or more is observed in the levels of the t~ capilla-
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ries. This difference is 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 Institute. It may be further mentioned that results ob­

tained by Fuoss and Mead using horizontal and vert! cal capil• 

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

rections periodically with solvent in each compartment. They 

admitted, however, that the leakage constituted the "chief un• 

certainty about the meas~~ements." 
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TABLE II 

Showing Typical Leakages Observed in the Osmometer 

Type of Membrane Leakage per Hour 

6% NaOH 0.34 cm. 

6% NaOH o.so cm. 

Carter and Record 0.33 cm. 

Denitrated Collodion 0.42 cm. 

Carter and Record 0.064 cm. 

1.5% NaOH 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 

-t" steel bolts 

l" 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 1 

118, 65 1 123, 124 etc.). Thererore the experimental evidence 

on Which the conclusion is based will be presented in some 

detail. 

The fundamental criterion of cell behaviour lay in 

whether the liquid levels in the capillaries or 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 immersing the cell in 

water and applying 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 pinholes 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 filled with solvent and having the mem­

brane as the gasketing material. 

Proof of the Diffusion Process 

It was demonstrated that the dirficulty 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 Foil Limited, Pb - 97.5%; 

Sn - o.s%; Sb - 2%). Such a system was definitely leak tight. 

When filled with solvent and thermostated, the levels remained 

constant over a period ot 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 cel• 

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 vW1ich 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./br.) 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 "Seali t" paint. This reduced the 

rate of leakage, but did not completely eliminate it. Further­

more, the method was inconsistent. 

Recourse was made to gaskets of ncornposition" 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" 
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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 carefully machined a flat 

ring 3 3/4" in outside diameter and 5/16" wide. On one half­

cell this 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 peri­

phery of the ring, on one ·half-cell, was machined a second ring 

1/8" wide and raised o. 012" above the first ring. This se­

cond ring exactly matched a groove in the sealing face of the 

other half-cell, 1/8" ( + o. 004" clearance) wide and o. 012" deep. 

In practice the membrane (F), fitted inside the matching ridge 

and groove, while an annulus of "composition" foil, (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 

media. The two half-cells were clamped together, by means of 

eight t inch, stainless steel bolts at the outer edge of the 

osmometer. 

A 1/8" hole was drilled vertically into one edge of each 

half-cell. This hole connected with a similar one drilled with 

a slight downward slope from the bottom of the vertical groove. 



60. 

In this .fashion, the cell could be .fil:led .from the bottom, thus 

eliminating trapped air bubbles as much as possible. By means 

of a fine pipette, each compartment could be drained 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 o.f the fact that the valve appeared to sit on a sharp 

line. The steel stem was therefore thickly coated with hard 

solder {lead 50%, tin 50%) and then it was machined to auproxi­

mately the same angle. This relatively sort 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 or 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 o.f oil 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 tbe 

cell. 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 groove by means of a 

1/8" drill hole. The steel joint was coated with a very thin 
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layer of sof't solder and covered with a layer of' "Denco" silver­

tin amalgam. The 10/30 f'emale joint was then f'orced f'irmly over 

the male and allowed to harden for twelve hours. Such glass-to-

metal seals could of'ten be made vacuum tight, were tedious to 

construct and in many cases undependable. When replacements 

were required, the f'emale 10/30 joint could be removed easily by 

surrounding it with absorbent cotton and a small amount of 

liquid air poured on the surf'ace. 

A much more superior method was that used by Fuoss and 

Mead (119). T'h.e pyrex capillary was connected to a "Fernico" 

bushing, (supplied by General Electric Company, Schenectady, 

N.Y,), (D) through a graded seal of' corning AO and uranium 

glass. T'h.e "Fernico" was, in turn, soldered to a brass nipple,, 

which screwed into the top of' the cell block. The joint was 

made leak tight by solder tipping the !'ace of' the male brass 

nipple. The capillaries were supported and aligned verti-

call y by means ot 

The capillary tubing used on each half-cell was cut f'rom 

the same piece of tubing of' calibrated unifonm bore of' about 

0.5 mm. in diameter. The mean diameter varied by no more than 

+ i!l - lJO• Since the capillary rise was of the order of' 1.5 cm. for 

acetone and 1.0 om. for chloroform, the error in the readings, 

due to difference in capiHary rise in the two tubes, was only 

about 0.015 cm. and 0.01 cm. respectively. 

In order to eliminate errors due to evaporation of solvent 

.from the capil:'_aries, which was indesd appreciable for acetone 
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and chlorororm~ the ends of the capillaries were ritted vdth 

10/30 ground glass joints and connected by a Y glass joint to 

a ther.mostated 100 c.c. reservoir half full of solvent. This 

reduced the rate of evaporation from 0.05 - 0.06 to 0.01 cm. 

per hrur 1 which is of the order of exp,:.rimental error. The re­

servoir was clamped on the wall of the bath. 

The assembly of the cell required very great care on account 

or the tendency of the membrane to lose its permeability on very 

slight drying {106). Invariably two persons were required. The 

half-cell containing the composition roil gasket 0.014" thick 

was placed in a slightly inclined position having the filling 

tube in the higher level. The half-cell was fitted with two re­

movable guide posts. As the cell was being rlooded~ a membrane 

was fitted and flooding was continued to prevent the membrane 

from drying until the two half-ce Jl s were firmly bolted to­

gether. More solvent was added through the filling 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 hydroxide do not adsorb appreciable amounts of polymer 

from the solution. In the relatively low concentrations used 

in this investigation rough trials with the static osmometer 
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indicated that sufficient adsorption does take place to cause 

an error of about two - three per cent. Consequently the 

freshly installed membrane was accommodated 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 finally filled. The solvent 

was similarly replaced. Bubbles were partialJy 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. More sol vent and sol uti on were 

added and the valves inserted and tightened. 

Final adjustments on the liquid levels were made by adding 

or removing the solution and solvent througp the upper ends of 

the vertical glass tubes connecting with 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 similar effect has been 

reported by Gee (123) using a Carter and Record osmometer. 

These bubbles manifested themselves; in extreme cases, by. 

actual appearance of bubbles in capillaries, in milder cases, 

by a continuous rise in the capillary levels, or even a con­

tinuous drop - the drop however was not very sever~ about 

0.04 cm. 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 is 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 used. It has been found 

empirically that the bubble trouble was much more pronounced 

when a fresh membrane WSI!i 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 its low wetting 

angle, the disadvantage being,however, that it has a low per­

meability through the membrane. Chloroform is more trouble­

some than benzene but less troublesome than acetone. Similar 

observations 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 capillaries 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

sisted in placing the cell block in an oil bath at 32° c. for 
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several hours, with the valves closed to prevent evaporation. 

The cell was then oscillated every twenty minutes. In this 

manner usually a £ew tiny bubbles came out o£ 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. Tho third method, and the preferable 

one, was to £ill the cell slowly and oscillate after each in­

crement o£ liquid. When the cell was filled, the liquid le­

vels were gently oscillated, as before, through the filling 

tubes. The osmometer was placed in the 30° c. bath and os­

cillated periodically for the £irst several hours~ Then, a 

little gentle oscillation applied on top of the capillaries 

removed the bubbles, which were trapped on the upper portion 

of the cell face adjacent to the outlet. 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 5 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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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 periods 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 Tem29rature Bath 

The osmometer was thermostated at 30° c. Air, water and 

oil baths were tried. The air bath was found to give inade­

quate control over fairly long periods 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 weekly9 

tne advantage being, however, that it was much cleaner to work 

with. With the gold-plated cell, a bath containing Shell Iris 

19 oil was used. Control was achieved by means of a 150 watt 

bulb heater, coated with black paint to eliminate glare. A 

variable resistance was wired in series with the heater. The 

bath was controlled by a mercury thermoregulator actuating a 

supersensitive relay. The thermoregulator consisted of four 

prongs of t 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 sensitive by means of a Guoy Inter­

rupter (126). However, a much more sensitive arrangement was 

obtained by installing a vibrator on the thermoregulator. This 

consisted of a buretteClamp attached to the thermoregulator. 
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The~amp was attached to a long iron bar to which the stir­

ring motors were clamped. The thermoregulator was suspended 

vertically by means of two wires attached on opposite wells of 

the bath. CohtrOl was of the order of !0.001°C. for periods of 

twenty-four hours or more. The mercury thread in the Beckman 

thermometer, 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. This difference was taken as the 

osmotic pressure. The levels were measured with a cathetometer 

good to !.005 cm. The time required to reach equilibrium de­

pends on the specific permeability of the membrane, the dia­

meter of the capillary, and on the rigidity with which the mem­

brane is held in place (63). or these the most important is 

the last. 

