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E R R A T U M
A]] osmotic pressures 71 in fig. 6, Ch. IV, were expressed in

cm toluene, except those of fractions D8 and D9, 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 7t was ex
pressed in cm toluene. Accordingly the figures referring to frac
tions D8 and D9 in table XXIV should be read:

Nr of
fraction

Indi--
cation
in text

lim Tif~c
c-*o A2 10'3M n fa] 'io'\

5 D8 2. 33 0.98 130 66 132
6 D9 0.91 0.80 320 114 260

Similarly the last equation in chapter IV:

7i/c = 0.79 + 0.69 c + 0.48 c 2

must be replaced by:

7t/ c — 0.92 + 0.80 c + 0.56 c2.
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C h a p t e r  I

I N T R O D U C T I O N

For a chemist one of the most interesting properties 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 (p°),

(p° - p)/p° = x2 ,

where x 2 is the mole fraction of the solute. Nowadays, solutions
which obey Raoult’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
7c = - Agj/vj = -(f?T/v1).ln(l-*2) ,

where Agj is the free energy of dilution and v t the partial molar
volume of the solvent. Expanded in powers of x2:

7t = (RT/v 1)x 2 + (RT/2v 2) x 2 ....
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For x 2 «  1 th is y ie ld s  van *t Hoff’ s law;
7c = (RT/v 1) x 2 -  (RT/M2) c ,

where c i s  the weight concen tra tion  and AL the  m olecular weight
o f the so lu te . I t  i s  obvious th a t  fo r large  values o f M2 th e  sec
ond term of th e  s e r ie s  i s  very sm all, even a t  high weight con
c e n tra tio n s . Most polymer so lu tio n s , however, show la rg e  devia
tio n s  from ideal behaviour. Whereas in  the  low m olecular weight
region a s in g le  cryoscopic determ ination  i s  s u f f ic ie n t  fo r the
c a lc u la tio n  of the molecular weight *), th is  i s  by no means tru e
fo r  the  osm otic p re s su re  de te rm ina tion  in  a.polym er s o lu tio n .
Cases in  which a one p e rcen t so lu tio n  has an osm otic p re ssu re
twice van ’ t Hoff’ s  value are  by no means exceptional. I t  i s  ne
cessary, therefo re , to  determine the osmotic pressures o f a number
o f so lu tio n s  of d i f f e re n t  concen tra tions and to  e x tra p o la te  the
reduced osmotic p ressu re  (w/c) to  zero concentration . The e x tra 
p o la tio n  procedure fo r so lu tio n s  of n o n -e lec tro ly te s  i s  well es
tab lished , since McMillan and Mayer have proved th a t  71 can be ex
pressed in  a convergent power s e r ie s  in  c:

7i M (RT/M2) c + A 2c 2 + V 3 .........
where the c o e ff ic ie n t  A2, A3 ......... are the so -ca lled  v i r ia l  coef
f ic i e n t s  of the  osm otic p ressu re . In the  case of polymer so lu 
t io n s  th ese  v i r i a l  c o e f f ic ie n ts  a re  a measure o f the  d ev ia tio n
from ideal behaviour.

These dev ia tions are  p rim arily  due to  the large  dimensions of
the d issolved macromolecules in  comparison with the dimensions of
the solvent molecules. A calcu la tion  of the influence o f molecular
s iz e  on the thermodynamic p ropertie s  of the mixture can be c a r r i 
ed out by means of the methods of s ta t i s t i c a l  mechanics.

A simple model of a liq u id  mixture is  the q u a s i- la t t ic e  model.
For a m ix tu re  o f two kinds o f m olecules which have id e n t ic a l
fo rce  f ie ld s  (atherm al m ix tu res), the  entropy o f mixing can be
c a lc u la te d  from the  number o f d i s t i n c t  c o n f ig u ra tio n s  o f the
molecules on the  l a t t i c e .  For ideal m ixtures, i .  e. athermal mix
tu res  in  which the two kinds of molecules are  of equal s ize , the
entropy of mixing is

AS.d = -^ (n j li t t j  7- n2ln*2),

where n. and n 2 a re  the  number o f so lven t and so lu te  m olecules
respec tive ly .
*) 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 o f such a determination is  only to
confirm whether the elementary formula or a multiple of i t  is  the
correct molecular weight.
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The first calculations for solutions of macromolecules have
been performed by Flory and Huggins who found for the entropy of
mixing

ASath. “ -/Knjlncpj +.nplncp),

where cp, and cp are the volume fractions of the solvent and the
polymer, respectively, and np the number of polymer molecules.
Flory and Huggins 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. A weak point in the quasi-lattice
theory is the quasi-lattice model itself. Quite another theory,
which is based on the description 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
genera], 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 hy 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
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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.
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C h a p t e r  II

T H E O R Y  OF O S M O T I C  P R E S S U R E

I I . 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 tha t 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 a t which the p a rtia l molar Gibbs free energies of
a ll permeating components are the same on the two sides of the
membrane.

For two phases a and (3 composed of a components and separated
by a semipermeable membrane we have therefore in equilibrium:

gj -  g"

where the phases a and |3 are denoted by one and two primes, res
pectively. As we are dealing with an isothermal system, th is  may
be written:

g . ( p \ x \ )  = g . ( P".x'l),  ( 1)

where the pressures on the two sides of the membrane are pT and
p", and x's and x" indicate the mole fractions of a ll the compo
nents present. Now the partia l molar volume of component i in the
phase provided with a double prime is given by

V "  = O S i / ^ T , ,  •s

where the double prime indicates that th is  molar volume refers to
the mixture in which the concentrations are x".

S

Eq. (1) may thus be replaced by
n

g i ( p ’ . * ’ ) = gi ( p 1.*") + J* v ’l dp ; v" = v ( p ,x "). (2)
P'

Introducing the ac tiv ity  coeffic ien ts ƒ ., the re la tio n  between
the free  energy and the mole frac tio n  of component i can be
written in the form

* i ( p . * . )  = g?(P> + R T  l n  x  J i >
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where g° is  independent of the concentrations. Hence eq. (2) gives
n

f  v"dp = - FT In (x'[f[/x\f\) .  (3)
f>'

Since the compressibility of nearly all liquids is  very small,
the integral on the le f t  hand side of eq. (3) can almost always be
replaced by v'jn, where n = p" -  p ' , and where v'! is  the pa rtia l
molar volume of component i when the concentrations are x", at
any pressure between p1 and p". If , moreover, the concentrations
of the non-permeating components are low, i t  is  permissible to
replace v'! by v th is  being the partia l molar volume a t  any ar
bitrary  set of concentrations lying between and x":

t,.7c = - AT ln(x".f"/x[f[). • (4)

We shall now apply the resu lts  obtained to specific cases.

1. Consider a solvent (phase a) in osmotic equilibrium with a
solution (phase p). The solvent is  permeating, the solute is  not.
Eq. (4) sim plifies to

-  iff In (r 'lfl/f ' i),  (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 Agj, is  seen
to be related to the osmotic pressure:

Agi ■ gt (p \X f )  -  g j(p’.o) n v l . (6)

When x]' approaches zero, the ra tio  f \ / f \  is  known to approach
unity a t a ra te  which is  proportional to a power of higher
than the f i r s t  (ideal solution).
Hence , ___

lim t\Jx 2 * BT/v j.
x 2 = 0

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

c = *2M2/v l ,

we may write also ( van ’t Hoff’ s law):
lim 7iJc - BT/M2. (7)
c=o

The quantity 71/c is  called reduced osmotic pressure.

2. I f  Ag, is determined as a function of T by performing osmo
t ic  measurements a t various temperatures, the heat of d ilu tion
Ahj can be found by means of the relation of Gibbs-Helmholtz and,
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hence, a ll other p a rtia l 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 re la 
tions.

