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ERRATUM

All osmotic pressures = in fig, 6, Ch, IV, were expressed in
cm toluene, except those of fractions D8 and N9, which by mistake
were expressed in cm water, The points concerned must therefore
be discarded. The calculations of which the results are given in
table XXIV, have all been done on the assumption that n was ex-
pressed in cm toluene. Accordingly the figures referring to frac-
tions D8 and D9 in table XXIV should be read:

Nr of Indi= [1im 7t/c| 10”3y

fraction | cation [c—o
in text

n

D8 2.33 [0,98 130
D9 0.91 0.80 320

Similarly the last equation in chapter TV:
/c= 0.7 + 0.69 ¢ + 0.48 c?2

must be replaced by:

/c = 0.92 + 0.80 ¢ + 0,58 c2







TABLE OF CONTENTS

T Introduction . « o« o s o o s &

. . 2/ e e i W 29 el o de 9]

II Theory of osmotic pressure
1 ThermodyNamics s i s o o 6 oy o wie s o s, ¢ @3 0 9
9. Results of statistical thermodynamics . . . . « . 13
a. The method of molecular distribution functions . 13
b. The continuous solvent approximation . . . ... . 16
¢. The quasi-lattice anproximation . . e 8
di DEscusSSIon l oo B onte w9 6 e 5 ‘4 itk o 21
e, Association phenomena ., . . . . v o s L 24
3. Non-equilibrium thermodynamics Lk 2 ’ 25
References to Chapter II . . 245 v 30
111 Experimental techniques

1. Osmometers and the determination of osmot ic pressures . 32
a. General features of the osmometer . . . . e, 32
b. The measuring technique . . . . . 35
c¢. The Fuoss-MEAD osmometer . . . . . . < . 39
d. The Zium=-MYERSON osmometer . . 50 o 42
e. The accuracy of the measurements ‘ & SN 44

f. The extrapolation of the reduced osmotic pressure
to zero concentration . . . . . .« . % S . 47
2. Properties of membranes . . . . . . + ¢« % : 50
A, Introductlon . s . s 4 @4 ale & Eos e 50
b. Characterization of membranes . . < A 52
c. Determination of permeabilities . . . 5 o fs 57
d: DERIVEIS" o e @ i s & w e e e LAY i Al 59
e, Ultrafiltration . . ot el S =0 65
f. Types of membranes A v v AL 70
o, Some consequences for osmometry . . oA g, L T8
3. Fractionation of polymers . . R o o ey 78
a. Theoretical considerations . . . . : o Al 79
b. Fractionation of polystyrene . . . . g PSS 83
¢. Fractionation of polyvinyl aleohol . - S 87
References to Chapter III . . . . . + + « « + & 3 : 91

IV Experimental osmotic pressures

1. Sodium carboxy methyl cellulose . . o P Sl 95
2. Polymethacrylic acid . . . . . . . 5 e T 98
3. Polyvinyl alcohol & « « « ¢ & o & o = o o | e 98
4, Polystyrene . . « . . I e e R v v o 203
References to Chapter IV e Y s x e w FORT
Samenvatting . . . O o o et R e 4 108




This research was carried out as part of the program
of the Foundation for Fundamental Research of Matter
(FOM), supported financially by the Netherlands Or-
ganization for Pure Research (ZW0).




Chapter

INTRODUCTION

For a chemist one of the most interesting pronerties of matter
is that it is built up of molecules. The determination of the
weight of these molecules is, therefore, important in nearly every
field of chemistry. Among the various methods which permit an
evaluation of molecular weights, a predominant role is played by
methods in which the number of molecules in a given sample is
“counted”. Those properties of compounds which are mainly govern-
ed by the number of molecules present, are called colligative
properties.

The domain of the colligative properties is the solution, par-
ticularly the dilute solution which has many properties that de-
pend mainly on the number of dissolved molecules. The clearest
expression of a colligative property may be found in RAouLT' S law
on the lowering of the vapour pressure (p) of a solution compared
with the vapour pressure of the solvent (po),

° - p/p° = x,

where x, is the mole fraction of the solute., Nowadays, solutions
which obey RaAouLT’ s law are called ideal solutions. At infinite
dilution all solutions obey RAouLt’ s law,

The methods commonly employed for the determination of molecu-
lar weights from colligative properties in the low molecular
weight region are the lowering of the freezing point and the
elevation of the boiling point. The effects to be measured in
these methods as well as that of the vapour pressure lowering are
too small, however, for substances that have molecular weights
above 1,000 - 10,000, Fortunately, the osmotic pressure is a much
larger effect. The range of molecular weights which can be deter-
mined is extended by this method to molecular weights of about
1,000,000, The osmotic pressure is, therefore, a very important
property of polymer solutions.

The osmotic pressure of an ideal solution is given by

mE - Ag,/vl = =(RT/v,).1n(1-x,) ,

where Ag, is the free energy of dilution and v, the partial molar
volume of the solvent. Expanded in powers of Xyt

n = (RT/v)x, + (R772v’)x§ e




For x, << 1 this yields vAnN ’t HorFF’ s law:
T = (RTVv])x2 = (RTVIQ)c,

where ¢ is the weight concentration and M2 the molecular weight
of the solute, It is obvious that for large values of M, the sec-
ond term of the series is very small, even at high we}ght con~-
centrations. Most polymer solutions, however, show large devia-
tions from ideal behaviour. Whereas in the low molecular weight
region a single cryoscopic determination is sufficient for the
calculation of the mol ecular weight *), this is by no means true
for the osmotic pressure determination in a polymer solution.
Cases in which a one percent solution has an osmotic pressure
twice VAN ’T HoFrF’s value are by no means exceptional, It is ne-
cessary, therefore, to determine the osmotic pressures of a number
of solutions of different concentrations and to extrapolate the
reduced osmotic pressure (7/c) to zero concentration., The extra-
polation procedure for solutions of non-electrolytes is well es-
tablished, since McMiLLAN and MAYER have proved that n can be ex-
pressed in a convergent power series in c:

n= (BRT/M,)c + Ayc® + Aie® .....

where the coofficient,dz, Ay voees are the so-called virial coef-
ficients of the osmotic pressure. In the case of polymer solu=-
tions these virial coefficients are a measure of the deviation
from ideal behaviour.

These deviations are primarily due to the large dimensions of
the dissolved macromolecules in comparison with the dimensions of
the solvent molecules, Acalculation of the influence of molecular
size on the thermodynamic properties of the mixture can be carri-
ed out by means of the methods of statistical mechanics.

A simple model of a liquid mixture is the quasi-lattice model.
For a mixture of two kinds of molecules which have identical
force fields (athermal mixtures), the entropy of mixing can be
calculated from the number of distinct configurations of the
molecules on the lattice. For ideal mixtures, i.e. athermal mix-
tures in which the two kinds of molecules are of equal size, the
entropy of mixing is

AS;4. = =R(nInx; + n,lnx,),

where n, and n, are the number of solvent and solute molecules

respectively.

*) The accuracy of the molecular weight determination in the low molecu~
lar weight region is usually rather small, This is, in general, not
important, because the purpose of such a determination is only to
confirm whether the elementary formula or a multiple of it is the
correct molecular weight.




The first calculations for solutions of macromolecul es have
been performed by FLory and HUGGINS Wwho found for the entropy of
mixing

AS = -R(nllnr.;/l + np]n\‘p),

ath,

where ¢, and ¢ are the volume fractions of the solvent and the
polymer, respectively, and n_ the number of polymer molecules.
FLory and Huccins calculated the entropy from the number of dis-
tinct configurations when arranging the solvent molecules and po-
lymer segments of the same size on the sites of the lattices.

Although the simple quasi-lattice theory is very successful in
explaining the thermodynamic properties of polymers in solution,
it shows several shortcomings in the quantitative description of
dilute solutions. A discussion of the quasi-lattice theory, par-
ticularly with regard to the second virial coefficient of osmotic
pressure is given in chapter II. Aweak point in the quasi~lattice
theory is the quasi-lattice model itself, Quite another theory,
which is based on the deseription of a solution as a continuous
solvent in which distinct solute particles are dissolved, is out-
lined in the same chapter.

Osmotic pressure measurements are, consequently, not only in-
teresting because they reveal the molecular weight of the dis-
solved polymer, but also because they give information on an im-
portant thermodynamic property of the polymer solution,

The establishment of osmotic pressures can be performed by
dynamic as well as static methods, The latter methods are, in
general, more reliable, If diffusion through the membrane occurs,
however, neither of the two methods can give a good result. The
dynamic value, obtained in such a case, depends markedly on
whether it is reached from an initial pressure difference higher
or lower than the equilibrium osmotic pressure. A static value,
in case of diffusion, can be obtained only by extrapolating to
the time of filling of the osmometer, because the pressure dif-
ference does not become constant. It has been shown by STAVERMAN,
however, that this extrapolated value cannot be regarded as the
osmotic pressure of the solution. An outline of STAVERMAN'S theory
which is based on the thermodynamics of irreversible processes is
given in chapter II.

In the experimental part (chapter III) considerable attention
is paid to the main limiting factor in osmotic pressure determi-
nations: the membrane. Several methods for the characterization
of membranes are considered, partly in conjunction with their
behaviour in dialysis and ultrafiltration experiments. The lowest



molecular weights which can be measured with the membranes com-
monly employed are between 10,000 and 30,000,

For osmotic pressure determinations two types of osmometers
are used: osmometers of the ZIMm-MYERSON type and of the Fuoss-
MEAD type. The first type of osmometer has several advan-
tages, of which the greater accuracy is the most important. A
number of osmotic pressure determinations is reported (chapter
IV), molecular weights and second virial coefficients are cal-
culated for several polystyrene fractions, for sodium carboxy
methyl cellulose, polymethacrylic acid and polyvinyl alcohol.

The fractionation of polymers for osmometry is of great im-
portance, because of the difficulties arising when low molecular
weight material is present. For polystyrene a gel-extraction
method is employed, which proves to be very successful.




Chapter II

THEORY OF OSMOTIC PRESSURE

I11I.1. Thermodynamics

The osmotic pressure of a solution which is separated from its
solvent by a semipermeable membrane, is the excess pressure which
must be applied to the solution in order that the transport of
solvent in the two directions through the membrane is the same !’.
In terms of thermodynamics:

The osmotic pressure of a solution which is separated from its
solvent by a semipermeable membrane, is that excess pressure on
the solution at which the partial molar Gibbs free energies of
all permeating components are the same on the two sides of the
membrane.

For two phases o and 3 composed of ¢ components and separated
by a semipermeable membrane we have therefore in eguilibrium:

g = &
where the phases o« and 3 are denoted by one and two primes, res-
pectively. As we are dealing with an isothermal system, this may
be written:

g, (p'.x)) = g, ("2, (1

where the pressures on the two sides of the membrane are p' and
p", and x! and x! indicate the mole fractions of all the compo-
nents present. Now the partial molar volume of component i in the
phase provided with a double prime is given by
vy = g,/0p)y,,

s

1

where the double prime indicates that this molar volume refers to
the mixture in which the concentrations are x:.

Eq. (1) may thus be replaced by

n
1

P
gi(p',xl) = gi(p',x:) + ﬁ v?:h:; v = v(p,x:). (2)
P

Introducing the activity coefficients fi, the relation between
the free energy and the mole fraction of component i can be
written in the form

8;(psx,) = gi(p) + RT In x,f,,



where g? is independent of the concentrations. Hence eq. (2) gives
1]
[ vidp = - BT In (x{fi/x}f}). 3)
14
Since the compressibility of nearly all liquids is very small,
the integral on the left hand side of eq. (3) can almost always be
replaced by v'm, where m = p" — p', and where »! is the partial
molar volume of component i when the concentrations are x:, at
any pressure between p' and p'. If, moreover, the concentrations
of the non-permeating components are low, it is permissible to
replace v? by »,, this being the partial molar volume at any ar-
bitrary set of concentrations lying between x! and x!:

v = = RT InGx"f1/x'f1). (@)

We shall now apply the results obtained to specific cases.

1. Consider a solvent (phase «) in osmotic equilibrium with a
solution (phase B). The solvent is permeating, the solute is not.
Eq. (4) simplifies to

vy = — RT 1n (x\f}{/f}), (5)

where the subscript 1 denotes the solvent. The difference between
the molar free energy of component 1 in the solution and that in
the pure solvent, i.e., the free energy of dilution Ag,, is seen
to be related to the osmotic pressure:

1y P | ~ s O\
2) — B (P 20) & — TMV,. (6)

1
Dgs ™= .f;](/» o X
When x| approaches zero, the ratio fq/f; is known to approach
unity at a rate which is proportional to a power of xg higher
than the first (ideal solution).

Hence . ) )
lim w/x, = RT/v,.
X ,=0 S

Making use of the fact that in very dilute solutions the con-
centration of the solute in weight per volume is given by

c = x,M,/v,
we may write also (vAN 't HofFF’' s law):
lim /e = RT/M.,. (7

c=0

The quantity /¢ is called reduced osmotic pressure,

2, If Ag, is determined as a function of T by performing osmo-
tic measurements at various temperatures, the heat of dilution
Ah, can be found by means of the relation of GiBBS-HELMHOLTZ and,




hence, all other partial molar thermodynamic quantities of the
solvent can be calculated as well. The corresponding quantities
of the solute can be obtained by means of DuHEM — MARGULES rela-
tions,

In practice, however, the precision with which these other
quantities can be calculated is much lower than the precision of
the primarily determined free energy of dilution.

3. Solutions of long chain molecules have properties which are
quite different from those of ideal solutions. It has been shown
(see next section) that this has no influence on the limiting
value of the reduced osmotic pressure. The departures from VAN 'T
Horf’ s law, however, usually are so large at the lowest concen-
trations accessible to experiment, that the evaluation of the
limiting value becomes a matter of extrapolation. McMILLAN and
MAYER 3 have proved that this extrapolation in the case of solu-
tions of non-electrolytes can be based on the relation:

wc = RT/M + Ayc + Age? + oue. (8)

The value of the coefficient A2 can be determined by perform-
ing a series of osmotic experiments at different concentrations,
When certain assumptions are made concerning the structure of the
liquid and the interaction between the solvent and the solute
molecules, the value of A2 can be calculated by means of the
methods of statistical thermodynamics. This will be dealt with in
section II.2.

4, As nearly all polymers consist of mixtures of components
varying considerably in molecular weight, it will be important to
consider what kind of expressions for the osmotic pressure are
obtained for solutions containing various non-permeating compo=
nents. For an ideal solution of n non-permeating components, se=
parated by a membrane from the solvent, eq. (4) gives:

n
n = =(RT/v,) 1n Ix iRt e I

. i

Jj=2
where the non-permeating components are numbered by subscripts 2
to n. Hence, inserting

(ijj/vl) = ¢

for the weight concentration of the j-th component, we obtain for
the infinitely dilute solution:

we = RTC 2 c/M)/C % c.) = RI/M, 9)
Jj=2 ] J j=2 J n

11



where ¢ is the sum of the weight concentrations of the non=per=-
meating components and Mn their number average molecular weight.

5. If one non-permeating component ‘is dissolved in a mixture
of two liquids, both of which can permeate through the membrane,
we have two expressions (4):

7= =(RT/v,) In (x?f?/x;f;),

n= =(RT/v,) 1n (x,f,/xf)).

Elimination of = between these equations gives the equilibrium
distribution of the liquids

CE S I I I 230 1 B (10)
Hence, generally, the ratio of the two liquids in the mixtures
will be different on the two sides of the membrane 3, Scorr %)
has shown that when eq. (10) is satisfied the limiting value of
the reduced osmotic pressure is the same as in solutions in a
single liquid. It remains a question whether this equilibrium
distribution is attained in osmotic experiments, but it is quite
possible that in practice it is sufficient if the equilibrium
distribution has been established in the liquid layers adjacent
to the membrane. In many experiments the limiting value of 7/c is
found to be independent of the composition of the solvent, al-
though exceptions have been reported in the literature.

6. Unfractionated polymers usually contain a considerable
amount of low molecular weight material, which is liable to per-
meate through the membrane. MUNSTER 5) has discussed the possi=
bility that in equilibrium the very low molecular weight material
is enriched in the solvent compartment. In general, however,
equilibrium in this respect will not be reached. For the very low
molecular weight material one might suppose that the equilibrium
distribution is attained in layers adjacent to the membrane. For
the greater part of the very slowly diffusing material one might
try to correct for the diffusion by extrapolating the observed =
value to the time at which the osmometer was filled.

An appropriate theory for systems in which such permeation
occurs can be given by the thermodynamics of irreversible pro-
cesses, It will be shown in section 3 by means of this theory
that neither of the above assumptions is valid.

7. A special complication arises when one or more of the non-
permeating components are electrolytes (DonNAN-equilibrium). The
exact evaluation of a mw vs ¢ relation is then possible only if
expressions for the activity coefficients are known. At present,
such expressions are not available, It has, however, been shown

12




experimentally as well as theoretically that for solutions of
polyelectrolytes in moderately concentrated solutions of common
electrolytes the limiting value for the reduced osmotic pressure
is the value obtained from eq. (9) °7.

11.2. Results of statistical thermodynamics

I11.2a. The method of molecular distribution functions

The theory of osmotic pressure of polymer solutions has been
developed along two different lines. On the one hand we have the
so-called “quasi-]attice” theory, developed in 1941 by FLORY 7
and HUGGINS R), in which liquid mixtures are treated as disorder-
ed solids. On the other hand we have theories in which liquid
mixtures are assumed to be composed of a continuous solvent and
of separate solute particles which interact like the molecules of
a real gas. These theories will be called “gas theories™ *).

The basis of most “gas theories” is the theory of non-electro-
lyte solutions given by McMiLLAN and MAYER 2) in 1945. It has
been indicated by GucGENmEIM °?, that this theory can be used as
a basis of a “quasi-lattice” theory as well. We will give a short
sketch of the method and of the results of McMILLAn and MAYER, in
so far as they are of importance for an understanding of the os-
motic properties of polymer solutions (See also HILDEBRAND and
scort 19 and MinsTer 1),

In the theory of McMiLLAN and MAYER the structure of a liquid
is described by means of the so-called molecular distribution
functions. If we use the symbol g as an abbreviation for all the
coordinates needed to describe the positions of a set of n mole~-
cules in a system, and dg_ as an abbreviation for dg,dq,....dq,,
we may define the general molecular distribution function F_(q )
in such a way that

(1/VMF _(q )dq,

is the probability for the set of n molecules to occupy the coor-
dinates q, to within dqn, where V is the total volume of the sys-
tem. The molecular distribution functions are normalized by the
condition:
: /n / R e -
%-:.T(l/‘ ) J e j fn(le)'I’In =1,

where the integration must extend over all coordinates,

Ry means of grand partition functions McMiILLAN and MAYER have

*) The theory of conformal solutions, recently developed by LONGUET-
HIGGINS 12) will not be discussed here,

13




shown that the osmotic pressure mw of a binary mixture can be
written in the form of a convergent series expansion in powers of
the weight concentration ¢ of the solute component:

n= (RT/M)c + Ayc? + Aje® + ..., (1)

where U2 is the molecular weight of the solute and the coeffi=-
cients A_ are related to the molecular distribution functions for
the solute molecules at the limit of infinite dilution. In analo-
gy with the theory of real gases these coefficients An are called
virial coefficients. The second virial ccefficients is given by:

A, = - (RIN /2WM2) | g,(q,)dq,,

where No is AvocApro’ s number and the g, function measures the
interaction between two solute molecules in the solvent concern-
ed:

8,(9;:9;) = Fy(q,.9,) - Fi(q,)) Fi(q)).

In other words, the g, function is the difference between the mo-
lecular distribution function for a pair of interacting molecules
and the molecular distribution function for two non-interacting
molecules. In the same manner A3 gives an indication about the
interaction in groups of three molecules.

A first consequence of the “gas theory” of solutions is the
rigorous proof of vaAN ’T HoFf's law: at the limit ¢ = o the rela-
tion for the osmotic pressure becomes exactly '3)14):

n/c = RT/M,.

A second consequence is that the use of a series expansion of
7 in powers of ¢ is theoretically justified. ScHuLz 11) ‘has pro=
posed to apply a formula of the following type:

n= (RTe/M,) (1 - sc)™. (1"

This assumes a special relation between the virial coefficients
Az' 43 +esss, for which a theoretical foundation is lacking.

For liquid systems Fl = 1, and the expression for the second
virial coefficient becomes

~

A, = -(RIN /2Vit}) | {F,(q,,q,)-1}dq,dq. ()

McMiLLAn and MAYER 2) have shown further that the distribution
function F2 can be related to the interaction potential €, be~
tween two solute molecules averaged over all configurations of
solute and solvent molecules:

F, = exp(-g,/kD).

It is at this point that the difficulties arise: it is pro-




hibitively difficult to evaluate €, in terms of the potential
functions of the solvent and solute molecules. We will describe
here two different approximations that have been used for the
evaluation of e,.

(1) The solvent may be treated as a continuum in which the so-
lute molecules behave like interacting “gas” particles. Then the
problem is identical with that of a real gas except that some
“mean” potential for the solvent has to be subtracted from the
potential for the solute molecules. As in the theory of real
gases this theory can give a clear idea of the influence of geo=-
metric interaction between the solute molecules, that is, of the
volume excluded to one solute molecule by the presence of another
(compare vAN DER WAALS’ constant b).

(2) The structure of the solution may be treated as that of a
lattice in which only short-range order exists (“quasi-lattice”).
According to GucGENHEIM, the connection between the molecular
distribution theory and the lattice theory may be formulated as
follows. The potential function e, which in the former case had
one minimum only, now has a series of minimum values for all se-
parations between the two solute molecules in which the gap can
be exactly filled by an integral number of solvent molecules. In
this way the geometry of the packing of the molecules has been
accounted for.

Before describing, in parts b and ¢ of this section, some fea-
tures of these theories, we will give expressions for A2 in ideal
and in regular solutions. In both cases it is easier to start
from thermodynamics than from statistical mechanics %), For any
binary system the osmotic pressure is related to the free energy
of dilution Ag, by the following equation (see section II.1)

= =0g,/v,,
where v, is the partial molar volume of the solvent. In the case

of an ideal solution, both kinds of molecules having the same
dimensions and force fields, this gives:

n = -(RT/v,)In(1 - x,).
In dilute solutions the mole fraction x, may be replaced by
”xC/Mz; expansion of the logarithm therefore gives:
A, = RTv,/2M;.
For the regular solution, which has the same entropy of mixing as

the ideal solution, but a heat of mixing slightly different from
zero, an analogous calculation gives:

A, = (RTv,/2M) (1 - &),
in which ©, represents a correction for the heat of mixing.
15




In general, however, the force fields and the dimensions of
the solute and solvent molecules differ to a greater or lesser
extent, in which case the exact calculation of the molecular dis-
tribution functions becomes very complicated, so that one has to
resort to one of the approximations mentioned.

I1.2b. The continuous solvent approximation

The first applications of the *“gas theory” to solutions of
macromolecules were made by ZIMMIS), who found expressions for A,
for solutions of rigid spheres, rigid rods and flexible chain mo-
lecules. In the last mentioned case ZIiMM regards the chain mole-
cules as collections of segments which have nearly the same force
fields as the solvent molecules. As a first approximation he con-

siders only interaction between pairs of segments, and gets the
result:

A, = BRTv, (/M1 - ¢,), (3)

where M is the molecular weight of the chain molecule, m the num-
ber of segments per molecule, and €, the correction for the heat
of mixing. This result is essentially the same as that found in
the simple “lattice”-theory in which each segment occupies exact-
ly one site on the lattice (compare eq. (15) in part G

Another expression for the second virial coefficient in the
osmotic pressure formula has been given by FrLory and Kriceaum 19,
The same result is obtained by GrimLEy !7) in a more general and
elegant manner. We will give a short survey of his method here.