If the membrane is not held rigidly enough, any differen­

tial between the tvo 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 ita 

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 is 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-

meability greater. Consequently, the apparent permeability 

diminishes with decreasing osmotic pressure. When the mem-

brane is held rigidly, the permeability of the membrane is 

practically constant. This is clearly shown in Table III. 

The relation of permeability to osmotic pressure deter-

mines the lowest osmotic pressure which can be measured with 

the osmometer. When the permeability becomes so low that the 

osmotic pressure is not reached within a reasonable length of 

time, fairly satisfactory results may be arrived at by ap-

preaching 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 between the two values 

increases. In this investigation every effort was made to 

have a reasonably rigid membrane so that the two values 

agreed within cathetometer reading error etc. 

The specific permeability is defined by Manegold and eo­

workers (127, 128) as 

P = D"ld 

where D is the ml./sq.cm/sec. under a pressure of 1 cm. of 

water, ~ is the viscosity of the solvent in poises - for 

chloroform at 30°C. ~ = 0.00522 and d is thickness of the 

membrane in centimeters, about 7.5 x lo- 3• 



Polymer 

NDR 474 

NDR 471 

TLf.LE III 

Relation Between Osmotic Pressure an_Q,_ Perme_abj.J_i_:l,jy_ _ _ ___ _ 

Concentration 
32 gm/100 ml. 

0.4007 
0.5030 
0.6303 
O. 8J.O? 
o. 

0.3589 
0.3774 
0.4508 
0.5488 
0.7746 
0.9866 

Osmotic 
Pressure 

cm. of 
chloroform 

0.357 
0.499 
0.769 
1.081 
1.558 

0.239 
a.280 
0.355 
0.511 
0.913 
1.431 

Permeabi ty Permeability 
cmjhr /cm. 
of chloroform 

pressure 

a. 416 iH!­

o. 470 i!-·:<-

0.165 i!-
0. 457 i~·it· 

0.164 i:· 

1.349 
1.211 
1.336 
o. 528 ,~~ 

1.393 
a. 448 i~:;. 

6.96 
7.88 
2.76 
7.65 
2.74 

X 10-12 
X 10-12 
x 10 -12 
x 10 -12 
x 10-12 

13.6 x 10-12 
12.2 x 10 -12 
13.4 x 10-12 
8.8 x 10-12 

1LJ:.o x 10-12 
7.51 x 10-12 

NDR 359 0.4970 0.366 0.164 * 2.74 x 10-~~ 
0.6093 a.510 1.41.4 14.2 X 10-~ 
a. 8295 o. 918 1. 135 11.4 x 10-i~ 
0.9864 1.312 l.lt!:8 11.5 X 10- ~ 

~• starred values were obtained When the membrane had a considerable amount 
of flap. 

iH!- 'fue double starred values were obtained when the membrane was held more 
rigidly1 achieved by closer machining. 
The non-starred values were obtained with a similar osmometer, but having a 
larger working surface or cell face. 

Cl 
(.0 

• 



70. 

6. Membranes 

The preparation of suitable membranes, the most diffi­

cult and most critical step in osmotic determination, is 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 

a 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 semi-permeable as possible. With 

samples of polymer that are quite heterogeneous, parti­

cular care must be taken to make certain that the lower 

molecular weight material does not pass through the 

membrane. For example, the passage through the membrane 

ot 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 permeability 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. 



71. 

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 Canadian 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 plasticizers 

(2) The adjustment of the permeability 

(3} The accommodation of the membrane to organic solvents. 

The general method suggested by Carter and Record (106) was 

used to obtain membranes having low permeability, 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, is 

not uniform in all directions. The membranes were therefore 

not cut to the desired size and shape until after this initial 

boiling. In order to allow for shrinkage, circles were cut 

from the squares l/8 inch too large. Final traces of plasti­

cizer were then removed by boiling in water a second time for 

one hour. 

After removal of the plasticizer the membranes were soaked 

in 2~ NaOH solution for 15 minutes at ~5°0. 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 Drierite 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 permeability 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 remained 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 alcohol 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 semi-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 witha solution 

of 3% Gelva V 45 in acetone 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 seal the cell. The preparation follows 

the general procedure of Montonna and Jilk (129) and of Flory 

(63). A ring of monel metal six inches in diameter was floated 

on a clean mercury surfacQ and as free from vibrations as 

possible. Into this was run 80 ml. of Marek's C.P. collodion, 

care being taken to avoid the formation of bubbles. After 

several hours the membrane was removed from the mercury by 

lifting the monel metal. The monel metal to which the membrane was 

firmly fastened was dipped in distilled water in order to 



remove the last traces of solvent. The ridge on the peri­

phery of the membrane was carefully cut off and the membrane 

deni trated. D1n1trat1on was originally carried out in a 

mixture of 900 ml. of 5N ammonium hydroxide and 100 ml. of 
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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 substantiated 

in the present work. Membranes prepared in this way tended 

to shrink on being installed in the cell and surrounded with 

acetone, in spite of the fact that they had been previously 

kept in dry acetone 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 denitration the mem­

branes were washed in water, carbon disulphide and acetone in 

the order named, after which they were accommodated to solvent 

in the same manner as for cellophane membranes. 

It may be mentioned, however, that according to Morton 

(131) and McBain and Kistler (133) membranes swollen in water 

do not decrease appreciably in swelling on treatment with 

alcohol, and consequently do not lose the permeability imparted 

to them due to the initial swelling. 



7. An Attempt to Determine the Osmotic 
Pressures of Very Dilute Solutions 
with Copper Ferrocyanide Membranes 

75. 

The first direct measurements of osmotic pressures of 

aqueous sugar solutions were made by the botanist Pfeffer (134) 

in 1877, using inert copper ferrocyanide membranes 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 weight of sucrose solutions with copper 

ferrocyanide membranes. The work of Morse {135) has demon­

strated the efficiency of this type of membrane for aqueous 

solutions. 

With a view to eliminating and elucidating some inherent 

difficulties, such as membrane flap, adsorption effects, 

leakages through the organic membrane,and bubble formation 

present in most osmometers, recourse was made to the use of 

sintered glass impregnated with a presumably inert membrane 

of copper ferrocyanide. As far as the writer is aware, the 

use of this 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 suitable for non-aqueous solutions. 

Provided that this type of static osmometer is semiM 

permeable, which is a prerequisite for the true determination 

of molecular weights, leakages and membrane 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 is shown schematically in Figure 4. The valves and 

glass to metal seals were made as already described in a pre­

vious section. The cell was 2.5 cm. in diameter at the base 

and had a capacity of 6 c.c. 

Morae (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 achieved by electrolysing with a sol­

ution of 0.005 N K2S04 as follows: 

The cell was nearly filled with 0.005 N K2S04 solution and 

immersed in a 150 c.c. beaker containing the same solution to 

the lower limit of the glazed portion. The electrodes were of 

platinum and the one within 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 dis­

tilled water and soaked in water for several hours. The arrangement 

for the deposition of the membrane was as follows: 

The anode 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, carrying a platinum cathode. The circuit was closed, 

and as nearly simultaneously as possible the cell and the vessel 

outside of it were filled with 1 N K2(FeCN)s and 0.1 N CuS04 

respectively. The ferrocyanide solution was renewed period!-
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cally. The solutions were electrolyzed slowly far about i-hour 

employing 1.5 amperes for this purpose. In some cases better 

semi-permeability was obtained by allowing 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 imbedded in the sintered glass disc, 

the cell was thoroughly washed with ethyl alcohol and then 

acetone until free from water. The cell was then stored for 

several hours in the organic solvent to be used. 