In p rac tice , 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 d ifferen t from those of ideal solutions. I t  has been shown
(see next section) th a t th is  has no influence on the lim iting
value of the reduced osmotic pressure. The departures from van *t

Hoff’ s law, however, usually are so large a t the lowest concen
tra tio n s  accessible to experiment, tha t the evaluation of the
lim iting value becomes a matter of extrapolation. McMil l a n  and
Mayer 3) have proved that th is extrapolation in the case of solu
tions of non-electrolytes can be based on the relation:

id c = RT/M + A2c + A3 c2 + ..........  ( 8)

The value of the coefficient A2 can be determined tay perform
ing a series of osmotic experiments at d ifferent concentrations.
When certain  assumptions are made concerning the structure of the
liqu id  and the in te rac tion  between the solvent and the solute
molecules, the value of A2 can be calculated  by means of the
methods of s ta tis tic a l thermodynamics. This will be dealt with in
section I I .2.

4. As nearly a ll polymers consist of mixtures of components
varying considerably in molecular weight, i t  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:

7t “ -(RT/v.) In [l — 2 x .],
ƒ » 2 1

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

( x M. J v  j )  =  Cj

for the weight concentration of the j- th  component, we obtain for
the in fin ite ly  dilute solution:

Tt/c = RT( 2 c./M.)/(  2 c.) = RT/M , (9)
j - 2 J J ƒ- 2  i n

11



where c is  the sum of the weight concentrations of the non-per
meating components and M their number average molecular weight.n

5. I f  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):

7c = -(RT/vj) In (*”ƒ„'/*{ƒ’),
t i= -(BT/v2) In ( x l f i /x 'J l ) .

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

< * ifï /x \fV v 1 - ■ <x'tfyx'2f'2) Va. <• d o )

Hence, generally, the ra tio  of the two liquids in the mixtures
will be d ifferen t on the two sides of the membrane 3'.  Scott
has shown that when eq. (10) is  sa tisfied  the lim iting value of
the reduced osmotic pressure is  the same as in solutions in a
single liqu id . I t  remains a question whether th is  equilibrium
distribution  is  attained in osmotic experiments, but i t  is  quite
possible th a t in p rac tice  i t  is  su ffic ien t i f  the equilibrium
distribu tion  has been established in the liquid  layers adjacent
to the membrane. In many experiments the limiting value of v.Jc is
found to  be independent óf the composition of the solvent, a l 
though exceptions have been reported in the 1iterature.

6. U nfractionated polymers usually contain a considerable
amount of low molecular weight material, which is  liab le  to per
meate through the membrane. Münster 5 '  has discussed the possi
b ility  that in equilibrium the very low molecular weight material
is  enriched in the solvent compartment. In general, however,
equilibrium in th is  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 7t
value to the time a t which the osmometer was filled .

An appropriate theory for systems in which such permeation
occurs can be given by the thermodynamics of irreversib le  pro-,
cesses. I t  w ill be shown in section 3 by means of th is  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 n vs c re la tion  is  then possible only i f
expressions for the activ ity  coefficients are known. At present,
such expressions are not available. I t  has, however, been shown

12



experim en tally  as well as th e o r e t ic a l ly  th a t  fo r  s o lu tio n s  o f
p o ly e le c tro ly te s  in  moderately concen trated  so lu tio n s  o f common
e le c tro ly te s  the lim itin g  value fo r the reduced osmotic pressure
is  the value obtained from eq. (9) 6' .

I I . 2. R e su lts  o f  s t a t i s t i c a l  therm odynam ics

I I .2 a .  The method o f  molecular  d i s t r i b u t i o n  fu n c t io n s
The theory of osmotic p ressu re  o f polymer so lu tio n s  has been

developed along two d if fe re n t l in e s . On the one hand we have the
so -ca lled  " q u a s i - la t t ic e ” theory, developed in  1941 by Flory 7>
and Huggins 8\  in  which liq u id  m ixtures are tre a te d  as d iso rder
ed s o l id s .  On the  o th e r  hand we have th e o r ie s  in  which l iq u id
m ixtures are  assumed to  be composed of a continuous so lven t and
of separa te  so lu te  p a r t ic le s  which in te ra c t  l ik e  the molecules of
a real gas. These th eo ries  w ill be c a lled  "gas th eo ries” *).

The basis  of most “gas th eo ries” is  the theory of non-electro 
ly te  s o lu tio n s  given by McMillan  and Mayer in  1945. I t  has
been ind ica ted  by Guggenheim 9\  th a t  th is  theory can be used as
a basis o f a " q u a s i- la t t ic e ” theory as w ell. We w ill give a short
sketch of the method and of the re s u lts  of McMillan and Mayer, in
so fa r  as they are  of importance fo r an understanding o f the o s
motic p ro p e r tie s  o f polymer so lu tio n s  (See a lso  Hildebrand and
Scott 10) and Münster 11' .

In the theory of McMillan  and Mayer the s tru c tu re  o f a l iq u id
i s  described  by means of the  so -c a lle d  m olecular d is t r ib u t io n
functions. I f  we use the symbol q as an abbreviation fo r a ll the
coordinates needed to describe th e 'p o s itio n s  o f a s e t  of n mole
cules in  a system, and dqn as an abbreviation  fo r dqtdqr  . . .  dqn,
wé may define the general molecular d is tr ib u t io n  function Fn(qn)
in  such a way th a t

<l/V”) F j q a)dqn

i s  the p ro b ab ility  for the se t of n molecules to  occupy the coor
dinates q to  w ithin dq , where V is  the to ta l  volume.of the sys
tem. The m olecular d is tr ib u t io n  functions are  normalized by the
condition:

lim(l/Vn) ƒ .........ƒ Fn(qn)dqn = 1,
K=co

where the in teg ra tio n  must extend over a ll  coordinates.
By means of grand p a r t i t io n  functions McMillan  and Mayer have

*) The theory of conformal solutions, recently developed by longuet-
higgins 12) w ill not be discussed here.
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shown that the osmotic pressure 71 of a binary mixture can be
written in the form of a convergent series expansion in powers of
the weight concentration c of the solute component:

71 * (RT/M2)c + A2c 2 + A3c3 + .... (1 )
where M2 is the molecular weight of the solute and the coeffi
cients An 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 A are calledn
virial coefficients. The second virial coefficients is given by:

a2 “ ~ (flW/2VM2) ƒ g2(q2)dq2,

where No is Avogadro’s number and the g2 function measures the
interaction between two solute molecules in the solvent concern
ed:

g2(qi>qj) = F2(qi.qi) cg4).

In other words, the g2 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 van ’t Hoff’s law: at the limit c = o the rela
tion for the osmotic pressure becomes exactly 13)14);

71/c - RT/M2.

A second consequence is that the use of a series expansion of
71 in powers of c is theoretically justified. Schulz has pro
posed to apply a formula of the following type:

7i - (RTc/M2) (1 - sc)"1. (1’)
This assumes a special relation between the virial coefficients
A2, A3 .... . for which a theoretical foundation is lacking.

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

A2 = -(f?77Vo/ 2 W 2) ƒ {F2(qi,q.)-l}dqidq.. (2)

McM illan and Mayer 2) have shown further that the distribution
function F2 can be related to the interaction potential e2 be
tween two solute molecules averaged over all configurations of
solute and solvent molecules:

F2 = exp(-e2/fe7̂ .

It is at this point that the difficulties arise: it is pro-
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h ib i t iv e ly  d i f f i c u l t  to  e v a lu a te  e„ in  term s o f the  p o te n t ia l
functions of the so lven t and so lu te  m olecules. We w ill describe
here two d i f f e r e n t  approxim ations th a t  have been used fo r  the
evaluation o f e2.

(1) The solvent may be tre a te d  as a continuum in which the so
lu te  molecules behave l ik e  in te ra c tin g  "gas” p a r t ic le s .  Then the
problem i s  id e n t ic a l  with th a t  o f a re a l  gas except th a t  some
"mean” p o te n t ia l  fo r the  so lv en t has to  be su b tra c te d  from the
p o te n t ia l  fo r  th e  s o lu te  m olecu les. As in  th e  th eo ry  o f r e a l
gases th is  theory can give a c le a r  idea o f the influence o f geo
m etric in te ra c tio n  between the so lu te  m olecules, th a t  i s ,  o f  the
volume excluded to  one so lu te  molecule by the presence o f another
{compare van der Waals’ constant b).