GRIMLEY describes the configurations of the polymer chain in
terms of the configurations of the so-called “equivalent chain”
(Kuan '8)). If we imagine a monomer group fixed in space, the
orientation of the next monomer group is largely determined by
the valence angle between the two groups, After a certain number
of groups, however, the orientation of the next group shows prac-
tically no correlation with the orientation of the first. This
number (v) of monomer groups forms a statistical chain-element.
An equivalent chain consists of N of these statistical chain ele-
ments, which will be called chain elements for short. Thus: Nv=n
is the degree of polymerization of the chain molecule, If the
chain elements do not interact with each other, they are distri-

buted around the centre of gravity of the molecule according to a
Gaussian distribution:

W(rydr = a.4mr?exp(-9r2/NL?)dr.

Here W(r) is the probdbility of finding a chain element at a dis-
tance r from the centre of gravity; L is the length of a chain

16




element. The same result can be obtained by assuming that the
chain elements are completely free from each other but placed in
an external central field with potential energy

9r2kT/NL2.

The real chain elements, however, exert forces on each other,
which implies that by the presence of one element some place is
excluded to any other one (excluded volume). The interaction for-
ces between the chain elements have a short-range character;
GRIMLEY assumes that only nearest neighbour interaction need be
considered and succeeds in calculating the new distribution func-
tion for the interacting elements in the same potential field.
This new distribution function is a function of the excluded vo-
lume (-8,) and provides a new basis for the evaluation of the
mean molecular dimensions, now also depending on 8,.

For a calculation of the second virial coefficient from ed. (2)
the molecular distribution function F,(q,,q.) has to be known,
GRIMLEY evaluates F2(qi'qj) for a pair of identical chain mole-
cules with q; and qj as the coordinates of the centres of gravity,
on the assumption that there is interaction between pairs of
chain elements only, either in one molecule or between two ele-
ments of different molecules. As the solvent is treated as a con-
tinuum it does not enter in the excluded volume (-8,) in a well-
defined manner. The resulting expression for A2 is:

A, = %, (RN /MDA, Y

where M_ denotes the “molecular weight' of a chain element, and H
is a rather complicated function of ;’%l/l,3 and N, which is always
positive. In a limited interval of molecular weights this formula
may be approximated to

A, = OfE, (5)

where C and & are constants depending on the molecular dimensions
and the excluded volume of the representative chain element in
that interval.

Let us briefly discuss the equations (4) and (5).

(1). B; < 0. A positive excluded volume is the more general case.
As H is positive, A2 is also positive. If at the same time N be-
comes very large, & takes the limiting value %, whereas for
smaller values of N the value of & lies between 0 and .

(2). B; > C. If the excluded volume is negative, the second vi-
rial coefficient will be negative as well. This is at once clear
from the physical interpretation of -B,: a negative value indi-
cates association of the solute molecules; a negative value of A2
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means that the free energy of dilution becomes less negative,
hence the stability of the solution decreases, If again N is very
large, A2 becomes proportional to expové). This causes a rather
sharp transition between the length of soluble and non-soluble
chain molecules.

The influence of polydispersity is estimated by GrimLey '7) jn

a qualitative manner. He concludes that Az from osmotic measure-

ments on a solution of normal fractionated material will not
differ significantly from its value for a solution of a perfectly
monodisperse polymer with Az chain elements per molecule (Nn is
the number average of the polydisperse sample). In the same way
A; from light scattering data equals the A; for a monodisperse
polymer with Nw chain elements per molecule (.«\'w is the weight
average). A;, however, is much more sensitive to traces of high
molecular weight than A,

From experimental data it is known that the influence of the
third virial coefficient at low concentrations (c<1.0 g/100 cm3)
usually can be neglected, although this depends on the particular
solute-solvent system. At higher concentrations departures from

linearity have been frequently reported (see also III.1f). FrLORY
and Kr1cBaum %) express A

; in terms o[.42 for the case of rigid
spheres:

Ay = (5/8) (M,/RDA?, P

and use the same relationship for long chain molecules.
detailed analysis STOCKMAYER and CASASSA
5/8 by one whose value depends on the
and may be as low as 1/4.

In a more
'9) replace the factor
“softness” of the molecule

I1.2c. The quasi-lattice approximation

Let us begin with the simplest case:
heat of mixing)
ed out an exac

athermal mixtures (zero
- RUSHBROOKE, Scoins and WAker1eLp 29) have carri-
t calculation of several virial coefficients for
athermal mixtures of monomers with dimers, trimers and tetramers
respect ively *). The results of these calculations are in reason-
able agreement with those of the theories of MrrLer 2!) ang
GUuGGENHETM %2) for athermal mixtures,

In these theories the molecules of the solute are supposed to
be built up of a number of segments all of which can be inter-

*) Although we have here used the quite common expression “monomer” for
a molecule that occupies one lattice site, we will avoid this expres-
sion in the subsequent discussion because of the chemical difference
between a monomer molecule on the one hand and the monomer group in
most polymer molecules on the other hand,




changed with solvent molecules in the quasi-lattice. Thus the
problem is reduced to a calculation of the number of distinct
configurations g when placing the segments of the solute molecu-
les and the solvent molecules on the lattice sites. The entro-
py of mixing can be obtained from the value of g by means of
BoLTZMANN' S relation

AS=klng-klng -klng,

where g, is the number of configurations when only solvent mole-
cules occupy the lattice sites (hence g, = 1), and g, the number
of configurations for the polymer melecules only. Hence:

AS = k 1n (g/g,)- (7)

Reviews of these calculations have been given by MiLLer 23

and by VAN DER WAALS 2%) and will not be repeated here. We will
merely mention the result obtained for the partial molar Gibbs
free energies:

Ag, = -ThAs,

A{ZZ = -TAsz

Here ¢ is the volume fraction of component 2 (the polymer), m
the number of lattice points occupied by a single polymer mole-
cule, and z the coordination number of the lattice, i.e., the
total number of nearest neighbour sites surrounding any lattice
site. The quantity gz represents the total number of nearest
neighbour pairs which a polymei1 molecule can form with adjacent
molecules; it is smaller than mz because gz does not comprise the
sites occupied by segments of the polymer molecule itself but
only those occupied by solvent molecules or by segments of other
polymer molecules. It is clear that for unbranched chains which
do not bend back on themselves:

RT[1n(1-¢)-(2/2)1n {1-(2/2)(1-1) m/sp}] (8)
RT[ln@ - (qz/2)In {1 + 2(m-1)(l-¢)/(ql)}]. (9)

i

mz = qz — 2m + 2. (10)

Obviously, the difference between ¢ and m gives expression to
the fact that the segments of a polymer molecule are connected in
a chain,

When z/2 is large, eqs. (8) and (9) may be expanded as follows:

Ag, = RT[In(1-9) + (1-1/mq + (1/2)(1-1/m) *?]; (11)
Ag, = RT(Ing - (m1)(1-9) + (1/gz)(m-1)%(1-g) 2], (12)

From eq. (11) we may at once derive the osmotic pressure
-Agl/vl. If, furthermore, we introduce the weight concentration
¢ of the polymer according to

@ = cv,m/M,

v
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where M is the molecular weight of the polymer, we get for small
values of !

@ = (RT/Myc + RTv (m/M)*(%=1/2)c? (13)

provided m is large.

So far we have exclusively considered athermal solutions. In
reality few, if any, solutions will have zZero heat of mixing. If
the heat of mixing is small, the free energy of mixing may be ob-
tained by simply adding the enthalpy change A/l to the athermal
free energy of mixing:

AG = AG(ath) + AH.

Similarly the Gibbs free energy of dilution is obtained by adding
the enthalpy of dilution to the athermal Gibbs free energy of
dilution:

Ag, = Ag,(ath) + Ah,.

In doing so it is assumed that the deviation from randomness
of mixing is negligible, In a great many cases a good approxima-
tion to the heat of dilution is

..\h] = ﬂ.q:'z,

where B is a constant dependent on the polymer-solvent system and
on the temperature. Hence, using eq. (11) we obtain, when m is
large:

Ag, = RT(In(1-¢) + (1-1/m)q + (2/2+p/RN 4],

which, following HuGGINS 25) is usually written as

5

Ag, = RT[In(1-¢) + (1-1/mq + pop®l; (14)

and for the osmotic pressure:
n = (RT/Mc + RTv (/M *(-p)c?. (15)

Al though many attempts have been made to obtain results of a
more general character, none of these attempts have led to an
equation for the free energy of mixing which has proved more use-
ful than eq. (14).

A survey oif the theories of MILLER, GuGcGENHEIM and HuGGINS and
of various other quasi-lattice theories, as well as a discussion
of their merits has been given by MUNSTER 11). Very recently the
quasi-lattice model itself has been improved by PRIGOGINE and
coworkers by taking account of the influence of neighbouring
molecules on the internal degrees of freedom.




The theory of HucGIns has been extended by Scort and MAGAT 26)

to solutions of polymer-homologous mixtures. These authors obtain:
Ag, = RT(In(1-9) + (1-1/@) ¢ + wp'l: (16)
Ag; = RT[Ing, — (m;-1) + m (1-1/m )¢ + mjp(l-q))z], (1

where the subscript j refers to the j-mer, and where m_ is the

number average of m:
i, = (Zn,m)/(n),
) J
where n, is the number of j-mer molecules.

11.2d. Discussion

The crucial point in all theories lies in the expression for
the second virial coefficient. For convenience we will list here
the expression for A, found by ZImm 15) and FLory 7) for ather-
mal solutions:

A, = WRTv (WM % (18)
by MiLLer 2!) and Guocenmeim 2?) for athermal solutions:
A, = BRTv, (m/M) *(1-2/2); (19)
by Zimm '5) and Huceins 2°) for regular solutions:
A, = %RTv, (m/M)?(1-2p); (20)
by GRIMLEY '7):
A, = WRT(=3,N /MHH (21)

and, for comparison, the expression for an ideal dilute solution:
A, = ¥RTv /M. (22)

In the theory of Zimm (part b) as well as in FroryY' s theory
the connection between the segments in the chain molecule is only
partly accounted for. In ZiMw s theory only interaction between
pairs of segments is considered for the calculation of the second
virial coefficient. FLOrRY s result is equivalent to saying in-
stead of eq. (10) that mz =gz, which also means an overestimation
of the number of solvent molecules surrounding the segments.

The connection between the segments is taken into account to a
greater extent in the theory of MrLLER and GuGGENHEIM. The only
parameter that appears in the final equation for the osmotic
pressure, the coordination number z, is a physically well-defined
quantity. It is, therefore, interesting to see what values for z
can be deduced from osmotic measurements on athermal solutions
(see eq. (19)). Miunster '!) has given a table of experimental z
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values for seven different systems, which can be regarded as more
or less athermal. Fxcept for one system in which z was 5,5, all
values of z are ranged between two and three, We must, therefore,
conclude that in gerneral the deviation from ideal behaviour (eq.
(22)) is much less than is predicted by eq. (18).

In the theory of MiLLER and GuGGENHEIM the influence of a
bending back of the chain molecule on to itself (formation of
rings) has been neglected. STAvERMAN 27) and TowpA 2%) have shown
that the formation of polymer-polymer contacts between distant
segments of a chain molecule alsc tends to decrease the deviation
from ideal behaviour. This coiling-up effect, which has also been
considered by OrRrR 2?2 and MiUnsTeErR %) is closely related tc an
effect first discussed by Frory 3!), In the highly dilute region,
where osmotic measurements are most important, the concentration
of the segments in the solution is not uniform, but is much larg-
er in the neighbourhood of the centres of the macromolecules. In
the theories of Frory and KriceAum '°), and of Grimrey '7) an at-
tempt has been made to account for this effect, It will be obvious
that for a given polymer-solvent system at a given temperature
strongly coiled molecules will show less interaction with each
other than weakly coiled ones, because in the latter case more
segments are available for interaction with segments of a second
molecule. Since bending back on itself will be the more frequent
the higher the molecular weight, it is not surprising that the
second virial coefficient decreases with increasing molecular
weight. This, indeed, has been borne out by experiment.

Generally the heat of mixing differs from zero. For slight
deviations the theory of HucGIns 2°) gives a very useful result
(eq. (20)). It will be clear from the preceding discussion that
the interaction parameter |, contains an enthalpy as well as an
entropy term.

Al though the physical significance of pu is not much better
that that of z in eq. (19), HucGins’ equations have proved their
usefulness in many problems concerning the solubility of polymers
(see for instance chapter I11.3).

More rigorous calculations in which the heat of mixing is
taken into account have been performed among others by GUGGENHEIM
22) and Orr 22, The results of such calculations are rather com-
plicated formulae (see the review article of MinsTer '!)), and
sometimes contain sc many independent parameters that almost any
result can be explained.

As we mentioned already, the second virial coefficient often
depends on the molecular weight c¢f the polymer. According to




MinsTER >3) A, for high molecular weights is a linear function of
M-l.

A2 = kl/M + kz,
where kl and k2 are approximately constant. GRIMLEY' S eq. (5):

A2 = CM~€ will be hardly distinguishable from MUNSTER's result.
In the table we give some & values calculated from accurate data

reported in the literature.

Dependence of A2 on molecular weight

Polymer Solvent e |reference
polymethyl
methacrylate|acetone 0,21 34
polystyrene toluene 0.15 35,36
polystyrene toluene 0.22 37
polyisobutylene cyclohexane|0, 14 37
cellulose nitrate|acetone 0.12 38
From the calculations of BAwN and WAjip 3%), however, it can be

seen that the precise value of e strongly depends on the kind of
expression that is used for the 7/c vs ¢ relation. The value 0.15
is found from a quadratic equation, whereas a value of 0.33 is
found when the relation of FrLory and Kriceaum '®) (eq. (6) in part
b) is used for the third virial coefficient.

The coiling up of the macromolecules can be enhanced by the
addition of a non-solvent (precipitant) to the polymer solution.
It is possible, in this way, to obtain solutions which have zero
A, values. DoBry and Ouanc CHou Huin *%), and GEE 49) have pro-
posed to use such solutions for the evaluation of the first virial
coefficient (RT/M) because the zero value of A, in the measured
interval of concentrations allows a horizontal, and hence more
reliable, extrapolation to zero concentration (compare section
1f in chapter III). In some cases the method has since been ve-
rified by several authors *1)42)43)

As regard the thermodynamic consequences of the use of a mix-
ture of liquids, see section 1.

Another consequence of the method is that the liquid mixture
is a poor solvent, and hence near the precipitation point. This
is also evident from the consideration that when segments of one
chain molecule tend to “associate’”, this will be the case for
segments of different chain molecules as well., When performing
osmotic measurements in such poor solvent systems one has to be
well aware of association phenomena, because they are of more im-
portance than usually is recognized.
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11.2e. Association phenomena

Association phenomena are reported in several cases in which
dipole~dipole interaction or hydrogen bonding is possible, for
instance ethyl cellulose in aliphatic and aromatic hydrocarbons
44) amylose acetate in chlorcform *5?, polyvinyl chloride in di-
oxane *6)%7) and cellulose acetate in methyl cellosolve *%),

Doty and coworkers *%2*7) made an accurate study of associa-
tion phenomena of polyvinyl chloride in different solvents by
means of osmometry, viscometry, light-scattering and the ultra-
cenirifuge at three different temperatures. In the poor solvent
dioxane the association is most pronounced. The phenomenon is, of
course, best observed in light-scattering studies. The strange
fact that the association persists at the lowest concentration at
which measurements were possible suggests that the association
equilibrium is either very slowly established or not an equili-
brium at all. The experiments of Doty confirm the first idea, as
the association decreases at higher temperatures, and increases
very slowly again after cooling of the solution to a lower tem-
perature: it is only after several weeks that the solution regains
its original properties. Probably the association consists in the
formation of minute crystalline regions, due to the dipole-dipole
interaction between polar segments of different chain molecules.

An association phenomenon in a good solvent has been reported
by TREMENnTOzZT *%)5%) for emulsion polymerised polystyrene in to-
luene. Small amounts of polar substituents, built into the chains
during the polymerization may be responsible for the association.
Al though hydroxyl groups were not detectable by chemical analysis
and infrared absorption spectroscopy, complete acetylation of the
polymer suppressed all association phenomena, as was shown by
light scattering measurements, It is interesting that also the
addition of a small amount of a polar substance (2% dioxane or 2%
dimethyl acetamide) to the toluene solution reestablished the
normal behaviour.

A systematic investigation of a ternary system of two inter-
acting polymers and one solvent has been performed by MORAWETZ
and GoBrAN 57), The two polymers used by them were methyl metha-
crylate copolymers with methacrylic acid and dimethylamino ethyl
methacrylate, respectively. The acidic copolymer contained about
4.9 mole per cent acidic monomer groups, the basic copolymer 5.8
mole per cent basic monomer groups. Osmotic measurements on nine
different mixtures of the acidic and basic polymers were done in
butanone, benzene and pyridine. In all cases a pronounced asso-
ciation was found; for the weight ratio 1:1 the molecular weight
in butanone at 30°C was five times as large as the mean molecular
weight of the two unassociated copolymers. The effect was found
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to be strongly temperature dependent; the same mixture in butanone
at 50°C showed a degree of association of three. As in the in-
vestigations of TREMENTOZZI, there was no pronounced effect on
the second virial coefficient.

From these remarks it will be clear that in case of any doubt
osmotic measurements in different solvents should be compared,
since association of polymers often persists at concentrations
lower than those at which measurements can be carried out in the
usual osmometers *).

I1.3. Non equilibrium thermodynamics °?2)

Nearly all previous discussions are based on the complete semi=-
permehbility of the membrane; permeable for solvent molecules,
but impermeable for solute molecules. Very often, especially in
the case of unfractionated polymers, the membranes are permeable
for a small portion of the polymer molecules. It might be possi-
ble to account for the effect this has on the osmotic pressure by
means of a model theory, but we will restrict ourselves to the
general phenomenological theory described by STAVERMAN 53)54),

In the equilibrium state of an isolated system, whose energy
and volume are kept constant, the entropy is at its maximum value
So. For small deviations from this equilibrium, measured by the
parameters oy, the entropy may be developed by means of TAYLOR’S
theorem in terms of powers of the “x’S:

as 9%s
S=S + 2o. o 4+ W o0k =2 ...
R S - - ix * ﬂaiaak

Since Gﬂgofaai) = 0 is the equilibrium condition, and terms of
order o’ may be omitted when the deviations are small, we obtain

AS = S-S = % 23 a0z, (1)
ik
where 2 2. o0 8. is a positive definite expression.
ik

In analogy to the theory of classical mechanics we may define
as “forces”
X; = (aas/aai)aj = % ik %y (2)

while the derivatives of the deviations with respect to time are
called “fluxes”

*) The osmotic balance, developed by JULLANDER (Thesis, Uppsala, 1945)
may provide a means of greater accuracy than osmometers of the con-
ventional designs.
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(3)

As we are dealing with small deviations only, these fluxes
will be proportional to the forces:

J, = i b XL (4)

If the forces and fluxed are chosen in accordance with eq. (2) and
(3), the following relations are valid 55:

Lig =Ly (5)

For these ONSAGER reciprocal relations to hold, the correct choice
for the combinations of forces Xi and fluxes Ji must be made, One
way which always leads to the correct choice is to find an ex~-
pression for the time derivative of the entropy (rate of entropy
production), which may be written as a sum of products of forces
and fluxes:

AS = / J, X, (8)

1

STAVERMAN °%) used this method in his membrane theory which will
be discussed here.

For open systems, i.e, for systems which can exchange heat or
matter with their surroundings, only the internal part of the en-
tropy production may be written in the form of eq. (6) A2,

For the osmotic process (system I separated from system II by
a membrane) we have the relations:

dm ' + dm " = 0, (7

k
no matter being exchanged with the environment. Further,
dUY = d U + d.U*
e 1

dUtt = d UM + d U,

The energies of the two systems must be divided in external and
internal parts; the law of conservation of energy can be applied
to the internal part only:

diu’ + dil!” =0 (8)

Finally, the two systems have the same temperature:
TI = TII' (9)

For the total contents of the systems I and II respectively,

the second law of thermodynamics runs as follows:
n
TS = dU* + p'dV* - % g Ydm !, ?
o (10)

THdS™ = dUtt + ptlav't -




Hence the change in entropy is
d.U* + pYdv*  d U + p*av*! 4, Ut
ey e e i

S o1l
dS = dS* + dS TI + T” + TI
11 I I II II
. '[i U 3 : /8y :lmk_ _ 8y (1mk \
TlI k;l \ TT TII >

Substitution of eq. (7), (8) and (9) gives:

S d YR A e T DT T gy
‘1‘\' = e + e +
T /G k

=)

I
t[mk s

M

Ag,
il

1

where Ag, = gk” - gk’.
By splitting dS in an external and an internal part we obtain for

d .S
1

¥ < & 7 I ’
l[i.\ = k=/l A"\(hk, T)([mk (11)

and, therefore, for the rate of entropy production

:li.'\‘,.";lt = ki A(_gk,«"'ﬂﬁrk, (12)

with the “forces”
,‘.'k = Agk/'l' (13)

and the “fluxes”
Jk = clmk/(lt = rﬁk. (14)

The phenomennlogical equations (4) are expressions for trans-
port of matter:

moow L. X (15)
The difference in thermodynamic potential Ag, of the component k

in the two parts of the osmometer is due to the difference in
pressure Ap and in the concentrations

Ag, = v, Ap + Ag.°,
where .T\A'f.) is the concentration dependent part of ._\;k, and vy the
k

partial molar volume of component k, which is assumed to be pres-
sure independent for small changes in p. Hence the transport of
matter can be written as due to a pressure difference and a
“thermodynamic” force:

» o - [+) "
m,=2L,, (vAp+ Ag ) (16)

i % ik 'k

53 . g
) introduces a “mechanical transport number

Here STAVERMAN

oV
-1




”

of component 1. This is the fraction of the flow contributed by
component i when all Ag?”s are zero:

oy, Sy o 2, L v, A7)
e T Agtwa X R Eopy
k R S 1 o
since
o e -
JAg°=0 = 2y My = 2 2y Lo lp.
K

The experimental osmotic pressure T is defined as the pres-
sure at which no net flow through the membrane is observed:

= ? 7 o o =
J ? Z L0 o + ? z L,v.Ag =0
Hence, using the reciprocal relations (5):

w“ B A 9
/..i Sy 1,“‘1’ iAgk

k

T = )
exp >
4y 2 Lyvw,
or:
. 3 N o
Tga ™ = 2y (T /v,) Dg,°- (18)

For a binary system in which solvent and solute are indicated
by the subscripts 1 and 2 respectively, we have

“Moxp = (Ty/0,)08,° + (T,/v,)8g,°. (19)
Using the relation of DUHEM=MARGULES:

Bg,° = -(m,/m,) g, ®,

we obtain:

v m,v,
When we remember that T T, = 1 and that the volume fraction of
the solute is determined by

P, = myv,/ (mov, + myv,)

we get for the experimental osmotic pressure:

e e o/ -t fwm.) = T -t./w.) 20
“exp (Agl "x\(l Tyl Pp) “‘h(l valiND (20)
since R = — .¥z,°’v1 (section II.1) is the “theoretical’” osmotic

pressure, i.e, the osmotic pressure for a membrane which is com-
pletely impermeable to the solute.