The osmometer was tested for semi-permeability with a 

chloroform saution 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 had been estab­

lished with the static brass osmometer having a caustic treated 

cellophane 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 obtained with a cellophane membrane, 

although the osmotic pressure was constant for at least 24 

hours. The permeability had increased somewhat and a very 

faint polymer test was found in the solvent side. Presumably, 

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 is, however, the source of air is 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 acetone, whose molecular weight 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 

is given. 

TABLE IV 

Osmotic pressure values obtained with a 
copper ferrocyanide membrane and caustic treated 

cellophane membranes for polymethyl methacrylate NDR 359 

TT p 
--c 1T 

Copper -c Specific 
Gonc'n. ferro- Cellophane permea-

gm/lOO c.c. czanide membrane bilitz Remarks 

0.6000 1.097 1.243 3.6xlo-11 differential con-
atant for about 
12 hours 

0.8106 1.705 1.610 n tt If 

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 1.289 1.440 1.5xlo-11 constant for st 
1.056 1.861 1.958 

days 

0 0.10 0.19 



Where possible the specific permeability of the copper 

ferrocyanide membrane is given. 
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When the copper ferrocyanide membrane appeared no longer 

semi-permeable, it was removed with a solution of 10% sodium 

hydroxide containing a little "Rochelle" salt. The next 

membrane was precipitated as described previously. 



RESULTS 

1. Viscosities of Aged Polymers 

As has already been mentioned, ageing of polymethyl meth­

acrylate studied by Mcintosn 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. 

Viscosity measurements for all aged samples were deter­

mined in benzene and in chloroform in order to obtain some 

idea of the interaction between solute and solvent. It was 

also of interest to note any changes that might occur in the 

characteristic constant k', as discussed in the theoretical 

introduction. 

In Table V typical viscosity data are shown for unaged 

polymethyl methacrylate NDR 359 in benzene. The viscosity data 

of all the samples are summarized in Table VI and in Figure s. 
Typical viscosity results for unaged polymethyl metha­

crylate NDR 359 in chloroform are shown in Table VII. The 

results of all the samples are summarized in Table VIlland 

in Figure 6. 

For the sake of clatity, only the sample aged in vacuo 

for the longest period of time is shown in the graphs. The 

others have a slightly higher intrinsic viscosity and are 

crowded too closely together. The calculation of C and er 

has been described in a preceding section. 



TABLE V 

Typical Viscosity Measurements for 
Unaged Polymethyl Methacrylate NDR 359 in Benzene 

Concentration Flow time C1 P '1 gm/100 c.c. (secs.) cPt ~ 

0.1000 279.7 1.348 0.004 1.344 

0.1231 322.8 1.556 0.003 1.553 

0.1616 410.2 1.977 0.003 1.974 

0.1891 475.3 2.291 0.002 2.289 

0.2256 5tl5.1 2.772 0,002 2.770 

0.2560 669.1 3.225 0.002 2.223 

Benzene 135.9 0.6549 o.ooa 0.647 

o.o --- --- --- ---

ln 11 /'to 
c 

7.321 

7.119 

6.904 

6.685 

6.448 

6.276 

7.96 

(X) 

..... . 
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TABLE VI 

Viscosity of Aged Polymethy1 Methacrylate NDR 359 
in Benzene 

Treatment of Concentration 
lt 

1n 'lJL,o 
Lab. No. polymer gm/100 c.c. 0 

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 
0.2256 2.770 6.448 
0.2560 2.223 6.276 
o.o 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 
o.o 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 
o.o 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 
o.o 7.52 

NDR 359J 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 
o.o 6.86 
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TABLE VI (contd.) 

Viscosity of Aged Polymethyl Methacrylate NDR 359 
in Benzene 

Treatment of Concentration 
~ 

lnlfL ~o 
Lab. No. polymer gm/100 c.c. 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 
o.o 7.55 

NDR 359P in oxygen 127 0.0999 1.169 5.965 
days 0.1291 1.345 5.699 

(Fig. 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 
o.o 6.50 

NDR 359M in vacuo 195 days 0.1039 1.317 6.847 
{Fig. 5 curve No. 2) 0.1408 1.642 6.615 

0.1759 2.001 6.419 
0.2238 2.582 6.184 
0.2490 2.873 5.988 
o.o 7.41 

NDR 359N in oxygen 195 days 0.0996 1.158 5.841 
(Fig. 5 curve No. 6) 0.1283 1.356 5.765 

0.1669 1.4560 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 
o.o 6.44 
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Viscosity or Polymethyl Methaarylate NDR 359 in Benzene 

Curve 1 NDR 359 control 

" 2 NDR 359M aged Si months in vacuo 

" 3 NDR 359 L aged 2 weeks in i atm. oxygen 

n 4 NDR 359J aged 3 months in i atm. oxygen 

" 5 NDR 359P aged 4-l months in i atm. oxygen 

n 6 NDR 359N aged Si months in i atm. oxygen 

(Fol l owing page 83} 



TABLE VII 

Typical Viscosity Measurements for Unaged Polymethyl Methacrylate NDR 359 
in Chloroform 

Concentration Flow time C'P 

' gm/lOO c.c. (sec.) eft t -
0.1016 171.6 1.404 0.015 1.389 

0.1017 171.9 1.406 0.015 1.391 

0.1243 202.6 1.658 0.013 1.645 

0.1413 229.6 1.878 o.o11 1.867 

0.1646 270.2 2.210 0.010 2.200 

0.1882 313.8 2.566 0.008 2.558 

0.2258 393.2 3.216 0.007 3.209 

0 .. 2503 458.5 3.751 0.006 3.745 

0.2915 574.7 4.700 0.005 4.695 

Solvent 72.2 0.5905 0.0356 0.5549 

o.o --- --- --- ---

1n 6/?fo 

9.040 

9.038 

8.804 

8.590 

8.366 

8.121 

7.773 

7.632 

7.328 

10.06 

CD 
~ . 



TABLE VIII 

Viscosity of Aged Po1ymethyl Methacrylate NDR 359 
in Chloroform 

Treatment of 
Lab. No. polymer 

NDR 359 Unaged, Fig. 6 
curve No. 1 

NDR 359K in vacuo 
15 days 

NDR 359L in oxygen 
15 days 

(Fig. 6, curve 
no. 3) 

NDR 359I in vacuo 
90 days 

NDR 359J in oxygen 
90 days 

{Fig. 6, curve 
no. 5) 

NDR 359 0 in vacuo 
127 days 

Concentration 
gm/100 c.c. 

0.1016 
0.1017 
0.1243 
0.1413 
0.1646 
0.1882 
0.2258 
0.2503 
0.2915 
o.o 
0.0969 
0.1434 
0.1813 
0.2275 
o.o 
0.1064 
0.1503 
0.1835 
0.2042 
o.o 
0.1104 
0.1311 
0.1601 
0.2013 
0.2357 
o.o 
0.1035 
0.1257 
0.1571 
0.3010 
0.2402 
0.2633 
o.o 
0.1095 
0.1241 
0.1640 
0.2114 
0.2367 
o.o 

1.389 
1.391 
1.645 
1.867 
2.200 
2.558 
3.209 
3.745 
4.695 

1.301 
1.834 
2.354 
3.087 

1.336 
1.785 
2.226 
2.489 

1.452 
1.691 
2.048 
2.667 
3.266 

1.264 
1.479 
1.791 
2.341 
2.918 
3.261 

1.452 
1.607 
2.097 
2.817 
3.248 

85. 

ln "tJ/lo 
c 

9.040 
9.038 
8.804 
8.590 
8.366 
8.121 
7.773 
7.632 
7.328 

10.06 

8.788 
8.339 
7.977 
7.561 
9.70 

8.245 
7.773 
7.5'10 
7.353 
9.19 

8.553 
8.366 
8.048 
7.711 
7.447 
9.59 

7.784 
7.661 
7.345 
7.074 
6.837 
6.659 
8.53 

8.624 
8.426 
8.002 
7.600 
7.391 
9.59 



TABLE VIII (contd) 

Viscosity of Aged Polymethyl Methacrylate NDR 359 
in Chloroform 

Lab. No. 