(2) The s tru c tu re  of the so lu tio n  may be tre a te d  as th a t  o f a
la t t i c e  in  which only short-range order e x is ts  (“q u a s i- la t t ic e ” ).
According to  Guggenheim, th e  connection  between th e  m olecular
d is t r ib u t io n  theory and the l a t t i c e  theory  may be form ulated as
follow s. The p o te n tia l function  s 2 which in  the  former case had
one minimum only, now has a s e r ie s  o f minimum values fo r a l l  se 
p a ra tio n s  between the  two so lu te  molecules in  which the  gap can
be exactly  f i l l e d  by an in teg ra l number o f so lven t molecules. In
th i s  way the geometry o f the  packing o f  the m olecules has been
accounted fo r.

Before describ ing , in  p a rts  b and c o f th is  sec tio n , some fea
tu res of these th eo ries , we w ill give expressions fo r A, in  ideal
and in  re g u la r  s o lu tio n s . In both cases i t  i s  e a s ie r  to  s t a r t
from thermodynamics than from s t a t i s t i c a l  mechanics 1S^. For any
binary system the osmotic p ressu re  is  re la te d  to  the free  energy
of d ilu tio n  Agj by the following equation (see sec tion  I I . 1)

7C *  - A g j / V j ,

where Vj i s  the p a r t ia l  molar volume of the so lven t. In the  case
o f an id ea l so lu tio n , both kinds o f m olecules having the  same
dimensions and force f ie ld s , th is  gives:

7t = -(.RT/vjllnCl -  x 2).

In  d i lu te  s o lu t io n s  th e  mole f r a c t io n  x 2 may be re p la c e d  by
v lc/M2; expansion o f the logarithm th ere fo re  gives:

A2 = RTvj2M22.

For the regular so lu tion , which has the same entropy of mixing as
the ideal so lu tio n , but a heat of mixing s l ig h t ly  d if fe re n t from
zero, an analogous ca lcu la tio n  gives:

A2 = CR7V2J$(i -  Q -
in  which £2 rep resen ts a co rrec tion  fo r the heat of mixing.
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In genera], 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.

II.2b. The continuous solvent approximation

The first applications of the “gas theory" to solutions of
macromolecules were made by Zimm 15>, who found expressions for A
for solutions of rigid spheres, rigid rods and flexible chain mo
lecules. In the last mentioned case Zimm 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:

A2 - %RTv1(m/M)2(l - £2), (3)

where M is the molecular weight of the chain molecule, m the num
ber of segments per molecule, and £a the correction for the heat
of mixing. This result is essentially the same as that found in
the simple “1attice”-theory in which each segment occupies exact
ly one site on the lattice (compare eq. (15) in part c).

Another expression for the second virial coefficient in the
osmotic pressure formula has been given by Flory and Krigbaum 16>
The same result is obtained by Grimley 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”
(Kuhn ). 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: JVv = m
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(r)dr = a.47tr2exp(-9r2/ M 2)dr.
Here ff(r) is the probability of finding a chain element at a dis
tance r from the centre of gravity; L is the length of a chain



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/NL?.
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 (~Pj) and provides a new basis for the evaluation of the
mean molecular dimensions, now also depending on (3,.

For a calculation of the second virial coefficient from eq.(2)
the molecular distribution function F2(qi,q.) has to be known.
Grimley evaluates F2(qi,q.) for a pair of identical chain mole
cules with qi and q. 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 (-pt) in a well-
defined manner. The resulting expression for A2 is:

A2 = -Vi^RW o/M2o)H, (4)

where M denotes the “molecular weight” of a chain element, and H
is a rather complicated function of Pj/L3 and N, which is always
positive. In a limited interval of molecular weights this formula
may be approximatéd to

A2 * G W 8, (5)

where C and e 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) . Pj < 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, e takes the limiting valuë %, whereas for
smaller values of N the value of e lies between 0 and
(2) . px > 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 -pji a negative value indi
cates association of the solute molecules; a negative value of A2
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means th a t the free  energy of d ilu tion  becomes less  negative
hence the s tab ility  of the solution decreases. If  again N  is  very
large, A2 becomes proportional to exp(A!*). This causes a rather
sharp tran s itio n  between the length of soluble and non-soluble
chain molecules.

The influence of polydispersity is estimated by Grimley 17> in
a qualitative manner. He concludes that A2 from osmotic measure-
ments on a so lu tion  of normal fractionated  m aterial w ill not
d iffer significantly  from its  value for a solution of a perfectly
monodisperse polymer with T V ,  chain elements.per molecule (N is
the number average of the polydisperse sample). In the samenway
4 from lig h t sca tte rin g  data equals the A' for a monodisperse
polymer with Nv chain elements per molecule (N is  the weight
average). A \,  however, is  much more sensitive to" traces of high
molecular weight than A2.

Prom experimental data i t  is  known that the influence of the
lrd v ir ia l coefficient at low concentrations (c<1.0 g/100 cm3)

usually can be neglected, although this depends on the particular
l i n l  T  hent KSyStem* At Mgher concentra tions departures from
linearity  have been frequently reported (see also I I I . I f ) ,  plory

sa; eLRs : BAUM 6XPreSS ln t6rmS ° f  ^ 2 f0r the case °*

A3 = (5/8 )(M2/RT)A22, ( 6 )

and use the same re la tio n sh ip  for long chain molecules, in  a more
d e ta ile d  a n a ly s is  Stockmayer and Casassa rep lace  the fa c to r
5/8 by one whose value depends on the "softness” of the molecule
and may be as low as 1/4.

I I .2 c . The q u a s i - l a t t i c e  approximation

US- b.egi.n With the slmPle s t  case: athermal mixtures (zero
beat of mixing). Rushbrooke, Scoins and Wakefield 20> have carri-
ed out an exact calculation of several v ir ia l  coeffic ien ts for
r Ü n ü  J m.1Xtures of monomers with dimers, trimers and tetramers
espectively ). The results of these calculations are in reason

able agreement with those of the theories of Miller 21) and
Guggenheim 22> for athermal mixtures.

be b u iftT n  nh/ ° rieS Khe m0]eCU]eS °f the SOlute are SUPP°S^  toe b u ilt up of a number of segments a ll of which can be in te r-

a nD lecule^hat^ccu^ i^^ne^l^ tT ic^s^tp"1011 ex{?^ssion "monomer” for

most polymer molecules on the other hand. “ th raonomer erouP in
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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 = k In g - k In gj - k In g2,

where gj is the number of configurations when only solvent mole
cules occupy the lattice sites (hence gx = 1), and g2 the number
of configurations for the polymer molecules only. Hence:

AS = k In (g/g2). (7)

Reviews of these calculations have been given by Miller 23>
and by van oer Waals 24) and will not be repeated here. We will
merely mention the result obtained for the partial molar Gibbs
free energies:

Agj - -TASj » /fT[ln(l-cp)-(z/2)ln {l-(2/z) (1-1) *Ap}3 (8)
Ag2 = -TASj = /?T[lncp- (gz/2)ln {l + 2(m-l) (l-cp)/(gz)}]. (9)
Here cp is the volume fractibn 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 polymei 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:

mz = qz — 2m + 2. (10)

Obviously, the difference between g 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:
Agj * iïT[ln(l-cp) + (l-l/m)cp + (1/z) (1-1/m) 2cp2]; (11)
Ag2 - Mlncp - (m-l)(l-cp) + (1/gz) (m-1) 2(l-cp) 2] . (12)

Prom eq. (11) we may at once derive the osmotic pressure
-Agj/vj. If, furthermore, we introduce the weight concentration
c of the polymer according to

cp = cvlm/M,
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where M i s  the  m olecular weight of the  polymer, we get fo r  small
values o f cp:

cp = (RT/M)c + RTv1(m/M)2(y2. - l / z ) c 2 (13)

provided m i s  large.

So far we have ex c lu siv e ly  considered athermal so lu tio n s . In
r e a l i ty  few, i f  any, so lu tio n s  w ill have zero heat of mixing. I f
the  heat o f mixing i s  small, the  free  energy of mixing may be ob
ta in e d  by sim ply adding the  enthalpy change AW to  the  athermal
free  energy of mixing:

A G = AG(ath) + AW.
S im ilarly  the Gibbs free  energy of d ilu tio n  is  obtained by adding
th e  en tha lpy  o f d i lu t io n  to  the  atherm al Gibbs f re e  energy of
d ilu tio n :

Ag i = Agj(ath) + A/ij.