Substitution of T/ Py 1-o,, where o, is a selection coeffi-
cient of the membrane for the solute, gives STAVERMAN' S expres-
sion %%);

oy = Oy (21)

The selection coefficient o, describes the selectivity of the
membrane for the solute molecules. When, on the one hand, we are
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dealing with filtration experiments in which all solute molecules
pass the membrane unhindered, 0, will be unity: there is no se=-
lectivity at all. In an osmotic experiment, on the other hand, no
solute molecule passes the membrane, and hence Oy = 0. In inter=-
mediate cases we are dealing with a kind of ultrafiltration mem-
branes, in which the permeation of the solute molecules is re-
stricted in comparison with the unhindered filtration:

0 <o, < T (22)

In general, when performing osmotic measurements on solutions
of heterogeneous polymers for instance, every solute component j
contributes to the apparent osmotic pressure according to:

=om (23)

nexp.j th. j’

where o, is determined by eq. (17) and

v/, = 1-0..
§7 %3 j

For low molecular weight components in the polymer it is usually
assumed that their contribution to the limiting value of the re-
duced osmotic pressure may be neglected, because one might expect
that for these components an equilibrium distribution in layers
adjacent to the membrane is rapidly set up (see also section
I11.1). The contribution of all solute components is inversely
proportional to their molecular weight, however, so that even for
very small values of o, a considerable contribution from the low
molecular weight components may be expected when this equilibrium
distribution has not yet been reached. The presence of such com-
ponents can hardly be avoided, even in well-fractionated poly-
mers, It is a frequently occuring belief that the effect of a
very slow diffusion can be accounted for by extrapolating the ob=-
served osmotic pressure to zero time (time of filling the appa-
ratus). The main merit of STAVERMAN’ s theory is that it shows
such belief to be unjustified, because the contribution of a
permeating component to the osmotic pressure never exceeds the

value o, and g < 1 for all permeating components.

h.j

We wish to point out, in conclusion, that the selection coef=-
ficient o has primarily a mathematical significance. Its physical
meaning is not always quite transparent. In particular, for mem-
branes which do not strictly behave like molecular sieves, we see
no reason why 12/\-;;2 must alway be smaller than one. Toluene so-
lutions, for instance, which contain a small percentage of water,
sometimes show a negative osmotic pressure. It is a reasonable
assumption that water permeates more rapidly through the membrane
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than toluene, especially in the case of cellulose membranes,
Then, however, Tz/@ for water is greater than one and o, is
negative.

It will be shown in III,2e. that the experimental determina-
tion of o is by no means an easy matter. It is even doubtful
whether it will ever be possible to measure this quantity.
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Chapter Y

EXPERIMENTAL TECHNIOQUES

ITI.1. Osmometers and the determination of osmotic pressures

This section will be divided into six parts:

a, General features of the osmometer.

b. The measuring technique.

c¢. The Fuoss-MEAD osmometer,

d. The Zimm-MYERSON osmometer,

e. The accuracy of the measurements.

f. The extrapolation of the reduced osmotic pressure to zero
concentration,

ITI1.1a. General features of the osmometer

As we are, in the present work, interested only in the osmo-
metry of high polymers, we will omit the older types of osmometers
which were used to corroborate vAn 't HorFs law. These osmometers
were designed for the determination of rather high osmotic pres=-
sures, for example pressures of several hundred atmospheres
(FRAZER and Myrick '?). The absolute accuracy of these measure~
ments was claimed to be about 0,01 at. As a consequence of this
extraordinary magnitude of the osmotic pressure, the osmotic
method in the study of the colligative properties of low molecu-
lar weight compounds was superseded by the methods of the lowering
of the freezing point, the elevation of the boiling point and the
lowering of the vapour pressure. For that very reason the osmotic
method is thus far the only useful method when we are dealing
with the same properties of solutions of substances with molecu=-
lar weights above, say, 10,000,

A second difficulty with regard to the earlier osmometers lies
in the nature of the copper ferrocyanide membrane, which was used
exclusively, The preparation of these membranes is a laborious
affair, they are very slow to reach equilibrium, and their use-
fulness is restricted to aqueous solutions. Moreover, the deposit
is reported to be rather unstable; it seems to be advisable to
add some K4FO(CN)6 to the liquid in one compartment, and some
CuSO, to the liquid in the other cell o0

Among the newer osmometers we will only consider the types
that have flat membranes., Al though a very simple apparatus with
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bag-shaped membranes has been described dy DoOBRY 3), osmometers

with flat membranes are more frequently used, because these mem=
branes are more easily made and are commercially available in
different degrees of permeability and suitable for organic lig-
uids as well as for aqueous solutions, In the study of proteins,
however, osmometers with bag-shaped membranes are still frequent=-
ly used, because they have a great membrane area and hence show
a rapid establishment of the equilibrium.

Another disadvantage of these membranes is due to the fact
that they cannot be supported as well as the flat membranes.

A diagram of an osmometer with aflat
vertical membrane is shown in fig. 1.
A indicates the solvent, B the solution
compartment., If, for the moment, we
assume that solvent and solution have
the same density p, the equilibrium
f’ I A internal head ho immediately gives the
osmotic pressure:

A m=h o *)
2 The establishment of this internal
t head h_, i.e., the difference between

the heights of the menisci in the two
identical capillaries is a matter of
solvent flow through the membrane **),
provided the latter is rigidly support-
ed. Otherwise a displacement of the
membrane may give the same result (dis-
placement of the menisci).

The rate of flow dv/dt through the
membrane is proportional to the effec-
Fig. 1 tive area S of the membrane and to the

Diagram of an osmometer; the ; : ode
dashed line indicates the ©€XCesS pressure Ap applied:

position of the membrane

A B

dv/dt = PS Ap, (1)

where P is the permeability constant of the membrane for the
solvent concerned. The permeation of an amount of solvent with

*y In the c.g.s. system this equation must be written as
n=hy pgo
For convenience we will express 7 in cm H30 (4° ©).

*Ey D@ffusion of solute molecules will be considered in the sec=-
tion on membranes.
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volume Ay through the membrane corresponds with a change in the
internal head h of: — Ah = Av.8/n d*, where d is the diameter of
the capillaries.

The excess pressure Ap is the hydrostatic pressure (h- h )p
substitution of Av and Ap in eq. (1) gives therefore:

dh/dt = - P S 8p(h-h_)/% d? )

‘ (2)
or dh/dt = - k (h-h). )

The proportionality constant k depends on the membrane properties
and the osmometer dimensions:

k=8PS o/m d*. (3)

It has to be borne in mind that in replacing Ap by (h-h )r we
have tacitly assumed the correct concentration jump over the
semipermeable membrane, viz. the concentration jump corresponding
with the ultimate equilibrium. This may be questiomable, however,
due to the change in concentration at the membrane surface by the
flow of solvent into or from the solution compartment. With a few
exceptions *?5) the cell contents are not stirred, so that the
equalization of the concentration is a matter of diffusion and
convection. Although it has been claimed that convection due to
density effects is predominant when the membrane is placed in a
vertical position, whereas with a horizontal membrane the diffu-
sion effects are more important 6), the detailed discussion of
these effects has little meaning, Qualitatively we see that the
total content V of the solution cell and the depth ! of this
cell, perpendicular to the membrane, are the important osmometer
dimensions with regard to the concentration equalization. In the
next part of this section we will see that the so-called adapta-
tion effect may entirely obscure the influence of these concen-
tration changes in the solution.

At first sight one might suppose that I, which approximately
equals the ratio”V/S must be made as small as possible. This is
limited, however, by two factors which influence the concentra-
tion of the solute:

1) the influx or efflux of solvent during the equilibration.
This effect may be reduced by adjusting the liquid levels at once
to about the expected equilibrium value when filling the osmo-
meter.

2) Adsorption on the membrane may diminish the effective con-




centration., Such adsorntion depends on the ternary system: mem-
brane, solvent and solute.

When, nevertheless, the “driving” hydrostatic head equals the
difference between the real hydrostatic head and the equilibrium
osmotic head, it can be seen from eq. (2) that a greater value of
k corresponds with a more rapid establishment of this equilibrium
osmotic head. Hence S must be made as large as possible, whereas
a very small value of d is favourable. How small this diameter
may be taken is essentially a matter of the influence of surface
tension effects (see I1I.1e). Hence, as for most osmometer con=-
structions [ does not have its minimum value, the ratio V/S will
give a good idea of the rate of equilibration, a smaller value of
V/S indicating a higher rate., A list of these ratios for 13 dif=-
ferent osmometers has been given by WAGNER 7, For the osmometers
1sed by us the following ratios were calculated:

Fuoss-MEAD  osmometer: V/S = 0,2 cm
Z1MM-MYERSON osmometer: V/S = 1.0 - 1,5 cm.

111.1b. The measuring technique

There are three ways in which the osmotic pressure can be de-
termined and, although we used only two of these methods, all
three of them will be described here for the sake of complete-
ness.

The static method

This method consists in waiting until the solvent flow through
the membrane is finished, the internal head of the osmometer then
being the osmotic equilibrium head. For the moment we do not con-
sider the necessary corrections (see III,1le) and assume moreover
that a real equilibrium head is reached, which implies that the
membrane is really semipermeable, In a later section (III.2) it
will be explained that this last restriction is a very essential
one.

As explained in III.la, the ratio V/S plays an important réle
in the length of time required for a static measurement, With
most types of osmometers, however, it is possible to reduce the
total time for a static measurement by adjusting the initial
internal head to within a few centimeters or less of the expected
equil ibrium head,

RBesides the time needed for the equalization of the tempera-
ture in the thermostat, which is no more than 5 to 15 minutes in
most cases, some time is required for the adaptation of the mem-
brane to the new filling. This effect is more marked when filling
with a new concentration and becomes rather large at higher con-
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centrations. This adaptation effect, perhaps due to adsorption on
the membrane, although deformation of the membrane during the
filling procedure may be important too, will be manifest by irre-
gular changes in the internal head, which do not obey the rela-
tion (2).

When carrying out static measurements, we always waited until
the next day after filling was completed, and then controlled the
difference in menisci for at least five hours. The adaptation of
the membrane, however, never required more than two or three
hours, so that it is of importance only in the dynamic method.

The compensation method

It has already been pointed out that the osmotic head is
usual ly developed by the flow of solvent through the membrane. On
the other hand it is also possible to exert on the solution an
internal pressure of such a magnitude that this solvent flow is
prevented, If the membrane is completely semipermeable (in this
section we restrict ourselves to this type of membrane), the
external pressure applied in the case of zero flow must equal the
osmotic pressure of the solution.

BERKELEY and HARTLEY 8), who developed this method, measured
the rate of movement of the meniscus in a vertical capillary at
external pressures near the osmotic pressure, and interpolated to
zero rate of flow, The corrections to be applied are of the same
kind as discussed below (III.le), but in addition a correction
must be made for the internal head of the osmometer,

Al though rapid measurements are possible by this method, the
whole apparatus (including a manostat) is more complicated and
does not give better results than the other methods. Only when
dealing with high concentrations 9), small quantities of solu-
tion, or solutes which are liable to slow changes in composition,
this method may be advantageous (for instance when dealing with
solutions of proteins 7)L

The dynamic method

Although the compensation method is essentially a dynamic one,
we will save this name for those methods in which no external
pressure is applied. In this method the initial head h in the
osmometer is adjusted to a value within a few centimeters from
the expected osmotic equilibrium head. Under certain conditions,
which will be clear from part (a) of this section, the difference
(h=h)) is an exponential function of the time t:

h-ho = [l exp(-kt) (4)




where H is the value of h-h_ at time zero, and k is the propor=
tionality constant indicated in eq. (2).

Fuoss and Meap '°) approached the equilibrium head h_ from
both sides, beginning with approximately the same absolute value
of H. The two curves obtained were drawn on the same paper in a
symmetrical manner, With a horizontal time axis the half sums of
the ordinates of the two curves give the asymptote of these
curves, which in its turn is the equilibrium head ho.

In our determination of the osmotic pressures of solutions of
sodium carboxy methyl cellulose (see IV.1a) in aqueous 0.3 m NaCl
we compared the dynamic with the static method. It turned out
that at the lowest concentrations the two methods gave nearly the
same result; at the higher concentrations the static value was
always somewhat higher than the dynamic one (See table I).

Table I

Osmotic pressures of NaCMC by the
dynamic and the static method
Conc., . ndyn. Ty tat s

(g/100 cm”)| (em solvent)| (em solvent)

0,08 0.16 0.18
0.17 0.20
0.16 0,38 0,43
0.26 0.90 0,96
0.29 1.03 1. 10
0,37 1,47 1. 56

The dynamic curves are not truly symmetric, however, as can be
seen from a typical example (fig. 2). It is striking that in most
cases the value of the asymptote of the upper curve is nearly the
same as the static value for the osmotic head. This means that
equilibrium is better approached when solvent is pressed out of
the solution cell.

The dynamic measurements were made about one hour after the
filling of the osmometer, the static measurements after one day.
When the dynamic measurements were repeated after one day, a good
half sum value was found., This indicates that the reported devia-
tion is due to the behaviour of the membrane. It seems likely
that this is the same adaptation effect as mentioned before.

As the behaviour of sodium carboxy methyl cellulose may be
somewhat complicated because of its polyelectrolyte character, we
repeated this comparative study with solutions of polystyrene in
toluene, The result was the same, Exactly the same observations
have been made by MAsson and MELVILLE "), in connection with
solutions of polyvinyl xylene in benzene.

PaiLiPP *2) has reported an algebraic method for the calcula-
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t (min) = s ”
Fig. 2

Dynamic curves I and II, shifted with respect to each other in the direc-

tion of the time~axis until the best possible symmetry is attained, Solu-

tion of NaCMC 0.29 g/100 cm3 in aqueous NaCl 0.3 m, III = half-sum val=-

ues, IV = static value,

tion of the osmotic pressure from one curve only. When three con-
secutive measurements of h (denoted by hl, h2 and h,) are done

with equal time intervals, these h values are interrelated as
follows:

(hz-ho)/(h]-ho) = (h3-ho)/(h2~ho) (5)

as can be derived immediately from €q. (4). Rearrangement gives
for the equilibrium osmotic head:

hy = (hhy = h3)/(hy + h, = 2 h)) (6)

By means of this method we calculated the h0 values from the ty-
pical curves of fig, 2, and compared these values with the half-
sum and the static value (Table II). The upper curve again gives
the static value, whereas the lower curve yields a much lower h

PRILIPP finds greater values of

o

n for the efflux curves as well,
but he did not compare these values with the static ones, which
were higher than the half-sum values, A slightly different method

38




Table I1

Evaluation of the osmotic pressure by the
methods of Philipp and of Fuoss and Mead
(t in cm solvent)

Upper curve (Philipp) h_ = 2,63 m = 1,10°
Lower curve (Philipp) ho = 2.49 m= 0,96
Half sum value ho = 2.56 m= 1,03
Static value ho = 2.63 m=1.10

for the evaluation of n from a single dynamic curve is based on
eq. (2):

dh/dt = -k (11—}10). (2)

To this end we plot the differences Ahn between the successive
readings of the internal head against the corresponding mean head
ﬁ" =% (h T hn). The intercept of the resulting straight line
with the %n-axis has the value ho. For the two curves of fig., 2
we found nearly the same lzn values as are found by PHILIPPS’S
method; calculation by means of the method of least squares gives
exactly the same ho.

Concluding we may say that the validity of eq. (3) is the
crucial point in the application of any of these dynamic methods.
The static method will always give either the same or more accu-
rate results, all the more as the dynamic method may obscure slow
diffusion of solute molecules through the membrane. We believe
that instead of performing the more laborious dynamic measure=-
ments with one osmometer, the simultaneous operation with a
series of osmometers used statically gives a more reliable result
in perhaps only a little more time.

I11.1c. The FUOSS-MEAD osmometer *)

The Fuoss-MeAp osmometer '°) is a symmetrical osmometer, in
our case consisting of two chromium plated brass plates with a
diameter of 15 c¢m and a thickness of 2.5 cm. This thickness was
suggested by GorpsrLum '*), who found that with 5 mm stainless
steel plates a bending of the plates could be detected when the
bolts were tightened. The cells (see fig. 3) consist of a system
of seven circular grooves, 3 mm wide, 2 mm deep, with a distance
of 3 mm between adjacent grooves. The groove system is inter=-

*) The osmometer was constructed by J.C.Heinen, instrumentmaker at the
Lab, for Inorg. and Phys. Chem. in Groningen,
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fig. 3
Our Fuoss-Mead osmometer. Insets: tube sy parallel to s; and tube
s3 perpendicular to plane of drawing; w represents the wall of
the temperature bath, See text.




sected in a symmetrical manner by three radial channels (3 mm
wide), one of which is vertical. The entire groove system of a
cell is just opposite the groove system of the other cell, the
membrane therefore supported by the ridges between the grooves.
Displacement or deformation of the membrane can take place only
in the narrow grooves; this was proved after the dismantling of
the osmometer by the imprint of the ridges in the membrane. The
outer ring (r in fig, 3) of one cell is 0.1 mm higher then cor-
responds with the height of the ridges. Between this ring and the
opposite ridge of the other cell the membrane is still more
pressed, thereby serving as a gasket.

With this design of the outer ring system, contact of the mem-
brane with the water of the thermostat is greatly minimized. Such
contact might disturb the membrane equilibrium, particularly when
the membrane is swollen in a non-aqueous liquid. (“Ultracella”
membranes conditioned to toluene are deteriorated by small drop-
lets of water, which give brittle, opaque spots). Al though in
some instances adequate gasketing by the membrane was possible,
this was rather difficult when the membranes were conditioned to
organic liquids in which they shrank to a considerable extent. In
such cases an extra ring of membrane material, conditioned to the
same liquid, proved to be a satisfactory gasket, Some authors 4}
have used an extra ring of a soft metal foil as a gasket.

In assembling the osmometer the two metal plates were clamped
together by means of eight screws and wing nuts. After assem-
bling, the empty osmometer was completely immersed in water and
internally set under an excess pressure of 0.5 at. Any leakage
then gave rise to a stream of air bubbles.

The standpipes s (fig. 3) which were led through the brass
plates were made of a non-corrosive alloy (nickel=silver). To the
upper pipes s, the capillary tubes were connected by screw joints
and glass to metal seals *). The lower pipes S, were part of the
filling system; by means of needle values they were cut off from
the wider tubes f., The pipes s, were led through openings in the
wall of the thermostat; once the osmometer was provided with a
good membrane, the apparatus could stay in the thermostat during
the filling procedure., These pipes too were closed with needle
valves.

When filling the osmometer, it was necessary to eliminate air
bubbles. To this end we always preheated solution and solvent to
a temperature more than 10° C above the thermostat temperature,
Moreover, after filling we first opened the valves in S, (s2
closed) for a short moment; then the valves in S, were opened and

*) Soft glass to A.K.X.Steel.
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the liquid in both compartments successively pressed up and down
until no more bubbles appeared in the capillaries. Finally the
needle valves in s, were raised entirely, so that any air caught
in these pipes escaped,

The two capillaries mounted on S, may be of the same bore, as
in the description of Fuvoss and MeEAp. In their arrangement, how=-
ever, only one of the pipes S, was closed with a valve, the other
was open. Hence the level of the meniscus in the capillary on the
solution side remained constant, In our first arrengement.we used
at the solution side a capillary which was partly widened to a
cylinder with a diameter of 2 e¢m and a height of 2 cm. Later on,
we replaced this capillary by a glass tube with a diameter of 2
cm. In both cases it was necessary to determine the difference in
the two levels when the osmometer was filled with solvent on both
sides of the membrane. The capillary rise in the one remaining
capillary was known, hence an asymmetry (see III.la) of more than
1 mm was easily detected.

The reading of the menisci was done by means of a telescope
with rack and pinion mounted on a revolving support. The tele-
scope, with level and cross-hairs, was accurate to within 0.05 mm.
The scale (in 0.25 mm) was placed beside the capillaries.

The temperature control must be sufficient to prevent “thermo-
meter effects”. By thermometer effects we mean the influence of a
change in temperature on the volume of the liquid in the osmotic
cell, Elevation of the temperature gives expansion of the liquid
and therefore a rise of the menisci, and vice-versa. As the con-
tent of the osmotic cell, the diameter of the capillary and the
expansion coefficient of the solvent are known, the influence of
temperature fluctuations on the capillary level can be calculat-
ed, neglecting the permeation of solvent through the membrane
into the open compartment. Taking into account that the accuracy
in the reading of the menisci is about 0.1 mm, the temperature
had to be controlled to within 0.005°C. In practice, however, a
control to within 0.01°C proved to be sufficient, because of the
rather short intervals (1 min.) between the heating periods of
the thermostat and of the great heat capacity of the osmometer
body (2.5 kg of brass).

111.1d. The ZIMM-MYERSON osmometer *)

The Zium-MyERsoN %) osmometer is a much simpler apparatus
than the Fuvoss-MEAD osmometer, It consists of an all glass solu-

*) Some osmometers of this type were made by J.Wallinga and J.J.Nieboer,
glassblowers at the Lab, for Inorganic and Physical Chemistry in
Groningen and Leiden respectively.
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tion cell with filling tube and capillary
(fig. 4). In our apparatus, the glass walls
of the cell were 4 to 6 mm thick, the faces
were ground flat and parallel to each other
to within 0.1 mm. The cell was 1.2 cm deep
and had an outer diameter of 4 to 5 cm. Both
open ends were covered with a semipermeablé
membrane which was supported by a perforated
brass plate. These brass plates (4 mm thick)
were clamped together with four symmetrically
arranged screws. The holes through the plates
had diameters of 2 mm and were 2 mm apart
from each other. Leakages were detected in
the same manner as described before; in many
cases a second ring of membrane material was
necessary for the complete gasketing.

In the design of ZimmM and MyYErsoN both
filling tube and measuring tube are sealed to
the upper side of the ring. This, however,
makes filling very difficult. We therefore
sealed these capillaries diametrically oppo=-
site each other onto the ring. From fig. 4
the filling and emptying procedure will be
self-evident. Although Zimm and MYErRSonN clos-
ed the filling tube only with a metal rod,
with a diameter very close to the inner diam=-
eter of that tube, it proved to be safer to
pour in addition some drops of mercury into

fig. 4 the funnel at the top of this capillary.

Myﬂgg;glggmg;ZT;r Attached to the measuring capillary was a
reference capillary of exactly the same bore;

the lower end of this capillary dipped into

the solvent to allow for an automatic correction of the capillary
rise. The complete cell was fastened to a metal stand, which in
turn was placed in a glass cylinder (solvent compartment). This
glass vessel was closed at the upper end with a cork covered with
tin foil to prevent absorption of water from the air and evapora-
tion of the solvent. The whole assembly was placed in a thermo-
stat with a window to allow for the reading of the meniscus. As
regards the constancy of the thermostat temperature, the same
conditions as with the Fuoss-MEAD osmometer had to be fulfilled.
The reading of the menisci was done in exactly the same manner,
but the accuracy (0.1 mm) was somewhat less, due to the disturb-
ing influence of the two glass walls and the column of the ther-
mostat water in the light-path.




I1I.1e. The accuracy of the measurements

Again we will restrict ourselves to a real osmotic equilib-
rium, assuming that no solute molecules can diffuse through the
membrane,

Although the influence of temperature on osmotic pressure is
small, the thermometer effect can give rise to large errors.
Since this effect has been eliminated, we may confine ourselves
to the inherent limitations of the apparatus.

1. When the osmometer is provided with a new membrane we first
have to determine the zero pressure difference (solvent on both
sides). For the first few days this zero pressure difference may
be one or two cm solvent column (a higher value indicates that
the membrane is useless), but soon drops to about one mm or less,
Sometimes, however, a small reproducible pressure difference re-
mains; this asymmetry pressure must be subtracted from the equi-
librium pressure.

2. As a consequence of the influx or efflux of solvent in the
solution compartment, the concentration of the solution is chang-
ed, As the total cell content of the osmometer is 5 to 10 em® and
the diameter of the capillary 0.6 to 0.8 mm, this concentration
change will be of the order of 0.1% or less, provided the initial
head is adjusted to a value which deviates no more than say four
cm from the final (equilibrium) head. Concentration corrections
are not needed, therefore, unless the concentration is changed by
adsorption on the membrane.