NDR 359P 

NDR 359M 

NLR 359N 

Treatment of 
polymer 

in oxygen 
127 days 

(Fig. 6, curve 
no. 4) 

in vacuo 
195 days 

(Fig. 6, curve 
no. 2} 

in oxygen 
195 days 

(Fig. 6, curve 
no. 6} 

Concentration 
gm/100 c.c. 

0.0994 
0.1362 
0.1524 
0.1862 
0.2129 
0.2524 
o.o 
0.1056 
0.1231 
0.1577 
0.2037 
0.2431 
0.2761 
o.o 
0.1088 
0.1339 
0.1731 
0.2074 
0.2578 
0.2794 
o.o 

1.200 
1.514 
1.688 
2.060 
2.269 
2.743 

1.395 
1.579 
2.010 
2.675 
3.386 
4.025 

1.260 
1.462 
1.901 
2.230 
2.897 
3.243 

86. 

1n "1/'lo 
c 

7.729 
7.345 
7.280 
7.026 
6.609 
6.320 
8.65 

8.563 
8.352 
8.052 
7.635 
7.369 
7.114 
9.48 

7.372 
7.106 
7.013 
6.621 
6.342 
6.258 
8.13 

The changes in intrinsic viscosity of chloroform and 

benzene solutions 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 appreciable amount of scattering of the 

ln "lr values for the polymers aged in the presence of oxygen. 
c 

The dispersion appears to be more marked in benzene 

than in chloroform solutions. The lower molecular weight 

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 insufficient time allowed to effect complete solu· 

bility, several benzene 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 

Solution No. Cone. gm/100 e.e. Age of sol. 

1 

2 

0.1215 

0.1221 

0.1225 

24 hours 

48 hours 

96 hours 

ln'ltr 
c 

5.730 

5.920 

5.660 

On the basis of these figures the time involved in dis-

solving the polymer does not explain the scattering observed. 

It is very likely, however, since the polymer was precipitated 

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 is supported by viscosity measurements on the unaged 

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 is approximately 25 per cent higher 

than that obtained with benzene. Therefore, it 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 appreciable. 

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 than NDR 359J aged 

in oxygen 90 days (Fig. 6, curve No. 5). 

Summaries of the data for polymethyl methacrylate samples 

NDR 471 and NDR 474 both in benzene and in chloroform solutions 

are given in Tables X and XI, XII and XIII respectively. A 

graphical representation of the change in intrinsic viscosities 

ot the polymers is given in Fig. 8, where the intrinsic viscosity 

is plotted against time. 
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TABLE X 

Viscosity of Aged Polymethy1 Methacrylate NDR 471 
in Benzene 

Treatment of Concentration ?J 1n "lL!o 
Lab. No. polymer gm/100 c.c. c 

NDR 471 Una.ged 0.0997 0.9684 4.051 
0.1563 1.192 3.914 
0.2094 1.438 3.815 
0.2555 1.660 3.691 
0.333? 2.097 3.526 
0.3753 2.3?9 3.4?1 
o.o 4.28 

NDR 471K In vacuo 0.0552 0.80?4 4.185 
15 days 0.104? 0.9?63 4.021 

0.2083 1.425 3.836 
0.3646 2.232 3.423 
0.4009 2.497 3.393 
o.o 4.29 

NDR 4?1L In oxy~en 0.0509 0.7894 4.158 
15 days 0.1640 1.204 3.865 

0.2215 1.462 3.739 
0.2?83 1.?44 3.608 
0.3452 2.099 3.445 
o.o 4.24 

NDR 471 I In vacuo 0.1025 0.9812 4.132 
90 days 0.1517 1.183 4.024 

0.2019 1.400 3.859 
0.2616 1.?3? 3.768 
0.3441 2.176 3.547 
0.4132 2.647 3.427 
o.o 4.36 

NDR 471J In oxygen 0.1003 0.9442 3.841 
90 days 0.1368 1.0?9 3.796 

0.1985 1.308 3.583 
0.2?36 1.619 3.3?8 
0.315? 1.821 3.301 
0.0 4.09 

NDR 471 0 In vacuo 0.0983 0.9660 4.084 
127 days 0.1420 1.128 3.918 

0.2069 1.401 3.736 
0.3215 1.992 3.500 
0.3776 2.319 3.390 
o.o 4.28 
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TABLE X ( contd) 

Viscosity of Aged Polymethyl Methacrylate NDR 471 
in Benzene 

Treatment of Cone en tra ti on 
~ 

ln lt~o 
Lab. No. polymer gm/100 c.c. c 

NDR 471P In oxygen 0.1011 0.9259 3.571 
127 days 0.1466 1.080 3.516 

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 0.9425 3.877 
195 days 0.1510 1.164 3.882 

0.2024 1.364 3.684 
0.2669 1.665 3.541 
0.3031 1.875 3.510 
0.3704 2.240 3.347 
o.o 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 
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TABLE XI 

Viscosity of Aged Polymethyl Methacrylate NDR 471 
in Chloroform 

Treatment of Concentration 
~ 

ln ~L_'{o 
Lab. No. polymer gm/100 c.c. 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 
0.2554 1.823 4.588 
0.3048 2.185 4.439 
0.0 5.62 

NDR 471K In vacuo 0.1059 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 0.1570 1.216 4.999 

0.2126 1.525 4.754 
0.3024 2.143 4.470 
0.3787 2.751 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 1.494 4.785 
0.2770 1.979 4.528 
0.3422 2.491 4.337 
0.3919 2.911 4.184 
o.o 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 4.074 
0.0 5.16 

NDR 471 0 In vacuo 0.0963 0.9310 5.187 
127 days 0.1479 1.181 4.986 

0.2004 1.468 4.765 
0.2519 1.788 4.576 
0.3490 2.517 4.282 
0.3951 2.911 4.151 
o.o 5.55 



TABLE XI (contd) 

Viscosity of Aged Po1ymethy1 Methacrylate NDR 471 
in Chloroform 

92. 

Treatment of Concentration 
'l 

1n ~i'\o 
gm/100 c.c. Lab. No. polymer c 

NDR 471P In oxygen 0.1000 0.9040 4.703 
127 days 0.1525 1.127 4.528 

0.2123 1.397 4.266 
0.2905 1.830 4.047 
0.3521 2.187 3.846 
o.o 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 1.629 4.251 

0.3146 2.024 4.058 
0.3770 2.496 3.943 
o.o 4.93 
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TABLE XII 

Viscosity of Aged Polymethyl Methacrylate NDR 474 
in Benzene 

Treatment of' Cone antra ti on 
~ 

ln 1-tL"lo 
Lab. No. polymer gm/100 c.c. 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 3.252 
0.3583 1.998 3.181 
0.4139 2.272 3.091 
o.o 3.69 

NDR 474L In oxygen 0.0500 0.7576 3.361 
15 days 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 
o.o 3.43 

NDR 474 I In vacuo 0.1039 0.9208 3.453 
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 
o.o 3.65 

NDR 474J In oxygen 0.0954 0.8843 3.321 
90days 0.1452 1.024 3.192 

0.2099 1.234 3.092 
0.2691 1.439 2.986 
0.4005 1.942 2.755 
0.0 3.47 

NDR 474 0 In vacuo 0.1004 0.9055 3.345 
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 
o.o 3.54 
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TABLE XII (contd) 