In doing so i t  i s  assumed th a t  the d ev ia tion  from randomness
of mixing i s  n e g lig ib le . In a g rea t many cases a good approxima
tio n  to  the heat o f d ilu tio n  is

A / i j  =  pep2 ,

where p is  a constan t dependent on the polymer-solvent system and
on th e  tem p era tu re . Hence, using eq. (11) we o b ta in , when m i s
1 arge:

Ag, = WTClnd-cp) + (l-l/m)cp + (2/z+p/WDcp2] ,

which, follow ing Huggins 25) i s  usually  w ritten  as
Agj = WT[ln(l-cp) + (l-l/m)cp + ptep2] ; (14)

and fo r  the osmotic pressure:
tz = (RT/M)c + BTv^m/M) 20k-\i)c2. (15)

Although many attem pts have been made to  ob tain  r e s u l ts  of a
more general c h a ra c te r , none o f th ese  a ttem pts have led  to  an
equation fo r the free  energy o f mixing which has proved more use
fu l than eq. (14).

A survey of the th eo ries  of Miller , Guggenheim and Huggins and
o f various o ther q u a s i- la t t ic e  th eo ries , as well as a d iscussion
o f th e i r  m erits  has been given by Münster Very recen tly  the
q u a s i - l a t t i c e  model i t s e l f  has been improved by P r ig o g in e  and
coworkers by ta k in g  account o f  th e  in flu e n ce  o f  ne ighbouring
molecules on the in te rn a l degrees of freedom.
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t y  4T %

The theory of Huggins has been extended by Scott and Magat

to solutions of polymer-homologous mixtures. These authors obtain:
Agj = i?T[ln(l-cp) + ( l- l /* n)cp+ w 2]; <16)
Ag. = i?T[lncp. -  (m.-l) + m. (l-l/® n)cp + m.n(l-cp) 2] . (17)

where the subscript j  re fe rs  to the j-mer, and where mn is  the
number average of m:

m - (Hn.m.)/(2 n.),n  '  j  j  Ji 1 i
where n. is  the number of j-mer molecules.

I I . 2d. Discussion
The crucial point in a ll  theories l ie s  in the expression for

the second v iria l coefficient. For convenience we will l i s t  here
the expression for A2 found by Zimm 1S> and Flory 7> for ather-
mal solutions:

A2 = W T v 1(ni/M)2-, ( 18>

by Miller 21 > and Guggenheim 22) for athermal solutions:
A 2 = YiPTv 2(1 - 2 / z) ] (19)

by Z imm 15> and Huggins 25> for regular solutions:
A 2 = M T v 1(m/M)2(l-2\L); (2°)

by Grimley 17):
A 2 = W T (~ p tN0/H l)H  (2D

and, for comparison, the expression for an ideal dilu te solution:
A2 -  W»,/Af2. (22)

In the theory of Z imm (part b) as well as in F lory* s theory
the connection between the segments in the chain molecule is only
partly accounted for. In Z imm* s theory only interaction between
pairs of segments is considered for the calculation of the second
v iria l coeffic ien t. Flory’ s re su lt is  equivalent to saying in
stead of eq. (10) that mz = qz, 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 Miller  and Guggenheim. The only
parameter th a t appears in the fina l equation fo r the osmotic
pressure, the coordination number z, is  a physically well-defined
quantity. I t  is , therefore, interesting to see what values for z
can be deduced from osmotic measurements on athermal solutions
(see eq. (19)). Münster n )  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. Except 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 general 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 neglècted. Staverman 27  ̂and Tompa 28) have shown
that the formation of polymer-polymer contacts between distant
segments of a chain molecule also tends to decrease the deviation
from ideal behaviour. This coiling-up effect, which has also been
considered by Orr 297 and Münster 30) is closely related to an
effect first discussed by Flory 3 1 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 Flory and Krigbaum and of Grimley 17  ̂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 Huggins 25  ̂ 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.

Although the physical significance of ^ is not much better
that that of z in eq. (19), Huggins’ equations have proved their
usefulness in many problems concerning the solubility of polymers
(see for instance chapter III.3).

More rigorous calculations in which the heat of mixing is
taken into account have been performed among others by Guggenheim
22) and Orr 32>. The results of such calculations are rather com
plicated formulae (see the review article of Münster 1X )̂, and
sometimes contain so many independent parameters that almost any
result can be explained.

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

22



Munster 33  ̂A for high molecular weights is a linear function of
M~u.

A2 = fcj /M  + k 2,

where and k2 are approximately constant. Grimley’s eq. (5):
A 2 ■ CM~G will be hardly distinguishable from Munster's result.
In the table we give some e 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

Prom the calculations of Hawn and Wajid 36\  however, it can be
seen that the precise value of e strongly depends on the kind of
expression that is used for the 7i/c vs c relation. The value 0.15
is found from a quadratic equation, whereas a value of 0.33 is
found when the relation of Flory and Krigbaum 16  ̂ (eq. (6) in part
b) is used for the third virial coefficient.

The coiling up of the macromolecules can bè 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 2 values. Dobry and Ouang Chou Huxn 39\  and Gee 40) have pro
posed to use such solutions for the evaluation of the first virial
coefficient (RT/M) because the zero value of A2 in the measured
interval of concentrations allows a horizontal, and hence more
reliable, extrapolation to zero concentration (compare section
If in chapter III). In some cases the method has since been ve
rified by several authors 41)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 moleaule 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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II.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 chloroform 45\  polyvinyl chloride in di-
oxane 46>47) and cellulose acetate in methyl cellosolve 48\

Doty and coworkers 46^4 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
centrifuge 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 Trementozzi 49>50) for emulsion polymèrised polystyrene in to
luene. Small amounts of polar substituents, built into the chains
during the polymerization may be responsible for the association.
Although 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 5 7'. 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.

Prom 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 *).

II .3. Non equilibrium thermodynamics 52)

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 S3>54).

In the equilibrium state of an isolated system, whose energy
and volume are kept constant, the entropy is at its maximum value
S o. For small deviations from this equilibrium, measured by the
parameters otj, the entropy may be developed by means of Taylor's
theorem in terms of powers of the a.’s:

1 ‘ 9 a i . *» - r - k
0 is the equilibrium condition, and terms of

- 32s
ik 1 da.oa.

Since (9S /0a.)
3 °  *order a may be omitted when the deviations are small, we obtain

AS - S-So ■> 2 2 oc.akg.k, (1)
i k

where 2 2 « iakg ik is a positive definite expression.
i k

In analogy to the theory of classical mechanics we may define
as “forces”

j

X k ■ (0AS/0a.)a = - 2 gik ak, (2)
j k

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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J .  “  ótj. ( 3 )

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

■ V - X Llk X„. ’ (4)
k

I f  the forces and fluxed are chosen in accordance with eq. (2) and
(3), the following relations are valid 5S :̂

L i k  " L k i  • ' ci y  , ( 3 )

For these Onsager reciprocal relations to hold, the correct choice
for the combinations of forces X. and fluxes J.  must be made. Onei l
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 = 2 J. X i  (6)
i

S taverman 56X used th is  method in his membrane theory which will
be discussed here.

For open systems, i .e . for systems which can exchange heat or
matter with th e ir surroundings, only the internal part of the en
tropy production may be written in the form of eq. (6) 521.