3. Capillary effects. For the Zimum-MYERSON osmometer, reading
and reference capillary having the same bore, a difference in
capillary rise can only be due to a difference in surface tension
between solvent and solution. Generally the capillary rise for
the solution of a polymer is somewhat lower than for the solvent,
but in organic solvents the difference is usually negligible com-
pared with other experimental errors. For polystyrene in toluene,
for instance, the capillary rise of a 1% solution is the same as
that of the solvent within 0.2%, (This has been determined for
both a high and a low molecular weight product).

As we used the Fuoss-MEADp osmometer with a wide level on the
solution side, the effect of a change in surface tension with
concentration is ruled out. (Here we have to add algebraically
the capillary rise ho on the solvent side to the internal head
measured). A much more serious correction, however, is needed
here for the change in surface tension with temperature. Because
the capillaries are outside the thermostat, their temperature
changes with the room temperature. For pure water the temperature
coefficient of the surface tension y is:
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(dy/dT) = 0.15 dynes cm™' degree™!; 20-40°C '), which gives for

the capillary rise b:
b =56t (1-0.002 ¢)
o

where t is the deviation from 20°C in degrees centigrade, For a
capillary with a diameter of 0.8 mm the value of ho in water was
about 3,50 cm, the temperature correction therefore 0,007 cm per
degree. The capillary rise has heen reduced to 20°C in all our
data.

The surface tension of water is still more
affected by small amounts of impurities. Hence
we covered the capillaries with a small glass
cap, and cleaned them every day with fuming
nitric acid. This, however, gave rise to many
breakages of the glass to metal joints.

As the effect of impurities is much smaller
i in organic liquids, we tried a method by which
the water in the reading capillary was covered

£ with toluene '7). To this end we replaced the
g capillary by a tube with a three way stopcock
on which were sealed two vertical capillaries

1 (fig. 5). One of these capillaries was partly

A filled with toluene and connected with the

osmotic cell during the measurement. During the

filling procedure this capillary was shut off,

5 The water=-toluene interface, however, stuck
3 frequently, which caused false readings. We

therefore rejected this method and filled the

measuring capillary with a solution of wetting

o FUgy b agent (sodium dioctyl sul fosuccinate), The

QEEJI§EY;Kig2"surfarv tension of this solution is only

Mead osmometer on 26 dyne/cm™', whereas that of water is

solution side o4 dyne/em™' (20°C). The surface tension of the

wetting agent solution does not change much

with the concentration; it is, however, necessary to control the

Zzero pressure difference every two weeks as the wetting agent is

gradually lost by diffusion. The effect of the temperature on the

surface tension of the wetting agent solution is much smaller
than for pure water (Table I11).

4. Density effects. In the preceding discussions we calculated
the osmotic pressure from the internal equilibrium head h0 by
means of?:

nw=hp. (see fig, 1, III.1a)

However, since the osmotic pressure is the equilibrium pressure
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Table IIT

Surface tension of wetting agent
solution at different temperatures
measured by J.v,Thuyl with a stal-

agmometer,
Conc. (g/1) | 25% | 22°% | 18°c | 15°C
8,2 26,0 [ 26.2 | 26.4 | 26.4
4,1 27.3 | 27.0 | 30.3 | 27.7

which prevents flow of solvent through the membrane, we must com-
pare the total pressures acting on the solvent and solution side
at the same height. This gives a result differing from the above
formula when solvent and solution have different densities p and
p, respectively 18)19)  For a vertical membrane we ca]culatoﬂ the
equilibrium at the centre of the membrane:

T = (_hn + hm), - h ¢ (7N

1 m o

Theoretically this is only true when in the solution sedimen-
tation equilibrium has been established. Along the vertical mem=
brane this is easily attained by means of flow of solvent at the
upper and lower parts of the cell through the membrane A2 s 2
is, therefore, only at the centre of the membrane that the
osmotic equilibrium corresponds with the original concentration
difference. (See, however MUNsTER 2'), whe holds the view that no
sedimentation equilibrium can be set up during the measurement).

Lanc 2°) has proved experimentally for a Fuoss-MEAD osmometer
with capillaries of 80 cm length that the relation between ho and

hm for the same concentration is a linear one:

h, = const'. — const". h_, mhH

where const', = ﬁ/,l. The correction term in ea. (7) is+»hm(ﬁl-,o).

In general, for low concentrations, the density difference is a
linear function of the concentration:

gy = el A

|l N 1 =5

where AI; is the density difference between a solution with con-
centration ¢=1 g/100 cm® and the solvent concerned. Hence:

= hoy < hmr AP

1
and the reduced osmotic pressure becomes:

w6 = hogl/c + h A (8)

The Fvoss-MeAD and the Zimm-MYERSON osmometer have h's of 30

m
and 5 cm, respectively., For the polymers investigated the value
of Ao varied from 0.0018 for polystyrene in toluene to 0.0088
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for polymethacrylic acid in water. From eq. (8) it can be seen
that it is appropriate to apply the density correction directly
to the limiting value (ﬂ/c)c=°. For the Fuoss-MEAD apparatus the
correction is of the order of 0.1 units in w/¢ (n again expressed
in cm H20 and ¢ in g/100 cm3). As a molecular weight of 10° al-
ready corresponds with a (ﬂ/c)c“o value of only 2, the density
correction is always necessary (the absolute value of the correc-
tion is independent of the molecular weight).

Al though the same reasoning is relevant for the Zium-MYERSON
osmometer, the magnitude of the effect is only one sixth of the
value for our Fuoss-MeEADp osmometer, and need not to be considered
for molecular weights less than 5.10°,

We always replaced Py in eq. (7) by Pgs this has only a small
influence on the slope of the #/c vs ¢ plot (of the order of 0.1
to 1.0%). The influence of the temperature on the density of
solvent and solution (in the Fuoss-MeEAD apparatus) is also neg=-
lected.

The accuracy of an osmotic molecular weight determination is
limited by the corrections discussed under i, 3 and 4, The cor=-
rections for asymmetry and capillary effects are corrections
in n; for both osmometers they give rise to a maximum deviation
of about 2 mm (the accuracy of the telescope readings is 0.05 mm).
This limits the use of low concentrations, especially in the high
molecular weight range.

To sum up we give in fig. 6 a #/c vs ¢ diagram for several
polystyrene fractions in toluene (Zimm-MYERSON osmometer), in
which the full-drawn curves connect points that can be determined
with the same accuracy (iso error lines).

I11.1f. The extrapolation of the reduced osmotic pressure to
zero concentration

From the considerations on the virial equation for the osmotic
pressure (II.2) it will be clear that a linear extrapolation is
only permissible for low concentrations and low molecular weights.
When we remember that Az depends on the interaction of pairs of
solute molecules, it is reasonable to expect that the influence
of As (interaction in clusters of three solute molecules) will
become significant at lower concentrations as the value of A2

itself increases. In general a curvature in the 7/c¢ vs ¢ plot may

be expected when A2 has a value above 0.5 (7 in cm H,0 and ¢ in
3 ; : .

g/100 cm”). Some reliable data in this range, however, can be

22

represented by a linear equation as well 22223)  We will prefer a
rectilinear equation in all cases where no definite evidence of a
curvature is present.
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Fig. 6
Example of 7y s ¢ diagram with iso error lines ['nrt _rmly.\‘ty:w_'m'
fract oluene at 25°C (see IV.4)., The maximum relative

!

error is indicated in %.




As has been shown, there does not exist a completely satis-
factory theory for the relation between A3 and 42 as yet, all
proposed theoretical 24)25) and empirical 26) relations being of
a limited applicability 27?. At the present time a numerical
analysis is the best method for the evaluation of the values of
(/c) _, and A,

DuckeER, FIELLER, HOOKWAY and TOWNSEND made a statistical
analysis of their accurate measurements of osmotic pressures. By
means of the method of least squares they investigated which of

the following three equations is the best one.

22)

™= Qa (‘,‘ + ’)(:2 (g)
w=aC+ bC* + dC3 (10)
n=a,C+ abC+ (5/8abiC’ (11)

Equations (9) and (10) are the simple linear and quadratic equa-
tions for 7/c, eq. (11) is FrLorY s equation ?*’ (see II.2). In
all nine systems examined the mean square deviation of the ob-
served values of = from the calculated ones was about the same
for eqs. (9) and (10), but 10 to 20 times greater for eq. (11).

The graphical method of BAWN, FREEMAN and KAMALIDDIN 28) 18
less reliable., These authors write eq. 10 in the form:

we = a+ be + 11(‘2, (12)

and select pairs of values from their experimental curve, which
are substracted from each other:

(77/(7)] - ('r./f;)2 = h((']-(.‘z) + J((‘Iz-(‘g)

S (We); = (w/c),

(,‘l - (‘2

A plot of the left hand term against (cytcy) gives a straight
line with intercept b and slope d.

Quite another method for the evaluation of the molecular
weight has been proposed by GUGGENHEIM and MC GLASHAN 87 They
write eq. (II1,2.15) in the form:

(1 i"l),/([m = o/m + function (¢, B/RT), (14)

n

b + d ((‘1 - (,‘2)_ (13)

where o is the volume fraction of the solute, m the ratio of the
molar volume of the solute to that of the solvent and B the heat
of mixing term. When comparing equal volume fractions of solu-
tions of different fractions (1 and 2) of the same polymer, they
subtract the corresponding equations (14) from each other:

(e, —"15)"} - 1

2 1 =
_ O 2 (Y (15)
RT m, My
A plot of p:]—tl>rlﬂﬁ7'against should give a straight line of
slope (1/m,=1/m,). 49
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Any dependance of B3 (and Az) on the molecular weight is obscured
in this way; moreover, an independent determination of one m
value remains necessary.

The use of physical methods to reduce the second virial coef=-
ficient to zero, and hence to obtain a horizontal linear /e VS ¢
plot has been discussed in chapter II1.2, together with the anoma-
lies caused by association phenomena.

I11.2. Properties of membranes.

For an understanding of the phenomenon of semipermeability it
is essential to have a good knowledge of membranes, permeable as
well as impermeable. We will therefore treat in this section some
properties of membranes which are important in this respect.

a. Introduction.

b. Characterization of membranes.
c. Determination of permeabilities.
d. Dialysis.

e, Ultrafiltration.

f. Types of membranes,

2. Some consequences for osmometry,

I11.2a. Introduction

From the very beginning of osmotic experiments the molecul ar
interpretation of membrane behaviour has been a much disputed
question. TRAUBE held the view that membranes acted as sieves,
but many later investigators have made it clear that the solubil-
ities of solvent and solute in the membrane substance may play a
predominant role, and that sorption effects cannot be neglected.
A great deal of trouble seems to be due to a generalization of
the properties of one type of membrane to all other types. Nearly
all membranes which are used nowadays have properties character-
istic for gels, or which at least can be interpreted as gel pro-
perties. We will, therefore, call them gel membranes.

According to BUNGENBERG DE JonG °°) a gel is “a colloidal
system of solid character, in which the colloidal particles some=-
how constitute a coherent structure, the latter being interpene-
trated by a (usually liquid) system consisting in kinetic units
smaller than colloidal particles”, In most gels the volume frac-
tion of the solid substance may be quite small. In collodion mem-
branes in water, for example, the volume fraction of the cellu-
lose nitrate may be as low as 0.05. As the solid network struc-
ture in such a system must be very open, the properties of the
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liquid in the gel often do not differ much from those in the pure

liquid. For instance, the diffusion velocity of solute molecules

in the membrane has been shown to be essentially the same as in
the solvent, provided no specific interaction between solute and
membrane substance occurs.

In general we may distinguish between four kinds of interac-
tion:

a. electrokinetic interaction due to the electrolytic character
of the components;

b. chemical interaction;

c. surface interaction due to positive or negative adsorption of
the solute by the membrane substance;

d. geometric interference when the diffusing molecules are not
small compared with the channels in the gel structure.
Although membrane behaviour governed by interactions of type

(a) is of the utmost interest in aqueous systems, and has been
thoroughly investigated, this type of interaction is absent in
the non-electrolytic systems with which we were specially con-
cerned. Real chemical interaction may be detected easily: there
may occur a kind of chemical interaction which cannot be distin-
guished from adsorption, however. Sorption caused by vAN DER WAALS
forces will nearly always be present; that which causes the least
disturbance experimentally is a negative adsorption, by which is
meant a preferential adsorption of solvent molecules by the mem-
brane substance, resulting essentially only in an apparent in-
crease of the geometric interference, In the following discussion
we will treat the membranes to a first approximation as molecul ar
sieves, small surface interaction being accounted for as correc-
tions to the sieve model. This is justified only when the chan-
nels in the solid network are large compared with the dimensions
of the solvent molecules. Hence, flow of liquid through the mem-
brane must be viscous flow '),

For any particular kind of membrane it can easily be detected
whether we are dealing with viscous flow or not. For viscous flow
through a circular capillary of radius r PorseviLLE’s law gives
the volume yield per second:

dv_/dt = mrip/snl, (1)
where p is the pressure difference over the capillary of length U

n is the viscosity of the liquid. For a porous medium this ex-
pression takes the form:

dvm/tlt = KS [1/7], (2)

where S is the area through which flow takes place (= membrane




surface), and K a constant determined by the geometry of the
porous medium,

For various types of membranes eq. (2) has been checked.
Eree °2) for instance finds for collodion and cellulose membranes
proportional ity between Jvm/dt and p (the liquid was water; the
pressure differences ranged from 5 to 30 cm Hg). The same must of
course be true for all membranes to which eq. (1) in section III.1

applies: dv /dt = PSp = KSp/n, 2"

which is the case for nearly all osmotic membranes. ERBE has
pointed out that deviations from this proportionality may some=
times be due to blocking of the membrane channels by impurities
in the liquid, This can be prevented by the use of ultrafiltered
liquids, which therefore are recommended for this type of inves-
tigations, At higher pressures the cellulose membranes are re-
versibly deformed which gives a lower K (or P) value; collodion
membranes are not affected in the range of pressures investigated,

A second test of relation (2) is possible by comparing differ-
ent dvm/dt and v values at the same pressure., Bicerow >3) has
measured permeability coefficients (P) for the flow of water
through collodion membranes and parchment paper at temperatures
between 1 and 85°C. He proved indeed that the temperature depen=-
dence of P was quantitatively in accordance with that of n:

P m = K = constant. (3)

DucLAUX and ERERRA %) pressed organic liquids and water through

collodion, cellulose and cellulose acetate membranes which were
conditioned to the same liquids. They proved also the validity
of eq. (3), except for the very dense cellulose acetate membranes.

As a provisional conclusion we assert that most common osmotic
membranes are gel=-membranes, in which the passage of molecules is
mainly governed by the geometric structure of the network, al=-
though sorption effects may be important too.

I111.2b. Characterization of membranes

For osmometry, dialysis and ultrafiltration the most important
properties of gel membranes are the permeability for the solvent
and the selectivity for the solute; hence a good characterization
of these properties is very desirable, It will be clear that both
largely depend on the openness of the network structure of the
gel, which can be expressed by the volume fraction W of the lig-
uid in the membrane phase, Other valuable information on membrane
behaviour may be obtained from the critical bubble pressure, dia-
lysis potential and electrokinetic phenomena.

In a long series of articles ManEGoLp 3%) and his coworkers
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have discussed most of these properties for various idealised
structures and compared the results with the empirical properties
of collodion membranes., In most of these structures the membrane
is treated as a homogeneous medium intersected by channels which
all have the same cross-section, but are oriented at random over
all directions in the membrane, It is a consequence of this model
that only 1/3 of all channels is effective in transport processes
through the membrane, Errorp 2%), however, who also carried out a
systematic investigation on collodion membranes, assumes that the
greater part of the channels crosses the membrane nearly perpen=
dicularly and hence is completely effective in the transport pro=
cesses, He further supposes that the channels are circular pores
with different radii. Although MANEcoOLD believes that a three-
dimensional set of identical slits distributed at random over all
directions in the membrane is the best mathematical model for the
openness of collodion membranes, the model proposed by ELFORD can
explain the membrane properties equally well. Both models are
very crude approximations to the structure of a gel membrane, but
they give an idea of the channel dimensions which is very useful,
We will use EvrorD’s model as it has some mathematical advantages.

To calculate the coefficient K of eq. (2) we divide the pore
system per cm? of membrane into groups of n, pores with radius Ty
Assuming that all pores have about the length | (membrane thick-
ness), we find

K = (/81) Z nir:. (4)

If the volume fraction (W) of the liquid may be set equal to the
total fraction of the membrane volume that is available for trans-
port processes (ELForp), the value of W is:

W= 2 nnri (5)

i
Hence the coefficient K/W is closely related to a kind of repre=
sentative pore radius (’av) of the membrane:

K/W = (1/81)(2 nir:/z niri) = r:v/81. (6)

We see from this equation that r., is a statistical average which
lies decidedly in the region of the highest ry values. For the
MANEGOLD model the ratio K/W is:

K/W = r?/241. (8"

For comparison of different membranes the expression KI/W is the
best one we can use, Apart from a numerical constant, which is
different. for different membrane models, this expression is a
good measure of the openness of the network structure.

An essential difference between the conclusions of FrLrorp and
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MANEGOLD is due to their different opinions about the part of the
channels which is effective. To us the idea of Errorp 37738) that
an orientation of the pores in a direction perpendicular to the
membrane surface is favored, seems to be more reasonable than the
view of MANEGoLD that all directions occur with equal frequency,
although the truth may be in between. There can, however, exist
no doubt that the evaporation of solvent during the gel formation
(see IIT,.2f) is to some extent at least a directing process.
BARTELL and vAN Loo %), for instance, have followed the drying
process with a microscope. They suspended coloured particles in
the collodion solution and observed at first evaporation from
irregularly arranged points on the surface; the solution is sup-
plied by vortices ending in these points. After a short time the
evaporation points have arranged themselves in a regular manner,
which regularity may be caused by competition between the vor-
tices. This structure which can be seen with the unaided eye as a
honeycomb structure, is fixed by immersing the membrane in water.
The implicit conclusion of BARTELL and vAN Loo that one vortex in
the solution gives rise to one pore in the membrane, cannot be
true, however, as the number of pores calculated from eq. (6) is
at least of the order of 10'° per em? 35), which is much larger
then the number of vortices. ELForD (quoted by FErry >®7) indeed
found no structure with the microscope, nor with the ul tramicro-
scope. This is in accordance with the calculated average pore
radius of his membranes (r,, < 50 my).

Some other methods which also give information about membrane
geometry will now be discussed:
1. The critical bubble pressure method ***"), The critical bubble
pressure is the minimum pressure necessary to press air through
a membrane imbibed with liquid. For a single capillary with radius
r (in cm) the force exerted on the column of liquid is nr’p,
where p is the excess pressure in dynes/cm?. The counterforce
which has to be overcome is due to the surface tension y (in
dyne/cm). For zero contact angle the two forces equal each other
when:

wrip = 2mry,
hence p =2y/r (7

so that air is pressed through the capillary when p 2 2v/r.

In the case of a membrane we can by means of this method
find the radius of the greatest pores (rmax). Because of the
small pores in the membrane the interfacial tension air-water
(73 dynes/cm) necessitates pressures which are much too high.
BecunoLd *%) therefore replaced the system air-water by water-
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isobutylalcohol, which has an interfacial tension of 1.7 dynes/cm
at room temperature,

Erse *?) refined this method for the determination of the pore
radius distribution., He measured at the same time the bubble
pressure and the rate of flow through the membrane, and calculat-
ed by means of equations (2), (4) and (7) the number of pores
open at that pressure. At a higher pressure another group of
pores is opened, the radius in this group again is given by eq.
(7). The rate of flow now is determined by the sum of the trans-
ports through these pores and all wider ones. After a series of
such measurements all pores are filled with the strange liquid,
which manifests itself by the validity of PoiseuIiLLE’s law at a
further increase in pressure 4?7,

ELForp has determined the ratio rmax./rnv, which for “Ultra-
cellafilter” has a value of 3 to 6; and for “gradocol” membranes
a value of abhout 2 (for these membranes, see part f).

The accuracy of the bubble pressure method is restricted by
three factors *27,

a) Any small excess pressure opens the corresponding pores
only after a long interval of time. For a determination of a pore
radius distribution by ErRBE’s method one must, therefore, wait
until the rate of flow at a new pressure becomes constant.

b) The liquids may to some extent be soluble in each other,
Effects due to such mutual solubility can be avoided by the use
of liquids saturated with each other.

¢) The liquids will show different behaviour towards the mem-
brane substance. In the case of isobutyl alcohol and water, for
instance, the alcohol is preferentially adsorbed by collodion.
For this reason the water must be pressed through the membrane
after this has been conditioned to the alcohol, and not vice
versa,

2. Some idea about the maximum pore radius may also be obtained
from dialysis and ultrafiltration experiments. This will be dis-
cussed in parts d and e of this section.

3. The electrochemical and electrokinetic behaviour of the mem=-
brane in aqueous electrolyte solutions is closely related to its
structure. Although we have not performed any experiment in this
field, we will stress some important points concerning the elec=-
trochemistry of membranes ). & general phenomenological theory
on membrane processes, including electrokinetic processes, has
been developed by STAvErMAN *3) on the basis of the thermodynamics
of irreversible processes. Although the results of any model
theory have to be in conformity with the phenomenological laws
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derived by STAVERMAN, these laws cannot afford us a kinetic pic-
ture of the membrane behaviour. For the two theories mentioned
below it has been proved that they fit in with STAVERMAN’ S theo-
ry 44)45)

ManEGoLD *%) has applied the theory of the electrical double
layer to electro-osmotic and related processes, although he states
that such a procedure is only correct when the diameters of the
pores are much larger than the thickness of the double layer.
This, however, cannot be said of the usual membranes with an I
of 5 to 50 mu. MANEGOLD and SOLF 46) have indeed found large dis-
crepancies between theory and experiment.

A much better approach to the electrochemistry of membranes
was started by MEYER and S1EvErRs *7?, and Teoreri *%) for the
membrane (or dialysis) potential. These authors suppose that the
membrane network carries fixed electrical charges, due to the
presence of ionizable groups or formed by adsorption of ions from
the imbibing selution. The number of these immobile ions per unit
of volume of the liquid in the membrane will be called the mem-
brane ion concentration A. If equilibrium at the membrane sur-
face is established rapidly, the distribution of mobile ions in
the membrane phase is governed by a DonNNAN equilibrium between
the membrane phase and the electrolyte solution. The two DONNAN
potentials on both membrane-water interfaces may be readily ex=-
pressed in A and the concentrations of the ions at either side of
the membrane; the sum of these potentials plus the diffusion po-
tential in the membrane is the membrane potential. ScumID 44) has
used the same picture of fixed ions in the membrane network for a
theory of the electrokinetic membrane-processes. He assumes that
the surface of the pores is non=-conducting and the counter ions
are uniformly distributed in the pore liquid, although a kind of
DeaYE-HuckeEL arrangement round the fixed ions would be a more re-
presentative model.

As a demonstration of this theory we will give ScumID'S
treatment of the electro-osmotic pressure. Suppose we have over
any arbitrary pore with length Ii a potential difference E, then
the electric field strength in the pore is E/I‘. In the pore we
have (for negative fixed ions) an excess of positive charge +A,
hence the electrical force {1 per volume element Av is:

/Vl = FA /\?J,r/]i,

44)

where F is the faraday. In the stationary state the electro-
osmotic pressure T, exerts on the volume element Av a force f2 of
the same magnitude in the opposite direction:

fo = Mv m /1,

where r.e/Ii is the pressure gradient in the pore.
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Hence: W, = F A E.

The older theory claimed an inverse proportionality between T,
and the square of the pore radius (rav)z. MANEGoLD and SoLr 4,

however, found no dependence of T, ON I .