Viscosity of Aged Polymethyl Methacrylate NDR 474 
in Benzene 

Treatment of Concentration 
1 

1n '»t /'\o 
Lab. No. po1yner gm/100 c.c. c 

NDR 474 P In oxygen 0.0992 0.8776 3.101 
127 days 0.1571 1.041 3.044 

0.2086 1.181 2.899 
0.2544 1.323 2.824 
0.2987 1.466 2.748 
o.o 3.28 

NDR 474 M In vacuo 0.1016 0.9214 3.488 
195 days 0.1672 1.096 3.357 

0.1986 1.260 3.318 
0.2664 1.466 3.193 
0.3121 1.690 3.078 
o.o 3.68 

NDR 474 N In oxygen 0.1023 0.8896 3.118 
195 days 0.1517 1.017 2.984 

0.2080 1.186 2.914 
0.2698 1.367 2.854 
0.3056 1.497 2.148 
o.o 3.27 
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TABLE XIII 

Viscosity of Aged Polymethyl Methacrylate NDR 474 
in Chloroform 

Treatment of Concentration 
~ 

ln~/\o 
Lab. No. polymer gm/lOO c.o. 

NDR 474 Unaged 0.0996 0.8842 4.501 
0.1463 1.068 4.353 
0.1'711 1.1'75 4.27'7 
0.2574 1.581 3.999 
0.3084 1.864 3.870 
0.3567 2.153 3.753 
0.3758 2.274 3.707 
o.o 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 
0.3641 2.191 3.756 
o.o 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 
0.2803 1.619 3.809 
0.3727 2.124 3.594 
o.o 4.66 

NDR 474 I In vacuo 0.1105 0.9040 4.255 
90 days 0.1536 1.066 4.135 

0.2018 1.257 3.965 
0.3024 1.722 3.685 
0.3567 2,036 3.596 
0.4807 2.802 3.332 
o.o 4.55 

NDR 474J In oxygen 0.1229 0.9411 4.153 
90 days 0.1581 1.065 4.013 

0.2099 1.265 3.841 
0.2816 1.585 3.665 
0.3629 2.007 3.492 
o.o 4.45 

NDR 474 0 In vacuo 0.1072 0.8965 4.309 
127 days 0.1518 1.062 4.159 

0.2022 1.276 4.031 
0.2532 1.519 3.906 
0.3585 2.080 3.637 
0.4180 2.447 3.508 
o.o 4.55 
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TABLE XIII ( contd) 

Viscosity of Aged Po1ymethy1 Methacrylate NDR 474 
in Chloroform 

Treatment of Concentration 1t 1n~/lo 
Lab. No. polymer gm/100 c.c. c 
NDR 474P In oxygen 0.1161 0.8910 3.928 

127 days 0.1494 1.011 3.895 
0.2109 1.220 3.652 
o.270:J. 1.465 3.530 
0.3491 1.826 3.360 
0.4148 2.187 3.264 
0.0 4.17 

NDR 474a 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 3.686 
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 
0.2537 1.438 3.683 
0.3089 1.683 3.535 
0.3989 2.167 3.372 
o.o 4.22 
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With reference to all the samples measured, the changes 

in intrinsic viscosity are greatest with NDR 359. It is in­

teresting to note the initial marked drop in viscosity 

suffered by NDR 359 aged in vacuo, after which it remained 

practically constant with further ageing. The polymers with 

the longest chain 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 above 0.25 gm/100 c.c. in 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 di!sobutylene. As degeneration increased, 

the variation of ln r/C from linearity decreased, however. 

According to Staudinger (17) polyvinyl derivatives are 

linear colloids 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 deviates 

from Hagen-Poisseuilles' 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 dissolving agent in which the thread-like molecules 

are strongly solvated is higher than in a poor dissolving 

agent. This effect is remarkably demonstrated with polymethyl 

methacrylate in benzene and in chloroform solutions. The 

polymer has a much higher intrinsic viscosity in the latter 

solvent. For comparative purposes the intrinsic viscosities 

and the characteristic constants k' of all the samples studied 

are s~~arized in Table XIV. 

Hydrodynamic ccnstant k' 

In agreement with Huggins (76) and others (17, 104), the 

k' in this investigation appears to be very slightly dependent 

on the molecular weight. 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 1 in the case of fractionated 

and unfractionated polymethyl methacrylate in chloroform. How­

ever, other values ranging from 0.26 to 0.33 haw been swnrnarize:d 

by Schulz and eo-workers (139) for the same polymer-solvent 

system. 



TABLE XIV 

Summary of Intrinsic Viscosities and k' Values 
for all samples studied in this work 

NDR 359 NDR 471 NDR 474 
in in in in in in 

Time aged at Benzene Chloroform Benzene Chloroform Benzene Chloroform 
Lab. No. 100°0 (") 

l{t ()\ k' 
~' 

k' {)} k' (~l k' ("'\) k' 

Control 0 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 -i 7.26 o. 39 9.19 0.39 4.24 0.37 5.56 0.38 3.43 0.36 4.66 0.37 
atm. 02 

I 3 mo.in Vacuo 7.52 0.41 9.59 0.40 4.36 0.38 5.58 0.37 3.65 0.35 4.55 0.37 

J 3 mo. in i 6.86 0.39 8. 53 0.40 4.09 0.36 5.16 0.38 3.47 0.35 4.45 0.36 
atm. 02 

0 4t mo. in 7.55 0.40 9.59 0.40 4.28 0.37 5.55 0.38 3.54 0.35 4.55 0.38 
Vacuo 

p 4t mo. in t 6.50 0.37 8.65 0.38 3.82 0.35 5.04 0.37 3.28 0.35 4.17 0.37 
atm. 02 

M et 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 si mo. in t 6.42 0.37 8.13 0.40 3.95 0.35 4.93 0.39 3.27 0.35 4.22 0.38 
atm. 02 

Ave. k' .39 0.40 0.37 0.38 0.36 0.37 

<0 
<0 
• 
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{9) 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 is 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. T.he solvents employed were chloroform, 

benzene and acetone. The results obtained are summarized in 

TABLE XV and in Figure 9. 

As is shovm in Figure 9 two lines of different Slope 

(curves l and 2) were obtained for the system 
TT V 45, but gave identical limiting ~values. 

chloroform - Gelva 

The line with the 

higher slope (curve l) was obta.i.ned with an osmometer in which 

the membrane was held more rigidly in place; whereas, the line 

with the smaller slope (curve 2) was obtained with another 

osmometer having an appreciable amount of membrane flap. However, 

as closer machining was obtained and the membrane held more 

rigidly in place, excellent agreement resulted between the tw::> 

osmotic cells. As shovm in the tables, the molecular weight 

of Gelva V 45 in chloroform, benzene and acetone is identical. 

A further discussion of these results and the necessary correc­

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 Membranes 

System Conc.n Osmotic TT TT TT RTdl 2 
gm/100 c.c. gm/cm 2 cz c-2- c2 Pressure 

in cm. of' 3Mld23 

solvent 

Chloroform- 1.186 4.08 6.01 5.07 4.98 
Gelva V 45 0.7904 2.18 3.21 4.06 4.02 
(Membrane 0,5856 1.38 2.03 3.47 3.45 
flan nresent) 0,9648 3.04 4.47 4.62 4.56 
(Fig: 9 Line 2) o.o - - 1.84 1.85 

Chloroform- 1.0037 3.57 5. 5.23 5 • lr7 
Gelva V 45 0.4053 0.898 1. ~-)2 0.25 ·;: ?.1 

t). ···~ '""" 

(Membrane flap 1.0278 ;;:). 70 5.44 5.30 .... 
;") . 

negligible) 0.7513 2.28 3.35 11,. 4? 4. 
(Fig. 9 Line 1) o.o -- - 1.84 1.8'7 

Benzene-Gel- 0.'7880 ~~.81 0 
/.,;. 3.09 3.05 

va V 45 0.9'768 3. rrrr; 0.27 3.35 3.30 
(Fig. 9 Line 3) 1.177 I 0'"..!' 