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

dmyl + dm 11 * 0, (7)

no matter being exchanged with the environment. Further,
d U 1 « d  U1 + d j f ie l

dU11 m d U11 + d U™.e l
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:

d j ) 1 + dJJ11 = 0 ( 8)

Finally, the two systems have the same temperature:
Tl ** T11. - , - ( 9 )

For the to ta l contents of the systems I and II respectively,
the second law of thermodynamics runs as follows:

T1dS1 -  dU1 + p1dV1 -  2 g *  d m' ,  )
k=I n ! (10)

T"dSJ1 = dU11 ♦ p 11^ 11 -  2 g ”  dm.11, V1 * *
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Hence the change in entropy is
_ TT d U1 + p'dV1 d U11 + p

dSl + cJS11 = -s---- -----+ _£-----
T1

d. U11
T*

y A 1 V
11 k-i ' Tl

Substitution of eq. (7), (8) and (9) gives:
du 1 + p'dv1 du 11 + p ' W '  " Ag J

dS ~ ------------  + ---------------- + 2 ---- dm, ,
T T km l T k

where Agk * gk11 - gk*.
By splitting dS in an external and an internal.part we obtain for
d .S’.1 f

d.S = .2
1 kal

b ( . g y / T ) d m v l (11)
and, therefore, for the rate of entropy production

n
d.S/dt = 2 A (gk/T)mk, (12)

k*= 1
with the “forces”

* k = Agk/T (13)

and the "fluxes”
Jk = dm./ d t = mk. (14)

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

*k “ ? L lk * fc. (15)
k

The difference in thermodynamic potential Agk of the component k
in the two parts of the osmometer is due to the difference in
pressure Ap and in the concentrations

Agk = v k*P + ^k°'
where Ag° is the concentration dependent part of Agk, and v the
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:

«1 = 2 L ik (vkAp *■ Agk°) (16)
k

Here Staverman 53) introduces a “mechanical transport number
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of component i”. This is the fraction of the flow contributed by
component i when al1 Ag°’s are zero:

_ r»l y i] _ v i L ikvk

J  Ag“=o Z } \  L |kvjVk '
since

J = 2, m, v, = 2. 2. L.,v .v.tp.ĝ °=!0 k k k J k J k 1 ^

(17)

The experimental osmotic pressure 7iekp is defined as the pres
sure at which no net flow through the membrane is observed:

J = 2 2 L..V.ii.Ti + 2 2 L..u.Ag.° = 0■ a 1 K 1 K 6 x p _ 1 1C 1 1Ci k l k
Hence, using the reciprocal relations (5):

„ ~ L iVV i ^ V

exp ’

^exp = “  2 k *VVk> (18)
For a binary system in which solvent and solute are indicated

by the subscripts 1 and 2 respectively, we have
-7t„p ■ ('C1/v1)Ag1° + (T2/v2)Ag2°. (19)

Using the relation of Duhem-Margules:
Ag2° = -(mj/*2)Agj0,

we obtain:

When we remember that T j+t 2
the solute is determined by

cp2 = *2v2/(«jV1 + *2v2)

m2V 2

1 and that the volume fraction of

we get for the experimental osmotic pressure:

7C„p = -(Ag1°/v1)(l-'C2Ap2) - '*th(1‘’T2/<5P2> (20)
since %  = - hgi°/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 T2/q>2 = l-cr2, where <r is a selection coeffi
cient of the membrane for the solute, gives Staverman’s expres
sion 56>:

n,xP - (21)
The selection coefficient a 2 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, a2 wil 1 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 <j2 = 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 < dj < 1. . (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:

>e*p.j * ainth.j> (23)
where <j. is determined by eq. (17) and

T./cp. =  l - o . •
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
II.1). The contribution of all solute components is inversely
proportional to their molecular weight, however, so that even for
very small values of a. 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 crj7tth . and < 1 for all permeating components.

)
We wish to point out, in conclusion, that the selection coef

ficient a 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 x2/cp2 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, t 2/cp2 for water is greater than one and cr is
negative.

It will be shown in III.2e. that the experimental determina
tion of a  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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C h a p t e r  III

E X P E R I M E N T A L  T E C H N I Q U E S

1* Osmometers and the determination o f 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 Z imm-Myerson osmometer.
e. The accuracy of the measurements.
ƒ. The extrapolation of the reduced osmotic pressure to zero

concentration.

I I I . l a .  General f e a tu r e s  o f  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 Hoff' s 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 a t. As a consequence of th is
extraordinary magnitude of the osmotic pressure, the osmotic
method in the study of the colligative properties of low molecu
la r 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 fa r 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 d ifficu lty  with regard to the earlier osmometers lie s
in the nature of the copper ferrocyanide membrane, which was used
exclusively. The preparation of these membranes is  a laborious
a ffa ir , they are very slow to reach equilibrium, and th e ir use
fulness is  restric ted  to aqueous solutions. Moreover, the deposit
is  reported to be rather unstable; i t  seems to be advisable to
add some K4Fe(CN)g to the liqu id  in one compartment, and some
CuS04 to the liquid in the other cell 2\

Among the newer osmometers we will only consider the types
that have f la t  membranes. Although a very simple apparatus with
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bag-shaped membranes has been described dy Dobry 3), osmometers
with f la t  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 l iq 
uids as well as for aqueous solutions. In the study of proteins,
however, osmometers with bag-shaped membranes are s t i l l  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 f la t  membranes.

A diagram of an osmometer with a f la t
vertical membrane is  shown in fig . 1.
A indicates the solvent, B the solution
compartment. I f ,  for the moment, we
assume that solvent and solution have
the same density  p, the equilibrium
internal head h immediately gives the

O

osmotic pressure:

7i “ h p *).
O  1

The establishment of th is  in ternal
head h , i . e .  the difference between
the heights of the menisci in the two
identical c a p il la r ie s  is  a matter of
solvent flow through the membrane **),
provided the la tte r  is  rigidly support
ed. Otherwise a displacement of the
membrane may give the same resu lt (dis
placement of the menisci).

The ra te  of flow dv / d t  through the
membrane is  proportional to the effec
tive area 5 of the membrane and to the

Oiagram of an osmometer; the excess pressure Ap applied:dashed line indicates the
position of the membrane

dv/'dt -  PS Ap, (1)
;

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

*) In the c .g .s. system this equation must be written as
it = ha p g .

For convenience we will express tc in cm H2O (4° C).
**) Diffusion of solute molecules will be considered in the sec

tion on membranes.

Fig. 1
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volume Av through the membrane corresponds with a change in the
internal head h of: - Ah = Av.8/n d3, 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:

or

dh/dt * - P S 8p(/i-/io)/-n: d2

dh/dt - — k (h-h ).
O

(2)

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

k - 8 PS p/n d2 . (3)

It has to be borne in mind that in replacing Ap by (h-h )p we
have tacitly assumed the correct concentration jump over the
semipermeable membrane, viz. the concentration jump corresponding
with the ultimate equilibrium. This may be questionable, 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 4>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 I 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
1imited, 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-
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centration. Such adsorption 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, i t  can be seen from eq. (2) that a greater value of
k corresponds with a jnore rapid establishment of th is  equilibrium
osmotic head. Hence .S must be made as large as possib le, whereas
a very small value of d i s  favourable. How small th is  diameter
may be taken is  e sse n tia lly  a matter of the influence o f surface
tension e ffe c ts  (see I l l . l e ) .  Hence, as for most osmometer con
structions I does not have i t s  minimum value, the ratio  V/S w ill
give a good idea of the rate o f equilibration, a smaller value of
V/S indicating a higher rate. A l i s t  of these ratios for 13 d if 
ferent osmometers has been given by Wagner 7\  For the osmometers
rsed by us the following ratios were calculated:

Fuoss-Mead osmometer: V/S = 0 .2  cm
Z imm-Myerson osmometer: V/S = 1.0 -  1.5 cm.

I I I . lb .  The measuring technique
There are three ways in which the osmotic pressure can be de

termined and, although we used only two o f  these methods, a ll
three o f them w ill be described here for the sake o f complete
ness.

The s t a t i c  m e t h o d
This method consists in waiting until the solvent flow through

the membrane is  finished, the intém al head of the osmometer then
being the osmotic equilibrium head. For the -moment we do not con
sider the necessary corrections (see I l l . l e )  and assume moreover
that a real equilibrium head is  reached, which implies that the
membrane is  rea lly  semipermeable. In a la te r  section  ( I I I .2) i t
w ill be explained that th is  la s t  restr ic tio n  is  a very essential
one.

As explained in I I I .la , the ratio V/5 plays an important role
in  the length o f time required for a s^ta t̂ic measurement. With
most types of osmometers, however, i t  i s  possib le  to  reduce the
to ta l time for a s ta t ic  measurement by adjusting the in i t ia l
interna] head to within a few centimeters or le s s  of the expected
equilibrium head.

Resides 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 o f  the mem
brane to the new f i l l in g . This effecf; is  more marked when f i l l in g
with a new concentration and becomes rather large at higher con-
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c e n tra tio n s . This adaptation e ffe c t, perhaps due to adsorption on
th e  membrane, a]though deform ation of the  membrane du ring  the
f i i l i n g  procedure may be important too, w ill be m anifest by i r r e 
gu lar changes in the in te rn a l head, which do not obey the r e l a 
t io n  (2 ).