111.2c., Determination of permeabilities

The permeability coefficient P of a membrane may be directly
determined by measuring the rate of flow er/dt through a given
membrane area S when a known excess pressure p is applied:

dvm/lt{f = PSp 2"

A calculation from osmotic dynamic curves is also possible by
means of eq. (2) in section III,1, which for an osmometer with
two identical capillaries may be written as:

dh/dt = -P(S/s)2gp(h-h ), (8)

where s is the cross-section of the measuring capillary, and g is
included to obtain the same c.g.s. dimensions as in eq. (2"). For

an osmometer with only one narrow capillary eq. (8) is converted
to 49)50)51).

dh/dt = -P(S/s)gp(h=h ). (8"

In part (a) of this section we already mentioned the influence
of blocking effects and compression on the permeability of mem-
branes. The most serious influence on the permeability may be due
to a very slow interaction between the imbibing liquid and the
membrane. Sometimes it has been observed that the permeability of
a membrane changes considerably more when the liquid component is
interchanged by another liquid than can be explained by the change
in viscosity (ea. (3)). This may be due to structural changes
resulting from the osmotic withdrawal of the first liquid during
the conditioning process 52)  Such an effect can be avoided when
the conditioning to the second liquid is done via a series of
mixtures of gradually increasing concentration. In some other
cases, however, the permeability in the new liquid decreases for
an indefinite length of time Lo (The opposite effect, increase
in permeability, does not take such a long time, and is more ex-
ceptional). This effect, which is essentially a very slow shrink-
ing process, is probably due to a very slow coiling up of the
chains between the junction points of the network. BREITENBACH
and ForsTER °!) found such an effect for “Ultracellafilter” (see
I1I.2f) in benzene and cyclohexanone., We found for two membranes
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of the same species in toluene a decrease in P of more than 5%
per day for a period of two months.

For most systems equations (2') and (8') are valid, however,
For a calculation of P from osmotic dynamic curves we write eq.
(8") in the integrated form:

In{(h,=h )/h,=h )} = P(S/s)gpt = kt, (9)

which is eq. 4 in section III.1. There we have discussed the
methods suitable for an evaluation of k; when the osmometer di=-
mensions are known, 2 calculation of P is now possible. From the
literature we calculated the following figures LR OLERE

gel-cellophane P = 10-50 , 10~%
denitrated collodion P = 100-500 . 10”8
“Ultracellafilter fein” P = 75-250 . 10'8,

where all quantities are expressed in c.g.s. units, except the
time t, which is given in hours.

For the determination of permeability coefficients (in water)
we used a simple apparatus of the type described among others by
BJERRUM and MANEGOLD 35). Between two funnels of brass with the
plane edges directed to each other was placed a perforated brass
plate as a support for the membrane, The funnels together with
two rubber packings on either side of the supported membrane were
clamped onto each other by means of six symmetrically arranged
screws. The apparatus was mounted with the membranes in a verti-
cal position. The funnel at the pressure side was connected via a
wide bulb (liquid reservoir) with a simple manostat (two communi-
cating vessels filled with water or mercury) and an open mano-
meter. The funnel at the open side was connected with a horizon-
tal capillary in which the rate of flow was measured by the aid
of a millimeter scale. The level of the liquid in the wide bulb
was adjusted at the height of the capillary. For a calculation of
P we have to know the diameter of the capillary and the effective
surface of the membrane, A calculation of the total surface of
the holes in the support gives: S=3.4 em?: this value was con-
trolled by a direct determination of S:

Between a collodion membrane and the support we placed a num-
ber of filterpapers (first none, then one, two, and so on). If we
assume that the inverse permeabilities which will be called re=-
sistances, are additive, we are able to calculate for every com-
bination of membrane plus filter paper(s) the resistance of the
membrane alone, provided the resistance of one filter paper is
known, This was measured in a separate experiment. Calculations
of the resistance for the membrane gave a constant value of 3.96
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when it was supported by one or more filters; the resistance of
the membrane without filterpaper support was 12.36, Hence the
effective surface is 3.96/12,.36 times the total area inside the
rubber packing: Seff-4.4 em?. The accuracy of this value for S,
which we used in all our calculations, is not high, but suffi-
cient in view of the other limitations of the method.

In the determination of permeabilities (see II1I,2f) we always
measured the rates of flow at at least three different pressures,
and calculated P for every pressure. The reproducibility was
within 2 to 5 per cent, although the first measurements sometimes
gave much higher values. In that case more measurements were made
until P remained constant.

I111.2d, Dialysis

The selectivity of the membrane to a solute can be investigat-
ed in two different manners., In the first place we may compare
the diffusion of the solute under the influence of a concentra-
rion gradient through a membrane with the free diffusion of the
same solute in the same liquid. This diffusion through a membrane
will be called dialysis, although the term often is restricted to
a separation process of colloids and crystalloids by means of a
membrane. In the second place we can filter a solution through the
membrane under the influence of a pressure and compare the con=-
centration of the solute in the original solution with that in
the filtrate. A comparison of the theoretical and experimental
merits of these two methods will be given in the part on ultra=-
filtration.

Imagine two vessels with solutions of weight concentrations
cy and Ca0 separated from each other by a gel membrane of thick-
ness l. It is assumed that the equilibrium between the solution
and the membrane surface is established rapidly. Then, in the
stationary state the concentrations in the surface layers of the
membrane will be €y ™ 0C, and Com = OC, respectively, where o is
the distribution coefficient for the solute between solvent and
membrane phase, Hence the concentration gradient in the membrane
is (¢, - ¢,)o/1, and according to Fick’s law the amount of solute
(in grams) that passes through 1 cm? of the membrane surface per
second is:

dn/dt = D _(c,-cp)o/l, (10)

where Dm is the diffusion coefficient in the membrane., The dia=-
lysis coefficient & may be defined by the equation:

dn/dt = 8(cy=cy)/ 1, (10")
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hence 5= Dm G. (11)

For sieve membranes the diffusion coefficient in the membrane
liquid is the same as in the outer liquid (D _=D), provided the
pores are large compared with the solute particles, and hence D_
can be derived from any suitable diffusion experiment. The dis-
tribution coefficient for a sieve membrane is simply the ratio of
the free volume in the membrane phase to that in the solution
(ELFORDS model):

a= W (11"

ManeGoLD °3) investigated the relation between o and W to verify

which of his mathematical models was most suitable. MANEGOLD
again points out that the results are best fitted to the irregu-
lar slit model; ErLrForDps model, however, which accounts for the
results equally well, is not discussed by him,

When the membrane exhibits any kind of interaction with the
solute (positive or negative adsorption), the values of o and Dm
may be entirely different from the values for sieve membranes.
For instance, when positive adsorption occurs, the distribution
coefficient may become greater than unity, while the diffusion
coefficient is affected in an unpredictable manner, as diffusion
may occur along the surface of the solid membrane substance. Ne-
gative adsorption will reduce the apparent volume available for
the diffusion process, as ¢ is decreased., When the diameters of
the channels in the membrane become comparable with the radii of
the diffusing molecules, Dm will be diminished too.

CoLLANDER qualitatively compared the relation between the rates
of dialysis and the molecular volumes for various dialysing com-
pounds (non-electrolytes) diffusing through cupriferrocyanide 43
and collodion membranes °*’, In general he finds smaller & values
for higher molecular volumes. The exceptions, phenol and m.nitro-
phenol which dialyse too rapidly through collodion membranes can
be explained by the interaction between these substances and the
membrane (positive adsorption).

MANEGOLD ) compared the free diffusion coefficient for urea,
sucrose and hydrochloric acid in water with their dialysis coef=-
ficient in graded collodion membranes, The minimum pore diameter
whith still allows for free diffusion in the membrane is about 20

R for urea and for hydrochloric acid; the results for sucrose are
not very conclusive.

A great number of dialysis experiments have been performed by
BRINTZINGER >°) who improved the method to a means for determining
molecular volumes of dialysing compounds. In his experiments the
vessel containing the solution is rather small (volume V), where=~
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as the vessel containing the solvent is so large that concentra=-
tion changes herein can be neglected. Eq. (10) now takes the form:

de/dt = dn/VDT = =(cS/Vl)c, (12)

"

hence c= c, exp [—ﬂSt/lki, (13)

where the concentration difference over the membrane is ¢, the
initial concentrations ¢, = c and ¢, = o, and S the effective
surface of the membrane *).

For the dialysis of various non-electrolytes (alcohols and
sugars) in water through the same cellophane membrane BRINTZINGER
found the following relation between dialysis coefficient and
molecular weight:

5, VM_ = constant.

Here‘Vk is the weight of the dialysing particle which in the case
of hydrated particles for instance will differ from their formula
molecular weight. The relation was employed in the determination
of the molecular weights of many inorganic electrolytes and poly=-
electrolytes 33736) ap independent check of at least one mole-
cular weight is, of course, necessary in this method.

JANDER and Spanpau *7) have demonstrated that the results ob-
tained with BRINTZINGER’ S cellophane membranes were not entirely
consistent with free diffusion experiments; by replacing the
rather dense cellophane membrane by “Ultracellafilter” this in-
consistency disappeared (see, however, BRINTZINGER 58)y, It was
further shown that different rates of stirring gave different
values of 8; this will be due to a reduction of the effective
membrane thickness [, Osmotic and filtration effects were not im-
portant, however, when the liquid levels were adjusted at the same
height. In all these experiments, and in most of BRINTZINGER’ S
too, the dialysing particles were ions, hence a linear relation-
ship between & and D can only be expected when the medium is a
concentrated solution of a strong electrolyte **), This has been
confirmed by JANDER and SPANpAU 577,

*) When the membrane separates two identical vessels containing solu-
tions with concentrations c¢j and c¢3, it will be obvious that egs. (12)
and (13) become:

dAc/dt = 2 dn/Vdt = ~(285/V0).c (12")

and
Ac=Ac, exp [-2 St/1v], 13"

where Ac = cy=C, and Aco is the initial concentration difference.
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‘is,
Fig. 7

Upper half of permeation apparatus; p=pulley to rotate magnet m;
the cell ¢ contains a stirring element; s, and s3 are connected
to valves similar to those drawn in fig, 3, while s; is connected
in addition to a horizontal tube in which the movement of the
meniscus can be measured,

By means of a so-called permeation apparatus (fig. 7) we de~-
termined the rates of dialysis for some simple organic compounds
and for some polystyrene fractions., The apparatus had some re-
semblances with the Fuoss-MEAD osmometer (III.lc); the groove and
ridge systems of both half cells were now replaced by disk~shaped
compartments (0.5 cm thick, 6 cm diameter, volume 14 Cm3) to make
magnetic stirring possible. The membrane was supported on bhoth
sides by perforated plates (1 mm thick, with holes of 2 mm diam=-
eter, 1 mm apart). The stirring elements were iron rods enclosed
in small glass tubes. The brass blocks were clamped together in
the same way as with the Fuoss-MEAD osmometer; the gasketing
again was done by the membrane. Further details may be seen from
the figure. In all measurements we used the apparatus with hori-
zontal capillaries which were connected with the half cells and
adjusted in the same horizontal plane. The permeation apparatus
was placed in a thermostat in which the temperature was constant
to within 0.01°C. Al11 measurements were made at 25°C.

For dialysis by means of this apparatus eq. (13") is applied.
Substituting V = 14 em®: S =8 cm? and ! = 0.01 cm (these figures
being rather rough estimates) we obtain:

Ac = ¢ exp[- 110 & ¢ (14)

After measuring the concentrations in both vessels at two or more
times, an approximation is possible. We always filled the lower
compartment with solution (concentration c,) and the upper one
with pure solvent. After the time t both compartments were emp-
tied, and the concentrations determined gravimetrically (evapora=-
tion of a known volume of solution). These concentrations always
had to be corrected because the concentrations of the liquids in
the standpipes and capillaries were not altered. Calculation as




well as direct measurement gave for the volunes in the standpipes
3

on either side 1.5 cm”.
Table IV
Dialysis through an “Ultracellafilter mittel” in toluene
Cq c M t 5
-3 -3 ” 2 -1
Solute (gem )| (gem ) (min) | (cm”™ sec )
Sudan I 5.5 107%*[3,3 107" 350 60| 1.2 107°
Polystyreme (H 1)]8.9 1072 |6.93 1072 | 4,000*| 120| 1.4 1077
Polystyrene (H 1)|4.2 107* |3.28 10* | 4,000*| 120 1.6 1077
Polystyrene (D 4)|3.9 102 |o.97 1072 |18,000%| 2900| 3.8 10%
Polystyrene (D 5)|5.9 107° |1.90 10°? |39,000*| 6850 1.1 1078
Polystyrene (D 6)|6.8 1072 |3.79 107® |63,000* | 8500 4.3 107°
+ The concentration of the azo~dye was determined with a Zeiss~
*Stufenphotometer®,
* The molecular weights of the polystyrene fractipns were cal=-
culated 59) from intrinsic viscosities using [ = 0.5 10~4
MO.80; see IV.4,

In table IV we give our values for an azo-dye and some poly-
styrene fractions in toluene, Although few experiments on the
diffusion of polymers by means of what is called the cell meth-
od ®%) have been reported, we have, for polystyrene in toluene,
the values of ApELSTEIN and WINKLER °!), In the cell method the
diffusion through a sintered glass membrane is determined in a
manner quite analogous to our dialysis experiments. From fig. 3
of ApeLSTEIN and WINKLER we have taken the diffusion coefficients,
which by means of our eqs. (11) and (11') are converted into dia-
lysis coefficients (SCEIC) for a sieve membrane (for our “Ultra-
cellafilter mittel” the value of W was 0.66). This gave the fi-
gures in table V.

Table V
Hindered dialysis for an “Ultra-

We see from these figures that even if the difference between
the values for M=4.000 is due to the different techniques,

cellafilter mittel”

-3 7 7 s
10 M| 10 2801 1 102 ”°b5,
(cm®sec ")|(cmTsec )

4 70 1.9

18 55 0. 38

39 63 0.11

62 45 0,04

the



rapid decrease in the 8°bs values can only be due to strong hin-
drance of the free diffusion through this membrane.

The dialysis coefficient for saccharose octa acetate (mol.
weight 678) in propyl alecohol through a polyvinyl alcohol mem=-
brane (see I1I.2f) was measured to obtain an idea about the hin-
drance of diffusion in this very dense type of membrane. The
membrane thickness was 0.12 mm; the initial concentration in the
lower half cell ¢ = 0.109 g/100 cm the concentration difference
after 1240 min. Ac=10 090 z/100 cm®, hence:

§ = 9,3-107° szsec_l.

Comparing this & with the figures of Table IV we see that the
polyvinyl alcohol membrane offers a much higher resistance to so-
lute molecules of a low molecular weight than the “Ultracella-
filter mittel?” (& is sbout 100 times smaller). The same has been
found for the permeability of the solvent. Al though an exact
value of P (eq. (2')) cannot be given because the permeability
coefficient depends on the pressure and on the time during which
the pressure is acting (compression, and deviation from viscous
flow), a mean value of 10-20.10" % is found, which is about the
same as for very dense cellophane membranes (see part c).

The same polyvinyl alcohol membrane after conditioning to
toluene in the permeation apparatus was used for the dialysis of
the polystyrene fraction (H1) of low molecular weight (4, 000)
While the same filling (initial concentration 0.25 g/100 cm ) re-
mained in the lower compartment, the liquid in the upper compart-
ment was replaced by fresh solvent after definite time inter=-
vals t. The concentrations of these liquids were determined in
duplicate by evaporation of 5 em® portiops is a weighed platinum
crucible at 110°C. The residual weight of polymer was measured by
means of a micro-balance with an accuracy of 5,1073 mg. In view
of the very small amounts of solute that passed the membrane, eq.
(13") may be written as:

c'/e, = (285/VD)t = 3.5-10°. (15)

where ¢' is the concentration in the upper compartment after a
time interval t expressed in hours.

From the results (Table VI) we see that the dialysis coeffi-
cient in a polyvinyl alcohol membrane is about 500 times smaller
than in an “Ultracellafilter fein”, while the rate of dialysis in
the course of an experiment becomes smaller and smaller. This
will probably be due to the inhomogeneity of the polymer frac~
tion: the lowest molecular weight particles dialyse more rapidly
through the membrane. That we are dealing with hindered diffusion
can also be seen from a comparison Jf the ratio 8(polystyrene Hl1)
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Table VI

Dialysis of polystyrene (H1) in toluene through
a polyvinyl alcohol membrane

10° c, 103 ¢' t 1010 5
(g/100 cm’) (g/100 cm’) (hours) | (em? sec™!)
250 | S 48 4,2
248 1,9 66,5 2. 6
2417 0.8 74 1e's

to d(saccharose octa acetate) for this membrane with the ratio
between the molecular weights (20 and 6 respectively). In general
the first ratio must be smaller than the latter.

I11.2e. Ultrafiltration

The number of solute molecules that pass through a membrane
surface of 1 cm? per second under the influence of any force f
may be written as:

dn/(l'l = fcm/u’, (15)

where cmis the number of molecules per em® in the membrane phase,
and w is the resistance coefficient of one solute molecule in the
membrane. When dealing with dialysis the force f is a thermo-
dynamic “force”,

f = — Dg(x)/0x, (16)

where x is the direction in the membrane perpendicular to the
surface and g(x) the partial thermodynamic potential of the solute
at the point x. Supposing that the solution is an ideal dilute
solution, and the concentration gradient over the membrane is
linear, we obtain for dialysis eq. (10"):

Jnd/dt = —:—’:‘%ﬂ - Dm..ﬁcm/l, (10')
where Ac is the concentration difference between the solutions
on either side inside the membrane and D'n = k’IVwd the diffusion
coefficient according to the relation of EINSTEIN-FOKKER. For a
sieve membrane eq. (10') may be written as:

dn,/dt = - D W.Ac/l, (17)

as long as no geometrical interaction occurs.
When the solution is forced through the membrane by a pressure
difference p, the force per molecule is:
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f= v, (dp/dx), (18)

where v, is the molecular volume, Assuming a linear decrease in
pressure over the membrane, we get for filtration:
dnf/dt = c(vlp/lwf). (19)

There is, however, no general relation between w, and w.. For a

crude comparison of dialysis and ultrafiltration we confine our-
selves to filter membranes without geometrical interaction. Hence
the process of dialysis is described by eq. (17). The transport
of solute molecules in filtration is now given by:

dnf/dt = ¢ dvm/dt = ch(r J/81ln), (20)

using equations (2) and (6). By means of STOKES’ law for the. free
diffusion of the solute molecules with radius a:

w, = 6 mma,
and the EINSTEIN-FOKKER relation Wy, = kT/D, we find:

cphD

dnf/flt = (471:r a)

Here w, represents the resistance factor in free diffusion and
will be equal to w, if the sieve model is taken in its strict
sense,

Finally, introducing the molecular volume v, = 4/3.ma> we
obtain:

dn/dt = (DWe/1) (v p/kT) (3/4.7, /a)? (21)

Comparison of the rates of dialysis and ultrafiltration (egs. (17)
and (21)) is now seen to be a rather difficult matter as the two
important factors (vlp/k73 and (3 e /4a) may vary considerably,
the first term usually being very small and the second term very
large. It is only when geometrical interaction occurs (§ g2 = a)
that the rate of dialysis may be much greater than the rate of
ultrafiltration (at low pressures). In this case, however, some
of our basic assumptions are no longer valid.

When the membrane exhibits any kind of sieve action, we return
to eq. (20), which should now be replaced by:

~dn/dt = (1=®)c dvm/dt, (22)
where &, the retention coefficient, is a measure of the sieve

action ®%), and where n=cV is the number of molecules at the side

where the pressure is highest. We find for the decrease in n on
this side:
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Ay il 3oL ctomys %

—(Tt dt dt

2 V de/dt = -® ¢ dV/dt,
and after rearranging and integration:
V2 = COVT, (23)

where the subscript o indicates the initial situation. Hence a
number of simultaneous determinations of concentration and vo=-
lume of the solution above the filter will yield the value of &,
In this treatment we have assumed that ® does not depend on the
concentration of the solute; this has neither been confirmed nor
refuted by experiment X,

An accurate performance of such determinations is greatly
restricted by stirring inefficiencies. McBAIN and STUEWER have
shown that inefficient stirring leads to values for & which are
much too low or even zero., This is caused by the formation of a
more concentrated liquid layer at rest directly above the mem-
brane, from which in the stationary 'state solution of the same
composition passes into the membrane, as comes in from the bulk
of the stirred solution. It seems that the only thing one can
do in this respect is in all experiments to stir with the same
speed,

MANEGoLD and HormAnN %3) examined the influence of the pore
size on the retention of solutions of sucrose, hydrochloric acid
and chromoxyde sols; a retention of the solute was found in the
same region where dialysis no longer was governed by the free
diffusion coefficient of the solute. They showed further that
geometrical interaction between solute molecules and membrane
network may give rise to blocking effects.

ELrorp %) and Ferry *®) have used “gradocol” membranes (see
II1.2f) for the determination of particle sizes in disperse sys-
tems (solutions of proteins, mainly). To achieve this for a par-
ticular system they filter that system through membranes with
progressively’ finer pores until the colloidal particles are com-
pletely retained. The corresponding pore size (r,imit) usually is
1 to 3 times as great as the particle rr lius (which is known from
studies with the ultracentrifuge or ultraviolet microscopy).

6

Our ultrafiltration experiments were done with the same per-
meation apparatus as we used for dialysis. An excess pressure p
was applied from a simple manostat (see III.2c), which gave pres-
sures constant to within 0.05 mm, water. This constancy was
achieved by connecting the two ends of the manostat to the oppo-
site horizontal capillaries. In this manner a closed circuit was
obtained, which was insensitive to fluctuations in the air pres-
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sure as well as to fluctuations in the room tempmerature (the
manostat was not thermostatted). The lower.cell of the permeation
apparatus again was filled with the solution, the upper compart-
ment with the solvent. In some experiments the solution was pres-
sed through the membrane (“Ultracellafilter mittel”), in others
the solvent. In all cases the rates of flow through the membrane
were measured in both horizontal capillaries; experiments in
which the differences between the readings exceeded 5% were dis-
carded. In the tables the mean of the rates of flow in the two
capillaries is given. (For the case of zero external pressure it
was necessary to extrapolate the rate of flow to zero time). In
all experiments we stirred with equal speeds. We assume that the
rate of flow can be expressed by:

( H”y = ! Yo T ¢
lv/dt = P'(; Rapp)? (24)

p)
where Tt e is the apparent osmotic pressure; p has a positive
sign when it is applied to the solvent; a negative sign of i
indicates a tendency for excess liquid flow towards the solvent
compartment. P' is a permeability coefficient, c¢losely related to
the constant P of eq. (2'):

P' =P8

Calculation of P from the P' values of our “Ultracellafilter
mittel” gave P=400.10"% in the same units as used in part ¢ of
this section, Before and after a series of filtration experiments
P' was determined from a permeability measurement with pure sol-
vent in both cells,

In the first series of experiments we found P'=(1,9:0.1).107%,
R ' and p and m in cm H,0. In
Table VII ¢, is the initial concentration in the lower cell
(g/100 cm3), t the duration of the experiment in minutes, dv/dt
the rate of volume flow (cm3/set), g the concentration in the
upper cell at time ¢, and ¢' the concentration calculated from e
which would have been observed after one hour if the initial con=-
centration in the lower cell had been 0.50 g/100 cm®. The total
filtered volume was 1.0 cm® in each case. The polystyrene (D4)
had a molecular weight of about 18,000 (see table IV) and should
exhibit in a 0.50 g/100 cm® solution an osmotic pressure of about
8 cm H,O,

Froﬁ Table VII we see that in all cases dialysis of solute
particles took place through the membrane to at least the same
extent as when no external pressure was applied (pure dialysis).
When oressing solution through the membrane, a considerable
amount of solute molecules were dragged along. For 1.0 em® solu-
tion passing unhindered, the concentration change would have been

when Jdv/dt is expressed in cm” sec”
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Table VII

Ultrafiltration of polystyrene (D4) through
an “Ultracellafilter mittel”

c P t [10* dv/dt| T e |m. /e
o u app app
0,54 [+ 20,2 59 + 3.37 |0.037|+ 2.5|0,033 4,6
0.53|+ 10.8| 114 + 1.65 |0,036|+ 2.1|0,018 4,0
0.39 0 12902 -="0.27 (0.16 |+ 1.5]|0.008| 3.8
0.52|— 11.4 88 - 2,09 (0,020~ 0.8]0.013
0.50 |- 20,7 50 - 3.92 |0.006|- 0,1]0,007

0.033 g/100 em® in the upper cell, In the two first experiments a
very great part of the concentration change in the solvent com-
partment indeed must have been due to such transport of solute
molecules. The calculated apparent osmotic pressure has in both
cases about the same value, which is in reasonable agreement with
the zero pressure experiment (see the s /c values). The appar-
ent osmotic pressure is only 1/4 of the theoretical osmotic pres-
sure.