~ • .._it.) t.:o. 28 3.64 3.56 
o.o - - 1. 1.84 

Acetone-
Gelva V 45 0.5937 2.06 J .• :.~. 71 2.69 
(Fig. 9 Line 4) 0.9972 ~- :~~8 3.~5 3.36 3.29 

0.2'703 0.770 O.G02 2.23 2.22 
o.o - 1.80 1.82 

1-' 
0 ..... 
• 



Figure 9 

Dependence of Osmotic Pressure on Concentration for Solu-

tions of Polyvinyl Acetate, G. V 45, in Various Solvents and 

Various Membranes. 

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

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

Curve 3 Gelva V 45 in benzene (2% caustic membrane) 

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

Curve 5 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 in 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 satisfactory, while others have remarked 

that such membranes were found uns1Ji table (129), but have 

not stated the source of difficulty. Robertson (7) and 

Mcinto!h and co-workers{69) have found that membranes pre­

pared by the Carter and Record method gave molecular weights 

Which were not in agreem,~t with those obtained using caustic 

treated cellophane membranes. They found that adsorption of 

polymer occurred on the cellophane membranes when the man• 

branes are prepared by the Carter and Record method. Further• 

more, time lags in 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. \Vhen 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 Figure 9, Line 5. 
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TABLE XVI 

Osmotic Pressure Data for Gelva V 45 in Acetone Using a 
Carter and Record Membrane 

Cone. Filling 
gm/100 cc 

0.4139 1 
2 
3 
4 

0.6284 1 
2 
3 

1.0045 1 
2 
3 

1.219 1 
2 
3 

o.o 

TT 
gm/cm. 2 

0.830 
0.940 
0.994 
0.970 

1.659 
1.699 
1.705 

3.36 
3.37 
3.37 

4.50 
4.55 
4.6~ 

2.00 
2.2'7 
2.39} 
2 .. 35 

2.64 
2.70 
2.71 

3.34 
3.35 
3.35 

3.69 
3.73 
3.77 

1.63 

TT RTd1 2 
c2 - ----- c2 

3Mld23 

2.36 

2.68 

3.28 

3.67 

1.67 
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As is evident from the limiting value, the molecular 

weight obtained as described above does not correspond with 

that obtained 'When a caustic treated membrane is employed. 

T.he 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 Mcinto8h and eo-workers (69) lies in the use of 

Carter and Record type of membranes. In both osmometers the 

values obtained with caustic treated and Carter and Record 

cellophane membranes are not concordant. No satisfactory 

conclusion has been reached concerning the discrepancy. Pre­

sumably either 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 ~erextrapolated value was due to a 

Donnan effect. There was never any indication of caustic 

on the solvent or in the solution side of the half-cells, 

even after being in contact with the membrane for a week. 

Furthermore, if caustic was free, polyvinyl acetate is 

easily 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

gation. 
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It may be mentioned, moreover, that possible error due to 

corrosion of the osmometer has been practically eliminated. A 

gold-plated cell of the same general design as described pre­

viously (Fig.3} was used for this particular portion of the 

investigation. 

With caustic treated membranes, a very small amount of 

adsorption took place in the range of very low concentration, 

circa o.s% concentration, to the extent of 2-3%. For higher 

concentrations the per cent adsorption was much smaller. 

However, it was found empirically that accommodation of the mem­

brane and cell f'or about six hours with a solution of about the 

same concentration used in determining an osmotic pressure was 

sufficient to satisfy the adsorption effects. Subsequent wash­

ing with fresh solution of the same concentration did not 

change the equilibrium value previously observed. The amount 

of alkali which much be retained on the membrane is not known 

exactly, but relatively wide variation of' the caustic content 

does not appear to alter the membrane behaviour appreciably. 

Referring to the expression due to Huggins (101) 
TT RTd1 2 RT RTd1 - - -- c2 = + ( i' -,...., > c2 C2 3Mld23 M2 Mtdifa2 

the negative term. - RTdl 
c22 was calculated and sub• -3Mld23 

tracted from the IT 

c2 
values in all cases. The importance 

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 

!! RTd1 
02

2) { c2-- 3 ---- . 3Mld2 

-~-

Solvent Membrane Slope* Slope TT* -c2 
~ 

~. ~· 

(C2= 0) ( c2 = o) 

Chloro-
form 2% NaOH 3.42 3.32 1.84 1.8'7 0.3'71 0.3'7'7 

Benzene 2% NaOH 1.5'7 1.52 1.82 1.84 0.423 0.427 

Acetone 2% NaOH 1.57 1.50 1.80 1.82 0.437 0.439 

Acetone Carter 1.'72 1.61 1.66 1.69 0.432 0.436 
and Re-

cord 

Mn* 
X 105 

1.40 

1.41 

1.43 

1.55 

Mn 
X 105 

1.38 

1.40· 

1.41 

1.52 

* 
- RTd1 c22 term is not included in the expression for Values obtained when - -

3Mld23 

osmotic pressure due to Huggins (101). 

..... 
0 
GJ . 
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Huggins (76) and Weissberger (103). In the case or Gelva V 45 

the omission of this correctj on 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 or the - ~Tdl 
3 

022 
3Mld2 

term in Huggins' expression for osmotic pressure are indicated. 

It is clear from TABLE XVII, that the molecular weight of 

Gelva V 45 in various 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 

observed is 8.6% greater than that obtained with8 caustic mem-

brane. 

As is evident from Figure 9 and TABLE XVII, the solvent 

polymer-interaction is almost identical for benzene and acetone 

solutions of Gelva V 45. The value ofJ"l = 0.43 agrees well 

with~l = 0.43 • 45 calculated from the results of Staudinger 

and Warth (17) and~l = 0.44 rrom that of Wise (104) in the 

case of polyvinyl acetate in acetone. The value of~l for 

polyvinyl acetate-chloroform from the present vrork is 0.377. 

The suggestion of Gee (123) 1 Flory (63) 1 Doty and Zable (73) .,.. 
that the slope of a plot of C2 versua C2 is a rough measure 

of the tendency of solute to solvate is borne out in this work 

in the case of polyvinyl acetate in various sol vents. The mean-

ing attached to)4 1 by Huggins (101) and Flory (111) has been 

thoroughly reviewed in the theoretical discussion. 
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(3) Osmotic Pressure Determinations on a Series of Pol~ethyl 

Methacrylate Fractions 

Osmotic pressure measurements were taken in chloroform and 

2% caustic treated cellophane membranes were used throughout 

this phase of the work. Owing to the high molecular of the 

fractions and consequently the small osmotic pressures obser­

ved in centimetres of solvent, the attainment of the utmost 

accuracy was particularly emphasized in this series. The os­

motic pressure data obtained for polymethyl methacrylate 

NDR 474 1 I\TDR 471 and NDR 359 are shown in TABLE XVTII and in 

graphical form in Figure 10, lines 1, 2 and 4 respectively. 