When carry ing  out s t a t i c  measurements, we always waited u n til
the  next day a f te r  f i l l i n g  was completed, and then con tro lled  the
d iffe ren ce  in  menisci fo r a t le a s t  f iv e  hours. The adap ta tion  o f
th e  membrane, however, never re q u ire d  more than two o r th re e
hours, so th a t  i t  is  o f importance only in the dynamic method.

T h e  c o m p e n s a t i o n  m e t h o d
I t  has a lready  been pointed out th a t  the osmotic head is

usually  developed by the flow of solvent through the membrane. On
the  o th e r hand i t  i s  a lso  p o ss ib le  to  e x e rt on the  so lu tio n  an
in te rn a l p ressu re  o f such a magnitude th a t  t h i s  so lven t flow i s
prevented. I f  the membrane is  com pletely semipermeable ( in  th is
s e c t io n  we r e s t r i c t  o u rse lv e s  to  t h i s  type o f membrane), the
external p ressure  applied in  the case o f zero flow must equal the
osmotic pressure of the so lu tion .

Berkeley and Hartley 8' ,  who developed th i s  method, measured
the  r a te  o f movement of the meniscus in  a v e r t ic a l  c a p il la ry  a t
external p ressures near the osmotic pressure, and in te rp o la ted  to
zero ra te  of flow. The co rrec tio n s  to  be applied  are of the same
kind as d iscussed  below ( I I I . l e ) ,  bu t in  a d d itio n  a c o rre c tio n
must be made fo r the in te rn a l head of the osmometer.

Although rap id  measurements are p o ss ib le  by th is  method, the
whole apparatus ( in c lu d in g  a manostat) i s  more com plicated and
does not give b e t te r  r e s u l ts  than the o ther methods. Only when
d ea lin g  with high co n cen tra tio n s  9' ,  small q u a n ti t ie s  of so lu 
tio n , or so lu tes  which are l ia b le  to  slow changes in  composition,
th is  method may be advantageous (fo r  in stance  when dea ling  with
so lu tions of p ro te in s  7') .

T h e  d y n a m i c  m e t h o d
Although the compensation method is  e s se n tia lly  a dynamic one,

we w ill save t h i s  name fo r  those methods in  which no e x te rn a l
p re ssu re  i s  ap p lie d . In t h i s  method the  i n i t i a l  head h in  the
osmometer is  ad ju s ted  to  a value w ith in  a few cen tim eters  from
the expected osmotic equilibrium  head. Under c e r ta in  conditions,
which w ill be c le a r  from p a rt (a) of th is  section , the d ifference
(h-ho) is  an exponential function of the time t:

h-h  " H exp(-fet)
O

( 4 )
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where H is the value of h-h at time zero, and k is the propor-
O

tianality constant indicated in eq. (2).
Puoss and Mead 10) approached the equilibrium head ho 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 hQ.

In our determination of the osmotic pressures of solutions of
sodium carboxy methyl cellulose (see IV. la) 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).

Tabl e  I
Osmotic pressures of NaC M C  by the

dynamic and the static method

Cone. 71.d  y n • 71 *s t a t .
(g/100 c m 3) (cm solvent) (cm 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 ca,rboxy 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.

Philipp 12) has reported an algebraic method for the calcula-
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ÏSF'ff 1 aiKJ n * * i f J®d witii respect to  each o ther in  the d irec
t i o n  of NaPMp1n % o X ii/ in n t l 1  3th ® best posslb le  symmetry i s  a tta in ed . Solutio n  o r NaCMC 0.29 g/100 cm3 in  aqueous NaCl 0.3 m. Ill = half-sum  v a l

ues, IV = s t a t i c  value. ''

tion of the osmotic pressure from one curve only. When three con
secutive measurements of h (denoted by ht , h2 and h3) are done
with equal time in te rv a ls , these h values are in te rre la ted  as
follows:

(/»a-/i0)/< /»i-/i0) “ (h3-h0) / ( h 2-ho) (5)

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

K  M <h i h 3 ~ + h2 -  2 h2) ( 6)

By means of th is  method we calculated the ho values from the ty
pical curves of fig . 2, and compared these values with the half
sum and the s ta tic  value (Table II) . The upper curve again gives
the s ta tic  value, whereas the lower curve yields a much lower h
P h i l i p p  finds greater values of n for the efflux curves as well,
but he did not compare these values with the s ta tic  ones, which
were higher than the half-sum values. A slightly  different method
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Table I I
Evaluation of the osmotic pressure by the
methods of Philipp and of Puoss and Mead
_______________ (71 in cm solvent)_____
Upper curve (Philipp) h - 2.635 71 « 1. 10*
Lower curve (Philipp) h * 2.49 71 3 0.96
Half sum value ho - 2.56 71 * 1.03
Static value h *o 2. 63 71 = 1. 10

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

dh/dt = -k (h-h ).o' (2)
To this end we plot the differences A/in between the successive
readings of the internal head against the corresponding mean head
hn M % ^ n +1 + The intercept of the resulting straight line
with the hn-axis has the value hQ. For the two curves of fig. 2
we found nearly the same ho values as are found by Philipps' s
method; calculation by means of the method of least squares gives
exactly the same h .

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.

III. lc. The FUOSS-MEAD osmometer *)
The Fuoss-Mead osmometer 10> is a symmetrical osmometer, in

our case consisting of two chromium plated brass plates with a
diameter of 15 cm and a thickness of 2.5 cm. This thickness was
suggested by Goldblum 13\  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,
Lab. for Inorg. and Phys. Chem. in Groningen. instrumentmaker at the
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mm

f i g. 3
Our Fuoss-Mead osmometer. Insets: tube S2 parallel to si and
s, perpendicular to plane of drawing; w represents the wall

the temperature bath. See text.
tube
of
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sècted in a symmetrical manner by three rad ial channels (3 mm
wide), one of which is  ve rtica l. The en tire  groove system of a
cell is  ju s t opposite the groove system of the other ce ll, the
membrane therefore supported by the ridges between the grooves.
Displacement or deformation of the membrane can take place only
in the narrow grooves; th is  was proved a fte r 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 th is  ring and the
opposite ridge of the other cell the membrane is  s t i l l  more
pressed, thereby serving as a gasket.

With th is  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 . ("U ltracella"
membranes conditioned to toluene are deteriorated by small drop
le ts  of water, which give b r i t t le ,  opaque spots). Although in
some instances adequate gasketing by the membrane was possible,
th is was rather d iff icu lt 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 14>
have used an extra ring of a soft metal fo il 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
in ternally  se t under an excess pressure of 0.5 at. Any leakage
then gave rise  to a stream of a ir  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 Sj the capillary tubes were connected by screw jo in ts
and glass to metal seals *). The lower pipes s 2 were part of the
f il lin g  system; by means of needle values they were cut off from
the wider tubes f. The pipes s 3 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 f i l l in g  procedure. These pipes too were closed with needle
valves.

When f i l l in g  the osmometer, i t  was necessary to eliminate a ir
bubbles. To th is end we always preheated solution and solvent to
a temperature more than 10° C above the thermostat temperature.
Moreover, a f te r  f i l l in g  we f i r s t  opened the valves in s3 (s2
closed) for a short moment; then the valves in s2 were opened and

*) Soft glass to A. K. X. Steel.

41



the 1 iquid in both compartments successively pressed up and down
until no more bubbles appeared in the capillaries. Finally the
needle valves in s 2 were raised entirely, so that any air caught
in these pipes escaped.

The two capillaries mounted on Sj may be of the same bore, as
in the description of Fuoss and M e a d . In their arrangement, how
ever, only one of the pipes s2 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 cm 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 thé 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 prowed 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).

III. Id. The Zim-MYERSON osmometer *)

The Zimm-Myerson 1s  ̂ osmometer is a much simpler apparatus
than the Fuoss-Mead osmometer. It consists of an all glass solu-

*) Some osmometers of this type were made hy 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 semipermeablë
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 tne 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 Zimm and Myerson 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. Prom fig. 4
the filling and emptying procedure will be
self-evident. Although Zimm and Myerson 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
the funnel at the top of this capillary.