When, however, solvent was pressed through the membrane into
the solution cell, no influence was found of an osmotic pressure
acting in the same direction; the negative values are not very
significant compared with the accuracy of the method,

To investigate whether the apparent osmotic pressure depends
on the rate of flow, we measured the latter at different positive
external pressures, and calculated 7« in the same manner as before
(Table VIII). Here we used a (0.71 + 0.01) g/100 em® solution of
polystyrene (D5) in toluene. The theoretical osmotic pressure of
this solution is about 4 cm H,0; the permeability coefficient P!
was (1.6 + 0,1) 105,

Table VIIT

Ultrafiltration of polystyrene (D5)
through an “Ultracellafilter mittel®”

p 10* du/dt i
app

+ 4,9 0.53 1.8

+ 10.5 1.54 0.9

+ 14,9 2.21 1.0

+ 21.3 3.17 155
+17.5 2.34 2.9 *

* This measurement was made
after a dialysis experiment
of five days duration; the
high value for 7 may be due
to a blocking phenomenon.

Again no certain indication of a dependance of Tapp O the
rate of filtration was found.
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From these experiments we get the impression that when any
retention of solute molecules occurs, an apparent osmotic (coun-
ter) pressure is set up irrespective of the concentration at the
other side of the membrane., Remembering that STAVERMAN' S trans-
port numbers

. ]
Ty [niz,ri/'f:

Ag:=o (eq, IT1.3.17)
are defined for a situation in which no thermodynamic “forces”
are active, we must conclude that a correct determination of this
number is impossible, We believe that this is caused by the fact
that the membrane has a finite thickness, in consequence of which
a concentration gradient in the membrane originates during the
filtration experiment.

I111.2f., Membranes

In the course of our investigations we used several types of
membranes. A general review on the most commonly employed osmotic
membranes can be found in WAGNER 7)., Wwe will discuss here only
the membranes with which we have experience.

1, Collodion membranes

The properties of collodion membranes, which have been used
almost exclusively for aqueous solutions, have been thoroughly
investigated by many authors along the lines described in the
preceding parts of this section. At present they can be prepared
with graded permeabilities, and as it has been demonstrated that
they act in water as molecular sieves, they seem to ne very suit-
able for osmotic and permation experiments. Moreover, their use
is not restricted to aqueous solutions because it is possible to
condition these membranes to other solvents %%’ in such a manner
that eq. (3) in part a of this section remains valid. We repeated
in the first place some of the experiments of MANEGOLD and ELFORD,

Preparation of the membranes

Solutions of collodion were allowed to dry out in Petri dishes
(diameter 5 and 10 cm, height of the brim 1 cm) which floated on
mercury. The evaporation took place under a cover whose lower
edge did not completely reach the table on which the dish was
placed. The solvent vapour escaped slowly through the remaining
slit of about 5 mm. No special precautions with regard to the
temperature and the relative humbidity of the room were taken.
After filling the dishes were first covered during half an
hour with a glass plate to allow for a regular spreading of the
solution over the glass surface. The amounts of solution were
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different in different groups (four membranes were prepared at
the same time); no definite influence of the membrane thickness
on the reduced permeability coefficient was found, however, The
composition of the solutions and the evaporation time (t) are the
two factors which determine the permeahility of the membranes.
After time t the dishes were immersed in distilled water. The
membranes which always adhered to the edge of the dishes, were
cut loose after one night (when the membranes were detached imme-
diately, a considerable shrinkage was observed during the first
hours), and then washed with distilled water for several days.

The influence of the composition of the solution

In the first series of experiments *) (preparation of “Gra-
docol” membranes 26738)65)y we started from a stock-solution of
MERCK’ s collodion (“fiir medizinische Zwecke”, 4%). Four parts of
this solution were diluted with one part amyl alcohol and the so-
lution so obtained was mixed with an equal volume of a mixture of
dry ethyl alcohol and diethylether (1:10). This final collodion
solution will be referred to as “standard solution”. Membranes
prepared from this standard solution were compared with membranes
from the same standard solution to which small quantities of
water and acetic acid were added (prescription of FLFORD LAY
The permeabilities were measured by means of the apparatus de-
scribed in part ¢ as the rate of movement Jdh/dt of the meniscus
in the horizontal capillary. To obtain a more absolute figure the
permeability coefficient P", calculated as P'" = (dh/dt)/p, was
multiplied by the thickness [ (in my) of the membrane 35) . In the
following discussion we will call (P"l) the reduced permeability
coefficient., After a permeability measurement the water content I
of the membrane was determined.

Table IX

The influence of the addition of small amounts of
water or acetic acid to an “ELrorp” solution on
the membrane permeability

35k S ) H
number of| addition ¢ Rl
membrane (min)

none 60
none A0

2% acet,acid A0
2% water 60

Two or three membranes were measured out of each group of

*) We acknowledge the assistance given by P,Paulusma.




four;

these grouns consisted of identical membranes as was preved
by experiment. Two groups (a and b) prepared on different days
were not exactly identical, although the difference was quite
small, Al]l measurements were done at least five days after the
preparation of the membranes; washing of the membranes for a
longer period as recommended by ELrorp yielded no particular ef-
fect, Finally, the average pore radii were calculated by means of
eq. (&), From table IX it can be seen that there is no obvious
difference between the *“normal” membranes and the “acetic acid”
membranes. The reduced permeability coefficients for the “water”
membranes were twice as high, however. For comparison we give Ty
values which EvLrorp has found for his identically prepared “gra-
docol” membranes:

“Normal” membranes :-300 — 400 my;
“acetic acid” membranes : 5 mu;
“water” membranes ¢ 1000 - 1500 my.

We have not, therefore, been able to confirm ELFoRrRD's resul ts.
It is possible that our collodion differed considerably from
ELrForD’ s Necol=collodion as far as its membrane-forming proper=
ties are concerned *),

In '‘a second series of experiments **) we used the original
MERCK solution and dilutions of these with ethyl alcohol and die=
thyl ether., ¥rom table X we can see that by increasing the ratio
alcohol: ether in the collodion solution the permeability of the
membrane is greatly enhanced.

Table X

The influence of the alcohol-ether ratio on
the membrane vpermeability

| group number of|addition t l W P'1L | Tav
membranes (min)| () | (%) (miL)

a 2 none 15 R8| 83| 227| 18

b 1 o 15 821 91|1220| 35

c B iRt ReEL 27 | 170| 97|1380| 36

d 2 A0, ¢ a5 | 135| 9s|1260( 35

) 2\ "[i-!'fr a5 | 97| 93|1030| 32

£ 1 (3:1) 45 | 165| 96| 1250 | 26

g 2 1 part 30 | 17| 961920 | 44

h 2 alcohol 30 | 123]| 962040 45

*) The great influence of the kind of collodion on membrane properties
has been shown by SOLLNER 66), When, in later experiments, we tried
to nrepare membranes from a new MERCK’s collodion solution (the ol=-
der one was a prewar product), we obtained very fragile membranes
which conld not be handled as easily as the former ones, and had
quite different characteristies.

We acknowledge the assistance given by .J.S8chokkenbroek,




It is strange, however, that no definite conclusion could be
drawn as to the influence of the drying time. This influence was
investigated in a third series of experiments *) with membranes
from another collodion solution (3,6% Brocapharm). The only va-
riable in these experiments was t, We found, indeed, a marked
dependence on t. It may be that in the former series of experi-
ments the drying time has been too short to detect any effect.

Table XI

The influence of the
drying time on the
membrane permeability

time | 1 W | P"1 | Tav

(min) | (W) | (%) (mys
30 | 94| 8135 |17
30 | 69| 866|124 |16
60 49 70 35 8
R0 2R 57 16 A1 ¢
of | 271 52 1.2l 3.2
90 | 20| 31 17 2.3

Finally we see that in spite of the great differences in the
standard solutions all membranes show the same relation between
water content and reduced permeability coefficient. We have plot-
ted the value of W and r., for the three tables in fig., 8. Curves
of the same type have been found by RJErRRuM and MANEGoLp 357,

As it is dubious whether these r., figures have a real physi-
cal meaning, we determined the ) value of a membrane of group
d (table X) by the minimum bubble pressure method *), using iso-
butyl alcohol and water (see part b). The values are given in
Table XII; we took for y FrRBE’s value 1,73 dyne cm"; for each
pressure the constant rate of flow dvE/J( was determined, and
compared with the permeability Jum/Jz calculated for a membrane
of set d for the same pressure. The ratio between these rates of
flow is a measure of the fraction of the total cross section of
the capillaries that is effective at that pressure. Considering
the accuracy of the exneriments the results are in good agreement
with the r__ value, which for this membrane was 35 my.

2. Denitrated collodion membranes

Preparation of the membranes

A large flat dish was placed in a desiccator and filled to a
depth of about 1 em with pure mercury. On the surface of the mer-

*) We acknowledge the assistance given by H.Bakker.
**) Assistance given by J.Schokkenbroek.
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Fig, 8
Relation between e and W for collodion membranes

Table XII

Determination of pore radii
by ERBE’s method

dv.. |dv dv
r r E E m
(em Hg) (miL) dt | dt, dt

62.7 |41 (r._)|117 0. 21
6,7 |39 ™% [135 0.23
70.8 | 37 164 0.25
74.9 | 35 195 0.29

cury was floated an iron ring, 18 cm in diameter; inside this
ring, onto the mercury surface, was poured 20 em® of a collodion
solution (Merck; collodion “fiir medizinische Zwecke’, pre-war
product). The desiccator which contained no desiccating agent was
closed for one hour to allow for a regular spreading of the solu-
tion. Then the cover was raised to about 2 mm, and evaporation
allowed for one night. The iron ring with the membrane (which was
rather stretched) was then immersed in distilled water, After
several hours the membrane was cut loose from the ring, and wash-
ed with fresh distilled water. When five membranes were prepared
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in this manner they were denitrated together by the method of
MonTonNA and JrLk ©721%), The denitrating solution consisted of a
mixture of 125 cm® concentrated ammonia, 325 cm® water and 50 cm?
ethyl alcohol; 50 grams of hydrogen sulfide were introduced into
this mixture. The membranes were kept submerged in this solution
for 1.5 hours, every 15 minutes all membranes being turned over.
Then the membranes were thoroughly washed with distilled water
for at least five days. All membranes were conditioned to toluene
by soaking for at least two hours in each of the following lig-
uids, in sequence: 40/50 water + ethyl alcohol: ethyl alcohol
(99%); 50/50 alcochol + toluene; pure toluene.

To prove (or disprove) the usefulness of these membranes, we
determined the apparent osmotic pressures of 1.0 g/100 cm® solu-
tions of an unfractionated polystyrene (S) with a molecular
weight of about 200,000 calculated from its intrinsic viscosity
in toluene fn1 = 0.89 °%), The first series of membranes was pre=
pared as outlined above; the second series from 30 ml collodion
solution to which 5% cellosolve *) was added, In table XIII the
apparent osmotic pressures for several denitrated collodion mem-
branes are listed, together with some values obtained with “Ultra=-
cellafilter”., In no case was the osmotic head constant over a
period of more than one day. We therefore always extrapolated to
zZero time; this extrapolation was more reliable when the osmotic
head was approached from a high level on the solution side. The
same effect was found by dynamic osmotic measurements without
diffusion (III.1b) and by ultrafil tration experiments (III.Z2e).
Typical dynamic curves are shown in fig., 9. To make sure that our
denitrated collodion membranes were comparable with those report=-
ed in the literature (see part c¢), we determined for the mem-
branes 1 and 2 the permeability coefficient P by means of eq.
(8"), and found 150 and 200.10 % respectively (in the same units
as before).

The weak point in the preparation of these membranes is the
hydrolysis in a rather alkaline medium; treatment of membranes
with 1 n NaOH solution leads to complete destruction. Moreover,
many authors have mentioned the variability of denitrated collo-
dion membranes, even when prepared from the best quality collo=-
dion, and since much better commercial membranes are available,
the experiments with these membranes were not continued,

*) BAWN, FREEMAN and KAMALIDDIN 2°) state that cellosolve (ethylene gly-
col mono-ethyl ether) has a marked effect on the porosity of collodion
membranes, a percentage of 5 to 10 cellosolve already yields rather
impermeable membranes (i.e. impermeable to the solvent).
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Table XIII

Apparent osmotic pressures of 1.0 g/100 cm

solutions of polystyrene (S) in toluene for

denitrated collodion membranes and “Ultra=-
cellafilter?,

3
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number | determinations
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collodion series 1
collodion series 1
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Osmotic dynamic curves; denitrated collodion
membrane, series 1.

3. “yltracellafilter”

These membranes (cellulose membranes) are manufactured by the
“Membranfiltergesellschaft Sartorius Werke, A.G.” in Gottingen
(Germany), and were at our disposal in four degrees of permeabil -
ity: “mittel”, “fein”, “foinst” and “allerfeinst’”. Although a
great number of our experiments were performed with these mem=-
branes, they have one disadvantage: in many organic solvents their
permeability decreases for an indefinite length of time (see part
¢). The same has been found for denitrated collodion 64), These
membranes are, therefore, not very useful for accurate ultrafil-
tration and dialysis measurements. We believe that this decrease




in permeability has been the most limiting factor in our ul tra-
filtration experiments (part f).

In table XIII we have already given some apparent osmotic
pressures obtained with these membranes. In all these cases some
diffusion through the membranes was observed; this was mainly
due, however, to the broad molecular weight distribution of the
polystyrene (S) we used. In general, when measuring well frac-
tionated polymers the “mittel” membranes are about as good as
denitrated collodion membranes, and allow for the determination
of molecular weights above 100,000 - 200,000, The densest (and
slowest) “allerfeinst’” membrenes can be used down to about 10, 000.
The time required for one static measurement with these membranes
in the ZimM-MYERSON osmometer is two days.

4. Sylphrab membranes (wet-regenerated cellulose films)
manufactured by the Sylvania division of the American Viscose
Corporation, have about the same properties as “Ultracellafilter
feinst’” (the minimum molecular weight that can be determined
accurately is about 30,000). They are less rigid, however,

5. Polyvinyl] alcohol membranes

Recently HookwAy and Townsenp °%) have recommended the use of
polyvinyl alcoho]l as a membrane material for the osmometry of low
molecular weight polymers. The little experience we have with
these membranes will be reported here,

The membranes were prepared in a manner analoguous to the pre-
paration of the collodion membranes, In the same dishes a layer
of 7 mm of a 1.5% aqueous solution of polyvinyl alcohol was al-
lowed to dry out at 30°C in a slow air stream of 45-50% relative
humidity. The parent substance, polyvinyl alcohol had a limiting
viscosity number (intrinsic viscosity) in water [n] = 105 em®g”!,
which means that the molecular weight was about 70,000 (IV.3) ;
the acetate content was determined as the percentage of acetyl-
ated monomer groups: 0,.8%. After three weeks *) the membranes
were lifted from the bottoms of the dishes and placed for at
least three more weeks in a container with a relative humidity of
75-80%. Then the membranes were soaked overnight in absolute al-
cohol (distilled over magnesium chips) to extract all water from
the membranes. After this procedure the membranes were condi-
tioned to toluene in the usual way.

With a modified Zimm-MYERSON osmometer and two polyvinyl al-
cohol membranes (on either side) we measured the osmotic pressure

*) When the membranes are completely dried out in the dishes they
adhere strongly to glass and can no longer be removed.
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of polystyrene (NDR; M=63,000) in toluene. The (n/c)C=o value was
5.3, which is the same value as was found with “Ul tracellafilter
fein” in the same osmometer (see IV.4). A polystyrene (H1) with
a molecular weight of 4000, gave a rapidly decreasing pressure
difference; after 48 hours the pressure difference had become
zero, It was shown in part d of this section, however, that an-
other polyvinyl alcohol membrane showed a very great resistance
to the diffusion of this polystyrene.

Another complicating fact was that membranes which were kept
for more than five months at a relative humidity of 75-80% had
become nearly impermeable for the solvent and besides showed an
asymmetry of several centimeters.

I11.2g. Some consequences for osmometry

1. In this section we have seen again that dynamic osmotic mea=-
surements are unreliable, especially in those cases were consid-
erable dialysis of the solute through the membrane occurs. Again,
when pressing from the solution side we notice something like an
apparent counter osmotic pressure; when pressing from the other
side no definite influence of the concentration gradient in the
membrane is seen from the rate of flow curves, Dialysis through
the membrane, however, seems still to be possible against the
bulk flow of liquid. An important consequence of these facts is
the impossibility of separating the external pressure p and the
thermodynamic “force” (Ag/l) in filtration experiments as is nec-
essary in the determination of STAVERMAN’ s selection coefficient.
2. The apparant osmotic pressures given by membranes of different
species can differ to a great extent when the polymer dissolved
contains much low molecular weight substance., A more or less
successful extrapolation of the osmotic head to zero time gives
no reliable osmotic data., When any diffusion is detected, the
osmotic pressure may be considerably in error, Of the two things
one can do in such a case, one (the choice of another membrane)
has been discussed in this section. The next section will be de=-
voted to the other possibility: fractionation of the polymer,

II1.3. Fractionation of polymers

The separation of real polymers into fractions which are fair-
1y homogeneous with irespect to molecular weight is of the utmost
importance in osmometry for several reasons, which have already
been mentioned in our discussions on statistical thermo-
dynamics of polymer solutions and on the properties of membranes,
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It will be desirable, however, to pay some attention also to the
fractionation methods themselves:

a. Theoretical considerations.

b. Fractionation of polystyrene.

c¢. Fractionation of polyvinyl alcohol.

II1.3a. Theoretical considerations

All polymeric substances consist of components of a great num-
ber of different molecular weights, and although this heteroge=
neity may be of great partical importance, it offers very often
great difficulties in the theoretical and experimental studies of
polymer properties. We may distinguish three kinds of heteroge-
neity, which can occur together or separately:

1. differences in molecular weights;
2. differences in molecular shapes (branching and cross~linking);
3. differences in chemical composition *).

Nearly all theories on polymer properties are concerned with
the heterogeneity due to differences in molecular weight only.
This is justified in so far as we have little more than specula-
tive information about the other two influences. This introduc-
tion will therefore be restricted to the theory of fractionation
with respect to chain length.

Heterogeneity with respect to molecular weight is expressed
conveniently by the so-called weight distribution function:

n,=Hm); 2Zn =1, (1)
1
where n, is the weight fraction of the component with degree of
polymerization m, .

While the form of the function H(mi) is important, we are pri-
marily interested in methods which enable us to divide any heter=-
ogeneous polymer into more homogeneous fractions. Methods which
Jead only to evaluation of H(m.) have been classified by CRAGG
and HAMMERSCHLAG °°) as analytical methods to distinguish these
from preparative methods by which fractions are actually iso~-
lated. It will be obvious that the latter methods will in them-
selves permit evaluation of ”(“i)' Nearly all preparative methods
are based on differences in solubility. Solubility, however, is
not only a function of chain length, but also of chemical compo=-
sition; this is the main uncertainty in such fractionations. In-
deed, it will be seen (part c¢) that chemical differences between

*) Here, gnd later, we will ignore any specific influence of endgroups,
Yhose influence is never very important when the chain length is
arge.,
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the molecules may cause great difficulties in the fractionation
of polymers.

The solubility methods of fractionation fall into two classes:

1. Precipitation; the polymer is dissolved in a good solvent: to
the solution is added a non-solvent (precipitant) in an amount
sufficient to produce a precipitate. This precipitate (first
fraction) is removed, and again some precipitant added; this
gives a second fraction, and so on. In general the successive
fractions have successively lower molecular weights.
2. Extraction; the polymer in the solid or gelphase in succes-
sively extracted with mixtures of increasing solvent properties.
The first fractions now are the most soluble (lowest molecular
weight), the order of separation of the fractions being the
reverse of that in the precipitation method.

The equilibrium phase separation in both methods may be de-
scribed thermodynamically. For this description we will use the
quasi-lattice theory (II.2c); the molecular distribution method
is not very useful here since it gives an expression for the
GiBBS free energy of the solvent which cannot be converted into
expressions for the solute components (of the heterogeneous poly-
mer). We will start with Scort and MacaT’s 7°) expression (egs.
(16) and (17) in II.2c) for the partial Gises free energy of the
solvent:

Ag, = RT [In(1-@)+(1-1/m ) + wep®], (2)
and of the solute components:
= RT [1n f,oi-(mi-l)+mi(I-I/En)q»p.mi(l-cp) AL (3)

Here Py is the volume fraction of the i-th component with degree
of polymerization m. ;o @ 1is the volume fraction of the total pol=-
ymer with a number average degree of polymerization m e and y is
Huccins 7!) interaction constant which is supposed to be the same
for all values of m;. In these formulae we have implicitly as-
sumed the degree of polymerization to be equal to the total num-
ber m, of lattice sites occupied by a polymer molecule, The equi-
librium conditions for phase separation are

> A4 pe 1
A.al i A;{ ) L)
bg) = Agg for all polymer components, (4)

where a single prime refers to the dilute solution phase (“solu-
tion’’), and a double prime to the swollen polymer phase (“gel”).
If this is applied to equations (1) and (2), we obtain:

In(1-9")+(1-1/@H o +ule") ? = In(1-¢")+(1-1/AD) ¢ +u(cN?  (5)




and 1n '-(mi-lﬂmi(l-lf’ﬁn'\"+.uni(1- ) e
' e N 2 > x
= 1n w_r-(mi~1)+mi(l-1/mn”)1/+uml(1-p”\ for all s, (B)
i
where for simplicity it is assumed that y has the same value in
both phases. Transformation of eq. (6) yields for the i1-th com-
ponent:
In(w,"/o.") = m [(1-1/F Yo'-(1-1/m "' +p{ (1-0") 2= (1-9") ?}],
1 1 | n L
which in conjunction with eq. (5) gives
l"'
e Y = m [20de"-0" + In —].,
v ; ! 1-¢"

Hence the nartition of the compnonents between “solution’ and
“gel” is given by:

0.1 = exnlo 9

’i")i ext .m’ . (7
where Loty 1-q'

o= 2ulw =~ ;s +1In ——,
1_"H

For the partition of the component

have also the relation
\, 5 :\).l + "\“H'
|

1 between the two phases we

(8)

where N, Yi' and Ni” are the weights of this component in the
original polymer, in the solution and in the gelphase, respec-
tively. As N.' = p o 'V' and N." = p @, V', where V' and V' are
the \olumv\ nf the %o]ut]nn dnd the ge] and p the density of
the polymer, we obtain from egs. (7) and (8) 72),
N, N.
N'=——231___ and N"-= : : (9)
= 1+Xexp(om,) . 1+(1”l)exp(-fmu)
where
A= "“/"'.
Or, introducing the total weight (7=71Vi of the polymer, and its

weight distribution function "i(=Ak/”)=”<mﬂ:

ll(mi)

l+‘».(-‘xp(c1.mi)

N.'/G =

and NH”/C

Him;)
= (10)
1+(1x1)exp(-ami)

For the sake of convenience we introduce the degree of poly-

of the component which is

merization m_
N '=N.". hence
r r

the two phases:

o ex]\(-ull;r).

to obtain a measure for
we consider the ratios

Then,
tion,

equally distributed over

the effectiveness of the fractiona-
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ni'/'nr' = (ni/nr).2[1+exp ().(Irli-ml_)}"1 (11)

ni"/nr” (ni/nr).2[1+exp o.(ml,—mi))'1 (11"

We believe these ratios to be the hext indications for the degree
of success of a fractionation procedure. In fact, if for example
n,"/n " is small compared with n /n. when m, is small, this
proves that the ratio between the amounts of low and high molec-
ular weight material is much smaller in the gel phase than in the
original polymer.,

Now, from eq. (11') it is obvious that for small values of m.
the ratio n,"/n " cannot fall below ;

2(n,/n)(1+exp om )~ = 2(n,/n )n(1+0) 7.