(4) Osmotic Pressure Determinations on Pol~ethyl Metha.cr,I­

late Aged in the Presence and Absence of Oxygen 

On the basis of viscosity measurements oolymethyl metha­

crylate ~IDR 359 degenerated to a larger extent than NDR 474 and 

NDR 471 (c.f. Fig. 7 and 8). The shape of the intrinsic vis­

cosity versus time curve was practica"1 .. ly identical with that of 

NDR 474 and NDR 471. Therefore, !'or a more complete analysis of 

the ageing of polymethyl methacrylate, the osmotic pressure de­

terminations were carried out on representative samples o!' aged 

NDR 359. The osmotic pressure data for this s,~ple are given 

in TABLZ 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 



TABLE XVIII 

Osmotic Pressure Data for a Series of 
Polymethyl Methacrylate Polymers 

Polymethyl Cone. Osmotic 7T 1T Tr RTd1 2 - -- c Methacry- gm/100 cc. Pressure gm/cm2 
02 c2 3Ml d:23 2 

late in cm. or 
chloroform 

NDR 474 0.9924 1.559 2.29 2.312 2.250 
Unaged 0.6303 0.729 1.071 1.702 1.677 

(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 
o.o 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 
o.o 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 
0.4435 0.302 0.444 1.000 0.988 o.o 0.19 0.225 

...... 
0 
(C) 

• 



TABLE XIX 

Osmotic Pressure Data for Aged 
Polymethy1 Methacrylate NDR 359 

La.b No. Treatment Cone. Osmotic Pressure TT TT [L _ RTd1 
02

2 

gm/cm2 -gm/100 cc. in cm. of ch1oro- c2 c2 3M1d23 
form 

-
NDR 359M Aged in 0.5381 0.414 0.609 1.132 1.114 

vacuo 195 0.7469 0.780 1.148 1.534 1.499 
days 0.9917 1.296 1.905 1.920 1.858 
(Figure 10 0.5880 o. 4'73 0.696 1.183 1.161 
Curve No.4) o.o 0.19 0.225 

NDR 359L Aged in 0.8048 0.951 1.400 1.738 1.697 
Oxygen 15 0.5440 0.458 0.6'74 1.238 1.219 
da~rs 1.0030 1.404 2.065 2.050 1.990 
(Figure 10 0.6658 0.682 1.001 1.505 1.477 
Curve No.3) 0.4731 0.357 0.525 1.111 1.097 

o.o 0.290 0.335 

NDR 359J Aged in 1.0117 1.443 2.12 2.09 2.03 
Oxygen 90 0.5031 0.404 0.595 1.181 1.165 
days o.o 0.290 0.335 
(Figure 10 
G'urve No.3) 

NDR 359N Aged in 0.5471 0.466 0.686 1.252 1.233 
Oxygen 195 1.052 1.540 2.27 2.15 2.08 
days o.o 0.290 0.335 
(Figt-"Te 10 
Curve No.3) ..... 

..... 
0 
• 
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Fig. 10 

Dependence of Osmotic Pressure on a 
Series of Polymethyl Methacrylate Polymers 

Line 1 

Line 2 

Line 3 

Line 4 

NDR 474 

NDR 471 

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 

Circle filled-NDR 359, unaged 
Circle half filled ondgfit-NDR 359M, aged 

for 195 days in vacuo 

(Following page 110) 
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Fig. 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 Fig. 10, line 4. 

A much greater decrease in 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 osmotic pres• 

sure. Moreover, subsequent ageing in oxygen up to 195 days. 

showed no change in osmotic pressure, although the intrinsic 

viscosity had decreased appreciably. Since the osmotic pres• 

sure values for the swmples aged in the presence of oxygen are 

not distinguishable, they are represented by a common line in 

Figure 101 curve 3. 

As in the case of Gelva V 45, the negative term in the os• 

motic pressure expression is evaluated. For comparative pur­

poses the error incurred When this term is omitted is shown in 

TABLE XX. 

(6) Calculation of Characteristic Constants 

Reference has been made in detail to the use of the charac­

teristic constants k1 and~,. Both factors are theoret;cally 

dependent on the interaction between solute and solvent. Since 

their theoretical bases are so completely different that they 

may be used to check each other, TABLE XXI summarizes the k1 

and~rfactors for a number of samples studied. 



TABLE XX 

Various Characteristic Constants for Polymethyl Methacrylate in Chloroform 

Polymethyl 
Methacrylate 

NDR 474 (unaged) 

NDR 471 (unaged) 

NDR 359 (unaged) 

NDR 359M (aged 
in vacuo 195 
days) 

NDR 359L (aged 
in oxygen 15 
days) 

NDR 359J (aged in 
oxygen 90 days) 

NDR 359N (aged in 
oxygen 195 days) 

Slope.,!- Slope 

1.71 1.620 

1.76 1.680 

1.76 1.67 

1.76 1.67 

1.77 1.67 

1.77 1.67 

1.77 1.67 

(1!.) (!!. -RTd1C2
2
) )41* 

c2 c2=o c2 
3Mld23 C2=0 

0.612 0.635 0.423 

0.39 0.415 0.422 

0.190 0.225 0.422 

0.190 0.225 0.422 

0.290 0.335 0.42l 

0.290 0.335 0.421 

0.290 0.335 0.421 

* Starred values, the correction is excluded. 

.Ail 

0.427 

0.424 

0.424 

0.424 

0.424 

0.424 

0.424 

Mn-i!- 5 
X 10 

4.20 

6.59 

13.52 

13.52 

8.87 

8.87 

8.87 

Mn 5 
X 10 

4.05 

6.19 

11.42 

11.42 

7.68 

7.68 

7.68 

....... 

....... 
ro 
• 



TABLE XXI 

Characteristic Constants of Polymethyl Methacrylate 
NDR 474, NDR 471 and NDR 359 in Chloroform 

Treatment of sample Mn X 105 
All (~) kl 

NDR 474 unaged 4.05 0.427 4.80 0.369 

NDR 471 unaged 6.19 0.424 5.62 0.376 

NDR 359 unaged 11.42 0.424 10.06 0.400 

Aged 15 days in vacuo 9.70 0.400 

Aged 15 days in oxygen 7.68 0.424 9.19 0.393 

Aged 90 days in vacuo 9.59 0.399 

Aged 90 days in oxygen 7.68 0.424 8.53 0.401 

Aged 195 days in vacuo 11.42 0.424 9.48 0.402 

Aged 195 days in oxygen 7.68 0.424 8.13 0.395 

113. 

No change appears on)M1, the slight drift in k1 may 

be attributed to the slight dependence of k1 on molecular 

weight (76). The values of~1 = 0.42 agrees fairly well with 

the values of~l = 0.44 - 0.45 calculated from the data of 

Staudinger and Warth (17). 



TABLE XXII 

Evaluation ofP 2 for Aged Polymethyl 
Methacrylate from an Arbitrary K 

Treatment of Sample {~) Mn x 105 /3~ 

NDR 474 unaged 4.80 4.05 6.10 

NDR 471 unaged 5.62 6.19 5.72 

NDR 359 unaged 10.06 11.42 6.58 

15 days in oxygen 9.19 7.68 7.20 

90 days in oxygen 8.53 7.68 6.87 

195 days in vacuo 9.48 11.42 6.34 

195 days in oxygen 8.13 7.68 6.67 

(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 in 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-

sor!Jed by the polymer. It was also observed visually that mer­

cury from the manometer was distil:J.ing off into the flasks. 

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

1. Osmotic Pressures 

It has now been established that the use of a cellulose 

membrane gasket is 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

sumably, on the basis 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 is necessary to consider critically 

all osmotic data determined by other workers on osmometers 

using cellulose membranes a~ the packing mat~rial against 

leakage in order to determine to what extent credence may be 

given them. 

In spite of the fact that there is sufficient evidence of 

lea~age to be found in the literature, there is also occasional 

evidence of a surprising degree or consistency of results. For 

example, Flory {63), in one case, presented determinations on a 

sample of polyisobutylene in cyclohexane, carried out by using 

membranes, both of denitrated collodion and of cellophane, which 

agreed witbin 3%. Fuoss and Mead (119) reported osmotic pres­

sures which checked ultracentrifuge data within 2%. Finally, the 

results of Mcintosh et al (69) on Gelva V 45 1 determined by 

means of a dynamic 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 is a difference 

of 25% in slope for two fractions of polyn~thyl 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 met.b.od could con­

ceivably yield osmotic pressures of a high degree of accuracy. 

By this means, Mc!ntosh and eo-workers (69) obtained results 

w1 th a van Campen type of dynamic osmometer l7hich are in excel­

lent agreement with the improved osmometer in spite of the leak­

age at the cell face. In general, however, it is unavoidable 

that some uncertainty should be introduced by the use of zero 

point corrections. It is not certain that a zero point, once de­

termined, would remain constant, because other factors must be 

considered. 