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 thg 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.

fig- 4Modified Zimm-
Myerson osmometer
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III. le. 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 ón 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 cel 1 content of the osmometer is 5 to 10 cm3 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 Zimm-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-Mead 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 bo 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
the capillary rise b:

- 1 degree"1; 20-40°C 16>, which gives for

6 (1-0.002 t)

where t is the deviation from 20°C in degrees centigrade. Ftor a
capillary with a diameter of 0.8 mm the value of 6 in water was
about 3.50 cm, the temperature correction therefore 0.007 cm per
degree. The capillary rise has been 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
in organic liquids, we tried a method by which
the water in the reading capillary was covered
with toluene 17\  To this end we replaced the
capillary by a tube with a three way stopcock
on which were sealed two vertical capillaries
(fig. 5). One of these capillaries was partly
filled with toluene and connected with the
osnotic cell during the measurement. During the
filling procedure this capillary was shut off.
The water-toluene interface, however, stuck
frequently, which caused false readings. We
therefore rejected this method and filled the
measuring capillary with a solution of wetting
agent (sodium diöctyl sulfosuccinate). The
""-face tension of this solution is only
26 dyne/cm"1, whereas that of water is
73 dyne/cm'1 (20°C). The surface tension of the
wetting agent solution does not change much

with the concentration; it is, however, necessary to control the
zero 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 III).

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

71 “ V -  (see fig* 1. III. la)
However, since the osmotic pressure is the equilibrium pressure

Capillary system
Mead osmometer on
solution side
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Table III
Surface tension of wetting agentsolution at different temperaturesmeasured by J.v.Thuyl with a stal-
____________ agmometer. -______-
Cone.(g/1) 25 °C 22°C 00 0 0 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 po and
p, respectively 18)19). por a vertical membrane we calculate the
equilibrium at the centre of the membrane:

7t ■ (h + h ) p, - h p I (7)' o  m  r l nr o • - <- V '

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 20\  It
is, therefore, only at the centre of the membrane that the
osmotic equilibrium corresponds with the original concentration
difference. (See, however Münster 21 \  who holds the view that no
sedimentation equilibrium can be set up during the measurement).

Lang 20  ̂has proved experimentally for a Fuoss-Mead osmometer
with capillaries of 80 cm length that the relation between h andO
h for the same concentration is a linear one:m

h - const’. - const", h , (7')o m

where const’. = 71/pt. The correction term in eq. (7) is + h (pj-p ).
In genera], for low concentrations, the density difference is a
linear function of the concentration:

p-po I c Ajp,
where Ajp is the density difference between a solution with con
centration c=l g/100 cm3 and the solvent concerned. Hence:

n = hop1 + h c Ajp
and the reduced osmotic pressure becomes:

7i/c *= /ioPj/c a- h Ajp (8)

The Fuoss-Mead and the Z imm-Myerson osmometer have h ’ s of 30m
and 5 cm, respectively. For the polymers investigated the value
of Ajp varied from 0.0018 for polystyrene in toluene to 0.0088
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for polymethacrylic acid in water. Prom eq. (8) it can be seen
that it is appropriate to apply the density correction directly
to the limiting value (ti/c)c_0. For the Fuoss-Mead apparatus the
correction is of the order of 0.1 units in -n/c (n again expressed
in cm H 20 and c in g/100 cm3). As a molecular weight of 105 al
ready corresponds with a (71/c) m value of only 2, the density
correction is always necessary (the absolute value of the correc
tion is independent of the molecular weight).

Although the same reasoning is relevant for the Zimm-Myerson
osmometer, the magnitude of the effect is only one sixth of the
value for our Fuoss-Mead osmometer, and need not to be considered
for molecular weights less than 5.10s.

We always replaced pt in eq. (7) by p ; this has only a small
influence on the slope of the W c  vs c 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-Mead apparatus) is also neg-
1 ected.

The accuracy of an osmotic molecular weight determination is
limited by the corrections discussed under 1, 3 and 4. The cor
rections for asymmetry and capillary effects are corrections
in 71; 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 jt/c vs c 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).

III. If. 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 A 2 depends on the interaction of pairs of
solute molecules, it is reasonable to expect that the influence
of A 3 (interaction in clusters of three solute molecules) will
become significant at lower concentrations as the value of A 2
itself increases. In general a curvature in the 7x/c vs c plot may
be expected when A 2 has a value above 0.5 (71 in cm H,0 and c in
g/100 cm ). Some reliable data in this range, however, can be
represented by a linear equation as well 22)23). we will prefer a
rectilinear equation in all cases where no definite evidence of a
curvature is present.
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Fi g .  6
Example of  7v’c vs c diagram w ith  iso  e r r o r  l i n e s  f o r  p o ly s ty re n e
f r a c t i o n s  (D) i n  to lu e n e  a t  25°C (see  IV.4)«. The maximum r e l a t i v e

e r r o r  i s  in d ic a te d  in  %.
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As has been shown, there does not ex ist a completely s a t is 
factory theory for the re la tio n  between A3 and A2 as yet, a ll
proposed theoretical 24)2S) and empirical 26> relations being of
a lim ited ap p licab ility  2 7 At  the present time a numerical
analysis is  the best method for the evaluation of the values of
(V c )  c=0 and A2.

Ducker, F ie l l e r , Hookway and Townsend 22' made a s ta t is t ic a l
analysis of the ir accurate measurements of osmotic pressures. By
means of the method o f least squares they investigated which of
the following three equations is the best one.

n = a C + bC2 (9)
71 = a C + bC2 + dC3 (10)
n “ cijC + aj6jC + (5/8)a1b2C3. (ID

Equations (9) and (10) are the simple linear and quadratic equa
tions for 7x/c, eq. (11) is  Flory* s equation 24  ̂ (see I I . 2). In
a ll nine systems examined the mean square deviation of the ob
served values of n 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) is
less reliab le. These authors write eq. 10 in the form:

■n/ c = a + 6c + dc2, (12)
and select pairs of values from th e ir experimental curve, which
are substracted from each other:

(7x/c) l -  (7t/c )2 = 6(Cj- c2) + d(c2-c 2)

or (7i/c) j  -  (71/c )  2
6 + d (c , + c 2) . (13)

Cj — C2

A plot of the l e f t  hand term against (cj+c2) gives a s tra ig h t
line with intercept 6 and slope d.

Quite another method for the evaluation of the molecular
weight has been proposed by Guggenheim and Me Glashan 29' .  They
write eq. (11,2.15) in the form:

(7t V1)/(HD = q/m + function (9, &/RT), (14)

where cp is  the volume fraction of the solute, m the ra tio  of the
molar volume of the solute to that of the solvent and |J the heat
of mixing term. When comparing equal volume fractions of solu
tions of d ifferent fractions (1 and 2) of the same polymer, they
subtract the corresponding equations (14) from each other:

( 7 t j  -  7C2 )  V j

RT
A plot of (Ttj-Ttjlvj/RT against
slope (l/mj-l/m2).

“ (—-------—) <p. (15)
/Tij ÏÏI2

cp should give a s tra igh t line  of
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Any dependance of 3 (and A2) on the molecular weight is  obscured
in th is  way; moreover, an independent determ ination of one m
value remains necessary.

The use of physical methods to reduce the second v iria l coef
fic ien t to zero, and hence to obtain a horizontal linear -n/c vs c
plot has been discussed in chapter I I .2, together with the anoma
lie s  caused by association phenomena.

I I I . 2. P ro p er tie s  o f  membranes.

For an understanding of the phenomenon of semipermeability i t
is  essential to have a good knowledge of membranes, permeable as
well as impermeable. We will therefore trea t in th is  section some
properties of membranes which are important in th is  respect.
a. Introduction.
b. Characterization of membranes.
c. Determination of permeabilities.
d. Dialysis.
e. U ltra filtra tion .
ƒ. Types of membranes.
g. Some consequences for osmometry.

I I I .  2a. I n t r o d u c t i o n

From the very beginning of osmotic experiments the molecular
in te rp re ta tio n  of membrane behaviour has been a much disputed
question. Traube held the view that membranes acted as sieves,
but many la te r  investigators have made i t  clear that the solubil
i t ie s  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
is t ic  for gels, or which a t least can be interpreted as gel pro
perties. We w ill, therefore, call them gel membranes.