If » is of the order of 0.1, the ratio between n.'"/n " and n./n
for low values of m, will at best be of the orderlof 6.1, sho&iné
that the “gel” phase will always contain an appreciable amount of
low molecular weight material,

In the “solution” phase, however, the relative amount of high
molecular weight material is considerably diminished. For, if m,
is large, the ratio ni'/nr' approaches zero as m, increases (eq:
(11)).

We conclude that in the precipitation method the “gel” phase
contains an appreciable amount of the low molecular weight com-
ponents, whereas in the extraction method the bulk of this mate=-
rial is already included in the first fractions, so that the
higher fractions contain little or nothing of it. The extraction
method is therefore more favourable when fractions without low
molecular weight “tails” are to be prepared, This applies in par-
ticular to fractions which must be used for osmometry, because
the contribution of any component to the osmotic pressure is in-
versely proportional to its molecular weight; hence low molecular
weight “tails” are very undesirable. Moreover the low molecular
weight components are more liable to diffuse through the mem=-
brane, which may give rise to many difficulties (see section 2 of
this chapter). There is one practical objection to most extrac-
tion methods, however; the ideal equilibrium state is more close=-
1y approached by conventional precipitation methods than by ex-
traction methods. Some years ago STAVERMAN and OVERBEEK 72) sug=
gested a method by which equilibrium in the extraction process is
as nearly attained as in precipitation method. By adding an
amount of precipitant sufficient to precipitate the greater part
of the polymer, a “solution” is left which can be regarded as an
extract., Separating this first fraction from the gel and redis-
solving the latter, the procedure can be repeated in an analogous
way to obtain a second extract, and so on. The establishment of
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the equilibrium now proceeds in the same way as in the precipita=-
tion method, hence the advantages of both methods are combined.

I11.3b. Fractionation of polystyrene

In all experiments described in this part we used a commercial
polystyrene, Dow crystal clear. Throughout this thesis this pol=-
ymer is indicated as polystyrene (D). The various fractions are
distinguished by the addition of a number.

The unfractionated polymer had a broad weight distribution. In
some preliminary fractionation experiments, in which the procedure
was similar to that described by ALFrEy, BArRTOVICS and MArk 59),
it was found by osmotic experiments that the first precipitates
contained large amounts of dialysing material. We examined,
therefore, by means of extraction methods how much 1low molecul ar
weight material was present in the polymer (experiments 1 and 2).
On the basis of this experience we developed a useful fractiona-
tion method which will be described in experiment 3.

All molecular weights were calaudated from the limiting vis=-
cosity number in toluene at 25°% by means of the relation:

~

[y = 0.5.102(m)0:80

where [n] is expressed in cm3g". This relation has been found by
'

ALFREY, BArTOVICS and MARk °°) for a polystyrene polymerised at
120°C and has been chosen by us because it fits our combined os-
motic and viscometric results (see IV.4). Nevertheless all mole=
cular weights must be regarded as rough approximations.

Experiment 1 *)

A solution of 50 g polystyrene (D) in 1 1 butanone was slowly
added to 4 1 methanol at room temperature. In this and all other
precipitations the tip of the buret was below the surface of the
agitated precipitant, giving a much finer precipitate than could
be obtained by dropwise addition of polymer solution. The color=-
less powder so obtained (polystyrene D1) was used in experiments
1 and 2; in an identical manner the starting product for experi=-
ment 3 was prepared.

In a round bottom flask, equipped with reflux condenser and
mechanical stirrer, 7.6 grams of polystyrene (D1) in 200 em® of
a mixture of butanone and methanol (10:90) were boiled for four
hours, After cooling, the contents of the flask were filtered,
the fil trate reduced to a small volume by evaporation on a water-

*) In experiments 1 and 2 assistance was given by J.J,F,Hasselman.
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bath and finally completely dried in a furnace at 110°C. The
weighed extract was dissolved in toluene, and the viscosity (t)
and concentration (c¢) of this solution determined, Viscosities
were measured with an Ubbelohde viscometer with flow time t_=
992.9 sec for the solvent. The undissolved polymer was treated in
the same way with mixtures of butanone and methanol (20:80) and
(30:70) respectively (see table XIV). During the third extraction
the polystyrene flocculated and adhered to the walls of the
flask. By extraction above 50°C with mixtures of still higher
butanone content the polymer was converted completely to a gel=-
like floc.

Table XIV
Hot extraction of polystyrene (D1)

Number of Ratio Weight of Viscosity
extraction | butanpone~ extract determination
methanol

102 ¢ | t=t
(g/cm3) (sec)

1 10: 90 0.13 0.7 1.3
2 20: 80 0.41 5 2.3
3 30:70 0. 30 0.8 3.2

The total amount of substance (0.84 g) extracted in three
operations was about 11%. From the viscosity data no molecular
weights can be derived, although it can be said that they all lie
below 1,000,

Experiment 2

The polymer (1.860 g) was now extracted at room temperature
with butanone-methanol mixtures which were progressively richer
in butanone. The powder was suspended in about 400 em® of such a
mixture, vigorously agitated for four to five hours, filtered off
and then extracted with the next mixture. The extracts were
treated in the same way as in experiment 1; from the viscosities
of the solutions in toluene no further conclusions could be drawn
as in experiment 1., Again the total amount of extracted material
was about 11% (table XV).

From experiments 1 and 2 we see that the polymer (P1) contains
a large amount of very low molecular weight material. This can be
extracted as well at elevated temperatures as at room tempera-
ture. Extraction of higher molecular weight fractions, however,
is hindered by the gel-like properties of the polystyrene in the
aporopriate extracting mixtures.
The limiting viscosity number of the residual products from




Table XV

Extraction of polystyrene (D1)
at room temperature

Ratio Weight of

Number of |butanone~| extract |[Appearance of
extraction| methanol (mg) the polymer

1 53:47 9

2 58:42 1

3 63: 37 17 powdery

4 66:34 11 5

5 70: 30 20

6 73: 27 47 "

7 77+ 23 43 g flocculant

8 80: 20 59

9 83: 17 51 § swollen

both experiments showed no significant departure from the value
for polystyrene (D1) itself.

Experiment 3 %)

This experiment has been done along the lines indicated in
part (a) of this section. From the preceding experiment we see
that the ratio butanone-methanol in the first extracting mixtures
has to be about 80: 20,

A solution of 50 g of polystyrene (D1) in 1 1 butanone was in-
troduced, in the manner described, into 600 em® of a mixture of
butanone and methanol (80:20). At the same time methanol was
poured into the mixture in such amounts that a constant ratio
butanone-methanol was maintained. After the solution was added,
stirring was continued for about one hour., The phases then were
allowed to settle for one night, the volumes of *“solution” and
“gel”” measured, the gel dissolved in butanone and reduced by
evaporation to a small volume. This small volume was introduced
into a large excess of methanol in the manner described. The
fraction so obtained was weighed and its limiting viscosity num-
ber in toluene determined. The other fractions were prepared in
an analogous manner from the dissolved gels of the preceding
fractions, except fraction 7 which is the precipitate of extrac-
tion 6. The values of ¢' in table XVI are found directly from the
experiment; the values of ¢ have been calculated on the assump-
tion that for the l1-th fraction:

1
Nl miagesi=. 20 N,
1 =y Ik

where the weights of the polymer in solution and gel are indicat-
ed by N' and N' respectively, and 47.5 is the sum of the weights

*) Assistance was given by J. Schokkenbroek.
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of all fractions. The difference between this weight and the
weight of the original sample will be due to the loss of very low
molecular weight material. From the figures (see table XVI) we
have calculated the weight distribution function in the manner
described by ScuurLz and DINGLINGER ’°):

To this end eq. (1) is written as dn = H(M)dM, where dn is the
weight of all molecules with molecular weights between M and
M+dM. Integration gives for the total weight of all molecules
with molecular weight below M :

M
IM =) HM aM,
1
the function I(M) has been called integral weight distribution
function. ScHuLz assumes that the separate fractions have a sym-
metrical weight distribution so that, when we calculate I(M) for
the mean molecular weight of fraction 1, we have:

1=-1

Im > 2 u, + ¥ u
k=1

1'

where u, is the weight of fraction k divided by the total weight
of original polymer. We derived by differentiation from the plot
of I(M) vs M a plot of lI(M) vs M (in fig. 10 the curves I and II
respectively). Again it is striking that so much low molecular
weight material is present. In addition we see that this commer-

1.0

1 ~ a3
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1M

H (M).10°

o
-]
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Fig, 10
Integral weight distribution f%M), curve I, and (differential)
weight distribution H(M), curve II for polystyrene DI
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cial polystyrene has two maximum values in its weight distribu-
tion function.

Finally the quantity « may be calculated in eq. (7). This can
be done, however, only if p is known. To a first approximation p
may be found by means of the relation

u'c . 1‘42 [1"'1/’"%] 21

where p, is the . of the mixture,in which the polymer fraction of
degree of polymerization m is just precipitated. According to
STOCKMAYER %) m is a weight average, but for want of something
better we derived m from the limiting viscosity number. For each
fraction p _ was calculated by using the m value of the next
higher fraction; then eq. (7) yielded the value of «, In view of
the assumptions made in this calculation o« is remarkably con-
stant : 0.02 (see table XVI).

Table XVI

Gel-extraction of polystyrene (D1) at room temperature

. s ’ L -
%) 2 & 1art " 3,‘1 - (_’7 4 " 2
Fraction butz:lt;l]()(;]e 10° AN oV e a1 10" Pexp|Peate .37,,_1 10 M| He (107
methanol (2)| (& (cm™g °)

1 80:20 [ 7.3 | 5.1| 42.4 2.7 | 0.30 160 2.110.554f 2.5
2 82:18 [ 9.3 | 2.0| 40.4 1.3 | 0,28 240 3.8/0.541| 2.6
3 84:16 | 9.7 | 1.9] 38.5 1.2 | 0.26 370 6.5/0.531] 2.4
4 86:14 | 8.9 | 5.3| 33.2 3.5 | 0.25 550 10,610.528| 2.1
5 88:12 | 8.4 | 5.2]| 28.0 3.6 | 0.22 660 13.2]0.520| 1.7
6 89:11 | 5.6 [20.51 T7.5| 16.4 | 0,11] 1140 26 10.514| 1.8

7 7.5 1900 50

Conc lusion. The amount of the lowest molecular weight components
(M= 10,000) we should have obtained in the first fraction of the
precipitation method can be calculated now by means of eq. (9):
4
N'(M=10%) = M—= 0.07 N(M=10%),
1+100exp (=2)

where for A the rather large value of one hundred has been taken.
Hence a good fractionation of polystyrene (D1) by this method is
very difficult. It has been found, indeed, that a threefold pre-
cipitation of the highest fraction of polystyrene (D) did not
yield a good product for osmometry. The extraction method, how=-
ever, gave satisfactory results (see IV.4).

I11.3c., Fractionation of polyvinyl alcohol

As an example of a polymer which usually does not consist
entirely of chemically identical monomers, we employed polyvinyl
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alcohol (Elvanol, high viscosity-type B, grade 72-51, manufactur-
ed by Dupont de Nemours, to be referred to as polyvinyl alcohol
(E)). The commercial polyvinyl alcohol, prepared by hydrolysis
from polyvinyl acetate, nearly always has somé acetate groups
left. Among the interesting properties of polyvinyl alcchol we
mention the membrane forming properties which already have been
discussed in III.2f, its liability to degradation, and its tend-
ency to association in solution.

It has been shown that degradation of this polymer is due to
the occurrence of 1,2,glycol structures 75) and of ester bonds in
the chain. The appearance of these two functions can be explained
in view of the polymerization reactions of vinyl acetate 26X7R):
Degradation has been found when polyvinyl alcohol is treated with
alkali, strong acids or oxydising agents such as periodates.

The association of polyvinyl alcohol in (aqueous) solution is
not established with the same degree of certainty. By means of
light scattering measurements Diev ’®) found association in
aqueous solutions, This association decreased after prolonged
heating at 75°C, and was also much less apparent when the polymer
was dissolved in mixtures of water and dioxane and of water and
acetone.

Experiment 1

Before performing any fractionation at all, we wanted to know
whether polyvinyl alcohol (E) was liable to degradation. A solu-
tion of 5 g polyvinyl alcohol in 150 em® of an aqueous HCl solu-
tion (0.02 n) was heated at 90-100°C during 24 hours. According
to CLARKE and Brout ’?) this was the only procedure by which a
constant molecular weight could be obtained. After this heating
period, the solution was diluted to a solution containing 2% pol=-
yvinyl alcohol; the polymer was separated from this solution by
precipitation with a large excess of acetone. The powder so
obtained had a limiting viscosity number [y],. = 116 emig™! ),
For a blank experiment (an aqueous solution of polyvinyl alcohol
heated for 24 hours at 90°C, and so on) we found the same value:
117 em®g™!, whereas the value for Klvanol was: 106 emig™ .

Finally, for the three polymers the acetate percentage was

*) The usual extrapolation to zero concentration in the ns/¢ VS ¢ plot
was not admissible here, because in all experiments a definite up-
ward curvature was foiund. For fraction 3 from table XVII we meas-
ured the flow times with an Ubbelohde viscometer at 25°9C for eight
concentrations to determine the relation between 1 and c¢. It turned
out that the values obeyed exactly the relation of ARRHENIUS:

(1/a)inm_, = [

We used, therefore, this relation in all calculations of tvﬂ.
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determined: 10,00 em® 0.02 n KOH solution plus 25 em? polyvinyl
alcohol solution were heated at 50 to 60°C for half an hour. Af-
ter cooling the residual amount of alkali was found by titratien.
A solution of 25 cm® water plus 10,00 em® 0,2 n KOH solution was
treated in exactly the same way. The difference between the two
titrations yielded the amount of alkali that was consumed by the
hydrolysis of the acetate. For polyvinyl alcohol (E) we found
0.75% acetate groups, for the acid-treated product 0.95%, while
its blank contained 0,60%. The higher value of the acid=-treated
polymer was due to a very small percentage of chlorine,

From this experiment we draw the conclusion that degradation
of this polymer during fractionation can be neglected.

Experiment 2

One of the solvent-precipitant systems for the fractionation
of polyvinyl alcohol is the system water-acetone 80)81)  We used
this system for an extraction procedure as described in the pre=-
ceding part of this section. From a preliminary experiment we
knew that in a 50:50 mixture of water and acetone nearly all the
polymer was precipitated.

A solution *) of 20 g polyvinyl alcohol in 750 em® water was
introduced into 1 1of a mixture of water and acetone (50:50);
the composition of this mixture was maintained constant by the
simultaneous addition of acetone. After one night the volumes of
“solution” and “gel” were determined. From the solution the
extract was prepared by evaporation to a small volume and precip-
itation in a large excess of acetone. The gel was redissolved in
water, and treated with the next extracting mixture, and so on
(Table XVII). At the third extraction no good separation was
achieved, even after six days the gel had not settled. We finally
obtained the greater part of the gel by centrifuging. The solu-
tion, however, remained very turbid. No exact volume could be
determined here, the limiting viscosity numbers of the gel frac-
tion and of the solution fraction were the same.

Remarks: The main fraction (3), to be referred to as polyvinyl
alcohol (E 3), was less soluble in water than the unfractionated
product, Moreover the solution was not quite clear, and became
still more turbid after prolonged standing at room temperature.
After some weeks a precipitate was formed, which could easily be
redissolved by heating at 90°C. The osmotic results obtained with
a solution of this fraction were rather dubious; considerable

*) At temperatures below 50°¢ polyvinyl alcohol does not dissolva in
water. When preparing solutions of this polymer, we therefore heated
it in water at 909C until all the polymer was dissolved.
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Table XVIT

Gel extraction of polyvinyl alcohol (E)
with water-acetone mixtures *).

N : s 3 .1 1" s B | A1 1 -
Fraction S:Eé? 107 hexp /Vc?,c 10 Pz | Youtc [;1-] 10
acetone (g | (&) (emig™)
1 50:50 |, 3T 121l 16.8 4.4 0.18 46 20
2 55:45 | 4.6 | 1.2 | 15.6 6.9 0.19 60 33
3 60: 40 14,8 0.8 123 125
4 0.8 123 125

*) For the calculation of the molecular weights we used the re-
lation: 0.53
[l =0.25 M+,

where [rﬂ is the limiting viscosity number in water at 25°C.
It will be seen in Chapter IV,3 that this relation is not too
well established.

diffusion through the membrane was demonstrated, hence a large
amount of low molecular weight material was still present (see
IV.3).

Experiment 3

According to Crarke and Brout ’°) the fractionation of poly=-
vinyl alcohol can be performed better in ethylene diamine mix-
tures with benzene and dioxane. We tried, therefore, the use of
ethylene diamine-benzene mixtures in the extracting procedure,
The two liquids were purified: the diamine by refluxing the com-
mercial product with 30% of its weight of solid sodium hydroxide,
distilling and refluxing the clear distillate with sodium metal
until no further reaction took place. Distillation yielded pure
ethylene diamine, b.p.,=116.5-117°C; n}°=1.4541 and dj°=0.9007.

The extraction of the polymer was done in the usual way:
A solution¥) of 10 g polyvinyl alecohol (E) in 200 em® diamine was
introduced into 200 em® of a mixture of ethylene diamine and ben-
zene (120:80); this ratio was maintained constant. After one
night the “gel” was redissolved in diamine and treated as be-
fore: the “solution” was reduced to a small volume by evaporation
and poured into a large excess of acetone., After decanting the
liquid the powdery precipitate was washed thoroughly with ace=-
tone, filtered off, washed with ether, and dried at room tempera-
ture in a vacuum desicator over P205. The results are given in
Table XVIII.

+y Again we noticed that the polymer was rather insoluble in the solvent
at room temperature; complete dissolution took as long as four to six
days. At temperature above 500C, polyvinyl alcohol dissolved more
rapidly in ethylene diamine than in water.




Table XVIII

Gel extraction of polyvinyl alcohol
with ethylene diamine-benzene mixtures

Fraction | Ratio ' ] 103w
diamine Ne xp [:i'-l )
benzene| (g) (em“g )

1 55:45 |& 0.1 21 5
2 57:43 |2 0.1 38 14
3 59:41 '= 0,1 10 1
4 61:39 |T 0.01

5 9.0 99 85

Remarks: The solutions of the first fractions were turbid and
unstable at room temperature. Of fraction 3 a clear solution
could not be obtained at all; the greater part of the polymer
separated out of the solution in less than one day., The flow
times were measured at 25°C with pre-heated solutions. The main
fraction (5), to be referred to as polyvinyl alcohol (E5) gave a
clear aqueous solution. The stability of this solution was much
higher than that of the unfractionated polymer, although after
several weeks a small precipitate was formed. The osmotic re-
sults, however, were still more dubious than that of polyvinyl

alcohol (E3) (see IV.3).

Conclusions: Polyvinyl alcohol (E) contains a large amount of
low molecular weight material, part of which is less soluble in
water than higher molecular weight components. By extraction with
ethylene diamine-benzene mixtures this part of the low molecular
weight components seems to be extracted readily (fraction 3). We
have the impression, however, that a good fractionation of poly-
vinyl alcohol can be performed only at temperatures above SOOC,
because at lower temperatures no thermodynamic equilibrium is
attained. As regards the instability of the solution we have no
opinion as to whether this is due to association phenomena or to
the presence of “impurities” in the polymer.
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Ch a'p'ter " 1V

EXPERIMENTAL OSMOTIC PRESSURES

All measurements were performed in the manner described in
chapter III, 1; the temperature of the thermostat was 25° C unless
stated otherwise, The dynamic method in the determination of the
osmotic pressure was used only in experiment la. Corrections for
capillary and density effects were applied, the /¢ vs ¢ relation
was obtained in a graphical manner or by means of the method of
least squares.

IV.1. Sodium carboxy methyl cellulose (NaCM(C)

(a) In a first experiment the dynamic and static methods in the
evaluation of the osmotic pressure were compared (discussion in
chapter III,1b). The osmometer was the Fuoss=-MEAD apparatus, the
membrane “Ultrafeinfilter fein” from the “Membranfiltergesell-
schaft” in Gottingen. The sample NaCMC-73 was the same as used by
PaLs !» 2), who found a number average molecular weight.'lln =
= 150, 000. The polymer was dissolved in a 0,3 molar aqueous solu-
tion of sodium chloride. A table of n values found by the two
methods has been given in III,1b. The density correction was
applied to the reduced osmotic pressure (+ 0,14 when = is ex-
pressed in cm solvent and ¢ in g/100 cmd).

The relation between 7/c and ¢ in the dynamic method was found
to be

/c = 1,5 + Tc,

and in the static method:
wec=1,8 + Tc,

The corresponding molecular weights are 170,000 and 140, 000 re-
spectively, which is in reasonable agreement with the value of
150,000 obtained by PALs. The influence of the measuring tech-
nique on the *“observed” osmotic pressure is seen to be rather
large, the second virial coefficient is not much affected,

(b) Another sample of NaCMC-73 was investigated at two different
temperatures. The osmometer was the FuoSS-MEAD apparatus, the
membranes “Sylphrab”-membranes from the Sylvania division of the
American Viscose corporation,
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The fractionation procedure in the preparation of this sample
was somewhat different from PaLs®* method (see PALs 1) p.21). The
drop-wise addition of the precipitant ethyl alcohol to the aque-
ous solution of the polymer was stopped when the percentage al-
cohol in the mixtures had reached a value of 60; the polymer was
then only partly precipitated. The gel was al lowed to settle for
one night, and the procedure was repeated with the redissolved
gel. The third treatment with a large excess of ethyl alcohol was
performed in the manner described by PALs, to whom we also refer
for the further procedure. The yield was 20%

The results at 252 C (Table XIX) can be represented very well
by

/e = 1,06 + 16¢,

which gives a molecular weight of 240,000, Comparison of this
value with that of experiment (a) shows that our fractionation
has given a much higher molecular weight., The original polymer
(a sample of the Research Laboratories of the A.K.U. Rayon Com=
pany at Arnhem) must have been rather heterogeneous with respect
to chain length.

Table XIX

Osmotic pressure of solutions of NaCMC=-73
in 0,10 molar aqueous solutions of NaCl

25°C 50°C
¢ 3 T /e C N T /¢
(g/100 em™) | (cm solvent) (g/100 cm”) | (em solvent)
0.084 0.17 2.6 0,139 0. 245 1.76
0, 106 0.295 2.8 0. 250 0. 72 2.88
0. 158 0.535 3.4 0.371 1.09 2.94
0, 264 1.38 5.2

The results at 50° C can be represented by w/c = 1,2 + 5¢; the
accuracy is, however, much less than in the experiment at 259 C.
The value obtained for the molecular weight (Mn = 210,000) is in
agreepent with that at 259 C; the value of the second virial
coefficient is much lower.

(¢) The molecular weight of the sample of NaCMC-72, used by
TrAP 3) for light-scattering studies, was measured in the Fuoss-
MEAD osmometer with “Sylphrab” membranes. The M_ of the sample
was 86,000, whereas PALs for another sample of the same polymer
obtained an osmotic molecular weight M_ = 64,000,

In the purification procedure used by TRAP the polymer was
precipitated three times from an aqueous solution by a large
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amount of ethyl alcohol (more than 80%). As a result of this
treatment with excess ethyl alcohol he probably did not achieve
a sharp fractionation.