(1) For example, if diffusion from the solution side is 

dependent on the viscosity or the solution, the zero point cor­

rection, determined with pure solvent on both sides, would be 

invalidated. Similarly, ir the rate or diffusion of liquid out 

or 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 media. 

(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 mightelucidate the 

discrepancy in the results of Bartovics and Mark (65) where all 

curves of 1! versus C with the exception of one, have the same 
c 

slope. SuCh an exception might be due to a change in leak. 

(3) The determination of a zero point correction may be ren­

dered inadequate owing to the presence of bubbles. 

In this work, the criteria for acceptable osmotic pressure 

measurements are: 

(a) The observed osmotic pressure must remain constant 

over periods of several hours. 

(b) The same value must be attained when equilibrium 

is approached from either side. 

(c) At equilibrium, the individual levels must remain 

constant. A drop of 0.01 cm. per hour, as a result of evapo-

ration, is permissible. 

Although the improved osmometer is accurate, yet it proved 

tedious in operation. Most or this difficulty has been caused 

by the time required to remove bubbles. A gold-plated cell 

shown in Figure 11 has been used in the latter stages of the i.n­

vestigation. This cell is equi;Jped with a flooding ridge, thus 
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requiring only one person to assemble it. 1ne cell face is simi­

lar to that shown in Figure 3. Attention is 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 ap)earance 

of bubbles. For this reason, osmometers made from non-corrosive 

metals should be le ss tedious in operation. Howc;ver, 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 immediately after filling 

the half-cell compartments. Bubbles that arise from the solvent 

at the higher temperature of the t~ermostat, would appear in the 

capillaries, without remaining trapped in the various sections 

within the cell. 

2. Membranes 

It has been demonstrated by Mcintosh and eo-workers (69) 

and redetermined in this investigation that adsorption o~ poly­

mer is observed when membranes are made by the Carter and Record 

method. The molecular weight thus obtained is not in agreGment 

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 denendable molecular 

weights when caustic treated membranes are employed. The logic 

of this conclusion is based on the follo\rlng factors: 
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(1) Ina0preciable amounts of adsorption take place on 

caustic treated membranea. 

(2) Identical molecular weights were obtained for Gelva 

V 45 in chloroform, benzene and acetone. 
-rr 

(3) The ratio 0 of osmotic presaure to concentration has 

been foun~ in the case of polymethyl methacrylate, to vary 

linearly with concentration in agreement with recent theories 

advanced by Huggins ( 97 } and Flory ( 71 ) • In addition, the 

slopes of the lines as shown in Figure 10 and TABLE XX are the 

same within experimental error. This is 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 

The 

has been calculated. 
. IT 

precise form of the 
02 

versus C2 extrapo la ti on to 

zero concentration has been sunject to controversy. Thus 

Meyer and eo-workers (84) draw a straight line for the system 

rubber - toluene. Gee and Treloar (108) obtained lines with up-

ward curvature for the system rubber - benzene. Mark and eo­

workers {64) find the relationship to be linear for polystyrene 

in toluene when the polystyrene has been prepared above 100°1 

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 ~~gh molecular weight fractions would be 

doubtful. 
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According to Huggins (76), Flory's (63) osmotic pressures 

of polyisobutylene in cyclohexane may be cited as an example 

of an instance in which the negative term in Hugcins' 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 feels that if 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 effects have not been satis­

fied. It is conceivable, however, that if osmotic pressures are 

carried out in order of decreasing concentrations, a straight 
rr 

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

termined on an acconm1odated membrane. 

3. Ageing of P,o.lyPlethyl Methacrylate 

As predicted by ~.lcintosh et al(l38) dispersion in a solvent 

is not a necessary step :for the degeneration o:r polymers. More-

over, the magnitude of the changes of solid polymers i~ in many 

cases, of approximately the same order as for those aged in solu-

tion (2). 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 IVIcintosh and eo-workers 

(31 41 51 6) and others (22 1 27 1 28 etc.) the changes in oxygen were 

much greater than for polymers aged in vacuo. Morrison (3) has 

shown that oxygen does not act merely as a catalyst, but is used 
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up in the ageing process. The samples aged in vacuum, such aa 

}IDR 474 and 1~R 471, did not change very much in intrinsic via-

cosity. The drop was within the experimental error in the case 

of NDR 474, but slightly beyond it in NJR 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 

solid polyvinyl acetate polyraers 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 weight 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 in oxygen for two we~ks 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 weeks of ageing, but 

became almost constant beyond three months in the presence of 

oxygen. This behaviour strongly sug~;ests two processes taking 

place, namely, change in the geometrical configuration of the 

polymer, without suf:i.' ering variations in k1 and secondly 1 some 
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type of' bond rupture. 

The f'irst process is in agreement with Morrison' s {3) hy-

pothesis that viscosity changes can be explained as changes in 

their geometric f'orm 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 1 which evidently takes place predominant-

ly 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 is 

accumulated at these particular bonds (141) chain splitting takes 

place. This is in contrast to the ass"_;mptions of Mark and 

Simka (31 1 142) that all bonds are of equal strength. Jellinek 

(30), however, arrived at a similar conclusion. The exact nature 

of these weak links is, as yet, undecided. 
1 

~~e constancy of' the characteristic constants, k andAl1 

(TABLE XXI) indicated that major cl~nges in solute - solvent 

interaction do not take place. The sensitivity of these two con-
1 . stants is rather dubious. The hydrodynamic constant k is ~dEn-

tical for benzene and chloroform solutions of polymethyl metha.c­

rylate, although the intrinsic viscosities in the two solvents: 

are marl{edly different. Similarly ,111 is also ins en si ti ve sinc:e 
TT 

a variation of' 25~~ in the slope of' C versus C causes a varis.-

tion of 2.5% in the value of ,.M1• In addition, ,-1 may be sliE;ht-

ly dependent on concentration (76) and on molecular weight (111). 
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These ef£ects have not been observed in this work. Also k
1 

may 

be slightly dependent on molecular weight (76, 7). This is evi­

dent from TABLE XXI. 
2 The calculation of fJ , however, is based on assumptions of 

an initially symnetrical distribution of the form expressed by 

the La.nsing and Kraemer formula (1), discussed in a previous sec-

tion. In addition, it assL~es that in the case of degraded sam-

plea, the syrmnetry of distrib•1_tion is retained. 'Ihis is incom­

patible with the concept of an initial preferential split of one 

fraction of the polymer and secondly, a cr~nge in shape of the fila-

ment molecule. 1.r.herefore, owing to the irregularities in the 

ageing process, theP 2 factors determined here as shown in 

TABLE XXII are doubtful. 
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Gold-plated Osmometer · 
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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 cellulose membrane in a manner 

independent of an opposing hydrostatic head of oil or water. 

A new osmometer was developed to permit the use of "com­

position" foil gaskets to completely eeal the membrane from 

the thermostating media. 

(2) Techniques were developed for investi§ating the changes 

in polymethyl methacrylate when aged in the presence and ab-

sence of oxygen. Bombs were constructed and utilized along 

with an apparatus for evacuating them or filling them with 

gases. 

An apparatus wa~ designed ror determining the pressure 

changes during ageing. 

(3) An osmometer was attempted employing copper ferrocyanide 

membranes impregnated on sintered glass for use in organic 

solutions of macromolecules. 

{4) By viscometric and osmometric inve&tigation of aged poly­

methyl methacrylate, it was found that: 
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(a) Dispersion in a solvent is not required for viscosity 

changes in polymethyl methacrylate. 

(b) The major viscosity 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 is effective in changing 

the shape of polymethyl methacrylate. 

(e} Ageing in the presence of oxygen causes a scission 

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 chain members. 

(5) Adsorption on Carter and Record type of cellulose membrane:s 

was confirmed with the improved osmometer. 

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

in operation. 
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