We first determined the osmotic pressures in 0.4 molar solu=-
tions of sodium chloride. The accuracy of the measurements was
rather low, which may have been due to the low molecular weight
of the material, although no diffusion through the membrane was
detected. Some of the solutions became turbid after several
weeks, this as well as the zero value of the second virial coef-
ficient indicate that the solution is not far from the point
where it separates into two phases.

For /¢ is found 7.5, which means for the molecular weight:
JL = 34,000.

Secondly w2 tried osmotic pressure determinations of NaCMC in
mixtures of alcohol and water, After a few trials we took a mix-
ture containing 25% ethyl alcohol, in which the NaCl concentra-
tion was 0.05 m. The scattering of the experimental points is of
the same order as in the first experiment. Considering the low
molecular weight, this is not surprising.

Table XX
Osmotic pressures of solutions of NaCMC-72

in 0.4 molar aqueous in water-alcohol mixtures

solutions of NaCl (75:25); NaCl concentration

0.05 m
e T 7/ ¢ ¢ 4% i3 /¢
(g/100 cm™) | (cm solvent) (g/100 cm™) | (cm solvent)

0,047 0.345 T3 0,029 0. 20 6.9
0,071 0. 54 e 0.058 0.41 %
0. 141 1. 00 ol 0.115 0.91 7.9
0,186 1.36 =3

The /¢ vs ¢ relation has the form:

w/c = 6.8 + 12¢,

which gives a‘Un = 38,000.

We may conclude from these experiments that the number average
molecular weight is about 36,000 or less, because diffusion
through the membrane never yields a value which is too high. The
agreement with TRAP’ s weight average of 86,000 is very poor. The
origin of this discrepancy is not clear. If diffusion of this
comparatively low molecular weight material through the membrane
has taken place, one should expect too high osmotic M-values
rather than the reverse. According to Trap, difficulties were
experienced with bacterial growth in the purification of the
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polymer. If this has resulted in partial degradation of the poly-
mer, it is clear that a sufficient amount of high molecular
weight substance was left to obtain a weight average of 86, 000,

I1V,2. Polymethacrylic acid (PMA)

The sampie of PMA was the sample purified by Kooy %) and used
by him for viscosity determinations. We used a solution of the
polymer for osmotic pressure measurements without saponification
of the small percentage of ester grouns which were formed during
the purification procedure.

The weight average molecular weight was determined by TRrRAP 3)
from 1ight scattering measurements in methanol solutions: Mw =
= 193, 000,

The osmotic pressures were measured with the Fuoss-MEAD osmo-
meter; the membrane was a Sylphrab-membrane; the solvent was 0.1
molar aquecus NaCl., To give an idea of the reproducibility of
osmotic pressure determinations in general, all osmotic pressures
in this experiment are listed in table XXI; in the other tables
in this chapter only the average at each concentration is given.,
At the highest concentration the reproducibility was much less
than in the other experiments. At this concentration several days
were needed for the osmotic head to reach its final value, more-
over these final values were much lower than might be expected
from the three preceding values (lower concentrations were always
measured first). In the calculation of the @/c vs ¢ relation the
values found at a concentration of 0,22 g/100 em® were ignored:

/¢ = 1,60 + 1le,

Quite excentionally the density correction in 7/c¢ was nega-
tive: = 0.22 in our units. The molecular weight found is Mn =
= 170,000 which, when compared with the weight-average derived
from light-scattering, indicates that fractionation has been
reasonably successful.

IV.3. Polyvinyl alcohol (PVOH)

In some preliminary experiments we tried to determine osmotic
pressures of PVOH solutions in water at 25° C. This proved to be
rather difficult, because the attainment of equilibrium was very
slow., Even after four to six days no really static value was
reached, We then changed the experimental conditions: in the
first place we tried determinations of osmotic pressures of PVOH
solutions in mixtures of water and ethyl alcohol (90:10) at the
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Table XXI

Osmotic pressures of solu-
tions of PMA in 0,1 molar
aqueous NaCl

(A T ¢
(g/100 cm”) [em solvent

0.0443 0.11 2v.2
0.125 |2.8

0.13 2.9

0,111 0, 48 4,3
0,48 4,3

0. 50 4,5

0. 154 0.875 |5.6
0, 88 5.7

0, 88 5.7

0. 222 1. 28 5.8
1.34 6.0

1.41 6.3

same temperature; in the second place we measured osmotic pres=
sures in aqueous solutions at 50° C, The osmometer was in all
cases a Fuoss-MEAD osmometer with Sylphrab-membrane. The density
correction in m/c was about + 0,06, All results are collected in
table XXII,

(a) Osmotic pressures of the PVOH used as membrane material in
chapter III, 2f were measured in water-alcohol mixtures (90:10) at
25° C, Fquilibrium was reached in two or three days, the accuracy
was rather low (the m values were means of values which differed
5 to 10% from each other). The /¢ vs ¢ relation proved to be

¢ = 4.0 - ¢,

which gave for.11n a value of 64,000,

(b) The polymer (E) used in the fractionation experiments of
chapter III,3c, was measured at 50° C. With all solutions con=-
siderable diffusion through the membrane was observed; never-
theless, the osmotic head became constant after about three days
in all experiments, except in those with the most concentrated SO=
lution (0,93 g/100 cm®) for which no equilibrium values were ob-
tained. From the two other values, which were triplicates, the
following relation between 7/c and ¢ was calculated:

/c = 2.5 + ¢,
which gave Mn = 100, 000,
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Table XXII

Osmotic pressures of solutions of
four different PVOH samples (see text)

Experimental Bl - /e o3 u ,.T
conditions [(g/100 em™) |(cm solvent) A (e
g |

a) solvent: 0,085 0.33 3.9
water-alcohol =
90:10; tem- 0,17 -62 3.7
perature 25°C| 0.34 1.23 3.6 64 105
b) solvent: 0.15 0. 40 o7
water; " 9 0
temperature 0. 37 1. 08 L
50°C, 0,93 >1.3 >1.3 100 106
c¢) solvent: 0,118 0, 275 2.32
water; oan . 2 A
temperature 0. 237 0.63 2.66
500C 0, 356 1. 06 2.96] 130 123
d) solvent: 0.23 0. 60 2o ¥
water; 09 9
temparature 0.43 1.22 2.9
50°C 0. 56 1. 625 3.0

1. 00 3.35 3.4 100 99
*) Regarding the determination of L at 25° C see ITI.3c.

(¢) The fraction (F3) obtained in the extraction of PVOH(E) with
water-acetone mixtures (III.3c) was also measured at 50° C. Solu-
tions of this polymer in water were always slightly turbid, even
near the boiling temperature. At room temperature this turbidity
was much higher, and increased visibly in the course of some
weeks. Moreover, after some days a threadlike precipitate was
formed. At 50° C the turbidity of the solution was not visibly
changed after a period of one week, and no precipitate was found.
From the values of 7/c¢ vs ¢ at 50° C the following relation was
obtained:

wc = 2.0 + 2.8c,

I

and for the molecular weight M_ = 130,000.

The concentrations ¢4 and Cy of the liquids in the solution
and solvent compartment, respectively, were determined gravi-
metrically after two experiments.

1) Duration of the experiment 72 hours:

¢, = 0.437 g/100 cn®; ¢, = 0.013 g/100 cm’,
2) Duration of the experiment 48 hours:
¢, = 0,361 g/100 cm®; c, = 0.006 g/100 cm’.
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About 1% of the polymer had dialysed through the membrane in one
day.

(d) The osmotic pressures of aqueous solutions of the fraction
(F5) obtained in the extraction procedure with ethylene diamine-
benzene mixtures were determined at 50° €. The solutions were
remarkably clear in comparison with those of PVOH(E) and (E3).
Considering the considerable diffusion through the membrane, the
reproducibility of the osmotic pressures was rather good. After
one or two days equilibrium was reached in all cases except at
the highest concentrations. The four experimental values can be
represented very well by

/e = 2.5 + 1.0c,

which gives Mn = 100,000,
The concentrations (3 and ¢, of the liquids in the two com=-
partments were determined after two osmotic experiments:
1) Duration 48 hours: c¢, = 0.748; ¢, = 0.027 g/100 cm,
2) Duration 48 hours: c¢, = 0.828; c, = 0.028 g/100 cm’.
Thus nearly 2% of the polymer dialysed through the membrane in

one day (in experiments b, ¢ and d the same membrane was used),

(e) The relation between [7] and Mn for aqueous solutions of
PVOH is not well established.

FLory and LEUTNER °? from their viscosity and osmotic pressure
measurements at 25° C derived the relation [n] = 0,02 #°:76,
These measurements, however, were performed on solutions of low
molecular weight fractions (M < 25,000); diffusion through the
membrane was found in all experiments and the rate of decrease of
the osmotic head was constant only after 100 to 200 hours. The
equil ibrium osmotic pressures were found by extrapolating back to
zero time. FLOrRY and LEUTNER, who were quite aware of the inac-
curacy of this relation between [n] and M, used it only for a
relative comparison of molecular weights of low moleauar weight
PVOH' s, obtained in degradation experiments.

StaupINGER and WARTH ®) compared viscosity numbers (at 20° C)
with osmotic molecular weights of PVOH fractions between 30,000
and 100,000. These authors also report some diffusion, but give
no detailed information concerning their experimental technique.
The molecular weights, which were calculated by means of the re-
lation of Scuurz (eq.(1') in chapter II.2a), have been recalcu-
lated by us from the limiting value of the reduced osmotic pres-
sure; we obtained the limiting viscosity number from the viscosi-
ty numbers of STAUDINGER and WARTH by means of the relation of
ARRHENIUS
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Fig. 11
Double logarithmic plot of molecular weight vs limiting
viscosity number of polyvinyl alcohol in water
® FLORY and. LEUTNER, 250
O STAUDINGER and WARTH, 20°
DIALER, VOGLER and PATAT, 250
@ DIEU, 259

A values from table XXII, 25°
(1/¢) In n/n_ = [
' ‘o L
where 7 and are the flow times of solution and solvent, re-

spectively. i

Combination of our data Table XXII with those of STAUDINGER
and WArTH gives [n] = 0.25 MO=S 2,

This equation is rather inaccurate al though more rel iable than
that of FrLory and LEUTNER, for the following reasoln.

Limiting viscosity numbers of aqueous solutions of PVOH at
weights from studies with
7), who found
69, The

o0 1 -
95° C have been compared with molecular
the ul tracentrifuge by DIALER, VOGLER and PATAT
m] = 0.30 M°+5 and by Diev °’, who found [0l = 0.14 MO
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molecular weights obtained in this way lie between number aver-
age and weight average. The values obtained by these authors
have been plotted in fig. 11 for comparison with the figures of
STAUDINGER and WARTH 6), FLory and LEUTNERS) and the present
investigation. TheMn values found by FrLory and LEUTNER are much
higher than corresponds with the other values in the diagram; we
believe this to be due to the permeability of their membranes for
the fractions investigated.

We cannot exclude the possibility that our own values for.Un
are still too high, because we noticed in all experiments, except
in experiment (a), a slow diffusion through the membrane. Experi=-
ment (a), however, is precisely the one case in which a good
agreement with the results of Dieu has been found. Our conclusion
is that the relation between [n] and M needs further study.

1V.4. Polystyrene solutions

a) Some standard samples of fractionated polystyrene were dis-
tributed some years ago under the sponsorship of the Commission
on Macromolecules of the International Union of Chemistry. We
investigated the sample which in the Report 9) of that commission
is denoted by III.

Table XXIII

Osmotic pressures of sample III of the
Commission on Macromolecules

¢ (/100 cm®) |0.10 [0.12 [0.20]0.40]0.67 |1.16
7 (em solvent)|0.045]0.065/0.15[0.41]0.845/2. 11
7/ ¢ 0.5 lo.5 |0.75]1.02]1.26 [1.82

The osmometer was the Fuoss=MEAD apparatus, the membrane
«Ultracellafilter fein”, the solvent toluene. The density correc-
tion in 7/c was + 0.06, The results are given in table XXIIT; the
values at the concentrations 0.10 and 0,12 g/1000 em® have not
been used for the calculation of the w/¢ vs ¢ relation, because
here the maximum deviation in «/c may be as much as 50%, where-
as in all other values this is about 10% or less (see III,1f).

/e = 0.60 + 1,10¢

The evaluation of M, and A2 will be given here as an example
of such calculations.

: 8.48x10*x298
M = BT/ (idme g o) eimim————g——r & 490,000,
n cno 0.60x10 20, 86
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where R is expressed in cm water em® mole™! degree™!, and n/c in
em water cm®g™! (the density of toluene at 25° C is 0.86). With-~
out density correction the limiting value for #/c is 0.54, which
gives for the molecular weight Mn = 540,000, The possihle error
in this value does not exceed 10%. While the average value given
in the Report is 630,000 for solutions in toluene and benzene,
the various values reported differ considerably from one another;
the lowest is 474,000 and the highest 876,000. In none of these
measurements has the density correction been applied. It can be
seen from our values that although this may have a relatively
large influence on the value of the calculated molecular weight,
it can by no means explain the great variation in results. In all
protability these differences are due, as is suggested in the
Report, to membrane difficulties.

Expressing m in dynes em™? and ¢ in g cm'3, the second virial
coefficient *) is found in dynes cm‘g'%

A, = 981 x 0.86 x 100% x 1.10 = 0.93+ 107 dynes cm*g™ 2

This value is lower than the other osmotic value for the system
polystyrene III-toluene given in the report (Az = 1.18-107), but
higher than the values obtained for the same system from light-
scattering data; in the Report A, = 0.88+107, TraP %) gives 4, =
= 0,78.10°, As has been stated in the Report the light-scattering

values for A2 seem to be more reliable, because the measurements
in this method can be performed at lower concentrations, at which
the influence of A3 on the extrapolation procedure becomes less
serious., BAwN, FREEMAN and KAmaLippin '°) and Kriceaum and
Frory ') who performed osmotic measurements over a rather
large concentration interval, express the concentration depend-
ence of 7i/c by means of a quadratic equation in ¢. The values for
A2 then obtained are of about the same magnitude as the light-
scattering values in the Report, and much lower than most osmtic
values given there,

HucGIns’ constant p is calculated by means of eq. (20) in
chapter III.2d, Inserting for the molar volume of the solvent
v,=M,;/d, and for the “segment molecular weight” M/m = d,(M,/d,)
we have:

RT d,
oy Mpds®
Using for the density of polystyrene the value d, = 1.058 '?), we

obtain p = 0.439, whereas the average value of A2 in the Report
is p = 0.429. It is evident that any specific influence on the

(% — w = 0.93.107 dynes cm*g™ 2.

*) In the Report Az/RT = B is called second virial coefficient.
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solvent-solute interaction is more directly seen from a compari-
son of A2 values than from HuGGins’ constant.

b) Osmotic pressures of toluene solutions of fractions obtained
in the gel-extraction experiment of -chapter I1I.3b were measured
in ZiMm-MYERSON osmometers. In the sequence 1 to 7 the fractions
were denoted by D, to D,,, see table XXIV. The 7/c vs ¢ values
have been plotted in fig. 6 in chapter III,2e, the values of
lim /¢, M_, A, and [q] at 25° ¢ are collected in table XXIV,

. =
c—0

where also is included the molecular weight ”ﬂ calculated by
means of the relation 3’

[q] = 0.5-107% M °-%°,

The density correction in /¢ was + 0,015,

A number of the most important difficulties in the osmometry
of high polymers are encountered here.

Polystyrene (D4) was measured with an “old” Ultracellafilter=-
fein membrane (see below). No diffusion could be detected; the
osmotic head remained constant over a period of several days in
each measurement. The two concentrations shown in the figure were
measured in triplicate, and good precision was obtained. We be-
lieve, nevertheless, that the very high value of the second vir-
jal coefficient is due to a difference between the membrane per-
meabilities at these two concentrations; i.e., to concentration
dependence of the selectivity coefficient (see II.3). Using the
sam9.42 as found in the other experiments we obtain for lim w/c a

cC—wo0

value of 11, and for Un : 27,000 (N4b). The latter value must
still be regarded as a maximum value; the true number average
molecular weight may be much lower.

Polystyrene (D5) was measured with the same membranes as (N4),
but the first experiments (D4,a) were performed within a few days
after the conditioning of the membranes, whereas the measurements
(D4,b) refer to the membranes after two months use (this is the
reason we called these membranes “old” in the preceding para-
graph). The difference is striking; the calculated molecular
weight decreases from 44,000 in the first to 38,000 in the second
experiment. It is noteworthy that a slow diffusion was detected
only in the second experiment (by a slow decrease in the osmotic
head).

Polystyrene (D6) was first measured with the same “Ultracel la=
filter fein’”; here no influence of the ageing of the membranes
was found (D6.a). Then the fraction was measured with “Ultra-
cellafilter allerfeinst” (N6.b). Although no diffusion in experi-
ment (D6.a) was found, the calculated molecular weight in that
experiment was higher than in experiment (D6.b): 55,000 and
49,000 respectively.
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Table XXIV

Osmotic pressures of fractions of polystgrene (D)
(7t in cm solvent and ¢ in g/100 cm?)

Number of [Indication|lim w/c| 4, |10° ¥ _|[+] |10%
fraction | in text |c—o 2 Ul
: 2 0
1 { 33.2 i(l) 37 ri6| 21
D5, a 6.6 1.4 4 |y
2 { Da:b 7.8 | 30 3g [/24] 38
D6, a 5.3 | 1.0 55 |1 o
3 { 5ah 58 | 1.0 51 (/37| 65
4 D7 3.4 87 | 55| 106
5 D8 2.00 | 0.84| 147 | 88| 132
6 D9 0.79 | 0.69| 370 |114| 260
7 D10 190 500

The measurements on the polystyrene (D7) and (D8) were nor-
mal,

Solutions of polystyrene (DY) which were measured at rather
high concentrations yielded a 7/c vs ¢ plot with an upward curva-
ture. By means of the method of least squares a quadratic equa-
tion for w/c¢ was calculated, which gave a good representation of
the experimental points *):

/e = 0.79 + 0.69¢ + 0.48¢2,

The relation between limiting viscosity number and molecul ar
weight for polystyrene in toluene has been investigated by sev-
eral authors '3)!4)15)16) qpo results found by these authors
differ greatly among each other. The influence of the polymeri-
zation temperature has been demonstrated by ALFREY, BARTOVICS and
MARK ’3); the influence of the fractionation of the polymer by
BREITENBACH and coworkers '5216), part of the discrepancy is due
to the different temperatures at which the limiting viscosity
numbers were determined, The relation we used in this thesis was
not exactly that found by ALFREY, BARTOVICS and MARK for a sty-
rene polymerised at 120° C; the deviation (4%) can be neglected,
however, in view of the inaccuracy of the method. The molecular
weight of our fraction (D9) is much higher than corresponds with
the relation [n] = 0.5.1072 M_°-%°. We have not tried to derive

any better relation from our data and those reported in the 1it-
erature,

Acknowledgement. The author is much indebted to Dr R.D.Heyding
for reading the manuscript and improving the English.

*) Experiment and calculations done by U.Daum,
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SAMENVATTING

De osmotische druk van een oplossing is een maat voor het aan-
tal deeltjes dat in oplossing is. Exact geldt dit slechts voor
ideale oplossingen waarin de molfractie van de opgeloste stof
klein t.o.v. één is (Wet van vAN ’T HOFF). Voor polymeeroplos-
singen (waarin de molfractie van de opgeloste stof practisch al-
tijd erg klein is) geldt de wet van VAN 't HorF reeds in het
gebied van de kleine gewichtsconcentraties niet meer, maar wor-
den veel te hoge osmotische drukken gevonden. De afwijkingen, die
polymeeroplossingen van ideaal thermodynamische gedrag in het
algemeen vertonen, zijn ruim een decennium geleden door FLORY en
HucGINS voor het eerst op een quantitatieve manier beschreven met
behulp van de quasi-rooster theorie. Speciaal voor het gedrag van
verdunde polymeeroplossingen voldoet deze theorie niet bijzonder
goed: mede daarom zijn sedertdien vele pogingen gedaan zowel om
de quasi-rooster theorie te verbeteren, als wel om andere bruik-
bare t heorie&n voor vloeibare mengsels uit te werken. FEén van
deze andere methoden geeft rechtstreeks een uitdrukking voor de
gereduceerde osmotische druk als een machtreeks in de gewichts-
concentratie van de opgeloste stof; de coefficiénten in deze
machtreeks worden viriaalco€fficiénten genoemd. De eerste term
van de machtreeks, de vaAn 'T HorF term, kan dus door extrapolatie
van de gereduceerde (d.i. door de concentratie gedeel te) osmoti-
sche druk naar de concentratie nul gevonden worden. De grootte
van de tweede viriaalco€fficiént, één van de voornaamste punten
in alle theorieén over de thermodynamica van polymeeroplossingen,
is belangrijk voor de nauwkeurigheid van de extrapolatie. Hoewel
het mogelijk is polymeeroplossingen in vloeistofmengsels te ge-
bruiken waarin de tweede viri iaalcoefficient nul is, en extrapola~
tie bijgevolg niet meer nodig is, hebben dergelijke oplossingen
een relatief grote waarde voor de vrije energie van verdunning en
zijn dus thermodynamisch minder stabiel.

Ne bepaling van osmotische drukken van nnl\mveronlnss1n59n, in
principe zeer eenvoudig, is in feite een nogal gecompliceerde
zaak. De meeste complicaties zijn het gevolg van de moeilijkheid
om werkelijk semi-permeabele membranen te vinden, die toch per-
meabel genoeg zijn voor het oplosmiddel om metingen van redelijke
tijdsduur mogelijk te maken. De permeabiliteit van membranen, zo-
wel voor oplosmiddel als voor opgeloste stof, staat in nauw ver=-
band met allerlei andere membraaneigenschappen, waarvan een aan=

tal aan een nadere beschouwing zijn onderworpen. Onafscheidelijk
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van het membraanprobleem is echter het fractioneerprobleem; Zzo
goed als alle ongefractionneerde polymeren bestaan immers uit mo=
leculen van zeer uiteenlopend mol ecuul gewicht, kunnen dus frac-
ties bevatten waarvoor het membraan permeabel is. Daar de osmo-
tische druk een colligatieve eigenschap van de oplossing is, spe-
len juist dié fracties in het polymeer die het laagste molecuul-
gewicht hebben, relatief de grootste rol. Hierdoor wordt het
fractioneerprobleem nog urgenter, Een fractioneermethode waarbij
de laagste fracties goed weggezuiverd worden uit de hogere frac-
ties, is beschreven.

Het probleem, wat de osmotische bijdrage van nog wel perme-
erende fracties is, blijft ondertussen bestaan., STAVERMAN heeft
bewezen, dat er een verband bestaat tussen de mate waarin een be-
paalde polymeerfractie door het membraan tegengehouden wordt in
een permeatie-experiment, en zijn bijdrage tot de osmotische
druk. Het feit, dat de theoretische osmotische druk in zo’n geval
niet d.m.v. één of andere bijzondere meet- of extrapolatietech-
niek gevonden kan worden, is de belangrijkste oorzaak van de
verschillen in de resultaten van verschillende onderzoekers. Ver-
moedelijk zijn zo b.v. ook de grote verschillen in de relaties
tussen grensviscositeitsgetal en molecuulgewicht van vele poly-
meren tot membraanmoeilijkheden te herleiden.

Enkele andere problemen die bij de meettechniek naar voren
komen, zoals de juiste meetmethode (dynamisch is minder goed dan
statisch), het toepassen van de dichtheidscorrectie en de nauw-
keurigheid van de resultaten zijn besproken en aan een aantal
molecuulgewichtsbepal ingen gedemonstreerd.
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