According to Bungenberg de J ong 30> a gel is  “a co llo idal
system of solid character, in which the colloidal partic les some
how constitu te a coherent structure, the la tte r  being interpene
trated  by a (usually liquid) system consisting in kinetic units
smaller than colloidal p a rtic les”. 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 n itra te  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 molecular
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 31 \

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 Poiseuille’s law gives
the volume yield per second:

d v j d t  * Tcr4p/8r)Z, (1)

where pis the pressure difference over the capillary of length I;
t] is the viscosity of the liquid. For a porous medium this ex
pression takes the form:

d v j d t  = KS p/r\, (2)

where S is the area through which flow takes place (= membrane
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su rface ), and K a constant determined by the geometry of the
porous medium.

For various types of membranes eq. (2) has been checked.
Erbe 32) for instance finds for collodion and cellulose membranes
proportionality between d v j d t  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 I I I . l
aPPll6S: dv J d t  = PSp = KSp/r\, (2t )

which is  the case for nearly a ll  osmotic membranes. Erbe has
pointed out that deviations from th is  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 u ltra filte red
liquids, which therefore are recommended for th is  type of inves
tig a tio n s . At higher pressures the cellu lose 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 te s t  of relation  (2) is  possib le by comparing d iffer 
ent d v J d t  and u values at the same pressure. Bigelow 33  ̂ has

U1
measured perm eability co effic ien ts  (P) for the flow of water
through collodion membranes and parchment paper a t temperatures
between 1 and 85°C. He proved indeed that the temperature depen
dence of P was quantitatively in accordance with that of

P t) = K '■ constant. ~ (3)

Duclaux and Ererra 34' pressed organic liquids and water through
collodion, cellulose and cellulose acetate membranes which were
conditioned to the same liquids. They proved also the valid ity
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, a l
though sorption effects may be important too.

II I .2 b . C h a r a c t e r i z a t i o n  o f  membranes
For osmometry, dialysis and u ltra filtra tio n  the most important

properties of gel membranes are the permeability for the solvent
and the selectiv ity  for the solute; hence a good characterization
of these properties is  very desirable. I t  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 liq 
uid in the membrane phase. Other valuable information on membrane
behaviour may be obtained from the c ritica l bubble pressure, dia
lysis potential and electrokinetic phenomena.

In a long series  of a r tic le s  Manegold 35  ̂ and Jiis 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. Elford 36', 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 Manegold 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 Elford’s model as it has some mathematical advantages.

To calculate the coefficient K of eq. (2) we divide the pore
system per cm2 of membrane into groups of n. pores with radius r..
Assuming that all pores have about the length I (membrane thick
ness) , we find

K * (iz/8l) 2 (4)
i

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

W m 2 n i7cri (5)
i

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

K/W = (1/81) (2 n.r|/2 n.r2) * r2v/8 I. (6)
i i

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

K/W « r2/24l. (6f)
For comparison of different membranes the expression Kl/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 Elford and
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Manegold is  due to their d ifferent opinions about the part of the
channels which is  effective. To us the idea of Elford 37) 38) 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 tru th  may be in between. There can, however, ex ist
no doubt that the evaporation of solvent during the gel formation
(see I I I .2 f )  is  to some extent a t le a s t a d irec tin g  process.
Bartell and van L oo 39)t for instance, have followed the drying
process with a microscope. They suspended coloured partic les  in
the collodion solution and observed at f i r s t  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 regu larity  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 im plicit conclusion of Bartell and van Loo that one vortex in
the solution gives r ise  to one pore in the membrane, cannot be
true, however, as the number of pores calculated from eq. (6) is
a t leas t of the order of 1010 per cm2 35\  which is  much larger
then the number of vortices. Elford (quoted by Perry 38)) indeed
found no structure with the microscope, nor with the ultramicro
scope. This is  in accordance with the calculated average pore
radius of his membranes ( r av < 50 mu,).

Some other methods which also give information about membrane
geometry will now be discussed:
1. The c ritica l bubble pressure method 4<J)41). The c ritic a l bubble
pressure is  the minimum pressure necessary to press a ir  through
a membrane imbibed with liquid. For a single capillary with radius
r (in cm) the force exerted on the column of liq u id  is  nr2p,
where p is  the excess pressure in dynes/cm2. 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:

7tr2p » 2wy,
hence p <*2y/r (7)
so that a ir  is  pressed through the capillary when p £ 2y/r.

In the case of a membrane we can by means of th is method
find the radius of the g rea test pores (r ) . Because of them fl x
small pores in the membrane the in te rfac ia l tension air-w ater
(73 dynes/cm) necessita tes pressures which are much too high.
Bechhold 4 0 1 therefore replaced the system air-water by water-
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isobutyl alcohol, which has an interfacial tension of 1.7 dynes/cm
at room temperature.

Erbe 42> 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 PoIseuille's law at a
further increase in pressure 43

Elford has determined the ratio r Jr , which for “Ultra-max.4 av*
cellafilter” has a value of 3 to 6; and for "gradocol” membranes
a value of about 2 (for these membranes, see part f).

The accuracy of the bubble pressure method is restricted by
three factors 42K

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 Erbe’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.

c) 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 44 A general phenomenological theory
on membrane processes, including electrokinetic processes, has
been developed tay Staverman 45  ̂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 i t  has been proved that they f i t  in with Staverman’ s theo-
r y  4 4 ) 4 5 ) ^

Manegold 46'  has applied the theory of the e lec trica l 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 la rg e r than the thickness of the double layer.
This, however, cannot be said of the usual membranes with an r (
of 5 to 50 mix. Manegold and Solf 46  ̂ have indeed found large d is
crepancies between theory and experiment.

A much b e tte r approach to the electrochemistry of membranes
was s ta r ted  by Meyer and S iev er s  47\  and Teorell 48  ̂ for the
membrane (or dialysis) potential. These authors suppose that the
membrane network c a rrie s  fixed e lec tr ic a l charges, due to. the
presence of ionizable groups or formed by adsorption of ions from
the imbibing solution. 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. I f  equilibrium at the membrane.sur
face is  established rapidly, the d istribu tion  of mobile ions in
the membrane phase is  governed by a Donnan equilibrium between
the membrane phase and the e lectro ly te  solution. The two Donnan
potentia ls 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
ten tial in the membrane is  the membrane potential. Schmid 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
Debye-Huckel arrangement round the fixed ions would be a more re
presentative model.

As a demonstration of th is  theory we will give Schmid* s 44^
treatment of the electro-osmotic pressure. Suppose we have over
any arb itrary  pore with length Z. a potential difference E,  then
the e lec tr ic  fie ld  strength in the pore is  E / l . .  In the pore w'e
have (for negative fixed ions) an excess of positive charge +A,
hence the e lec trica l force ƒ, per volume element Av is:

/ j  «= FA Av/Zi(

where F  is  the faraday. In the stationary  s ta te  the e lec tro -
osmotic pressure tc exerts on the volume element Av a force f 2 of
the same magnitude in the opposite direction:

ƒ 2 “ Av 7Ce/Zj

where tx .  /  I .  is  the pressure gradient in the pore.e  l
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Hence: 71 F A  E.

The o ld er theory  claimed an inverse  p ro p o r tio n a lity  between 7te
and the  square o f the  pore rad ius ( r ay) 2. Manegold arid Solf  4 6 \
however, found no dependence of 7te on r ay.

I I I .2 c .  Determ in a t ion  o f  p e r m e a b i l i t i e s
The perm eability  c o e ff ic ie n t  P o f a membrane may be d ire c t ly

determined by measuring the r a te  of flow d v j d t  through a given
membrane area 5  when a known excess pressure p i s  applied:

d v J d t  * PSp (2*)

A c a lc u la t io n  from osmotic dynamic curves is  a lso  p o s s ib le  by
means o f eq. (2) in  s e c tio n  I I I . l ,  which fo r  an osmometer w ith
two id en tic a l c a p il la r ie s  may be w ritten  as:

dh/dt  = -P(S/s)2f'p(h-ho) , (8)

where s is  the c ro ss-sec tio n  of the measuring c a p illa ry , and g is
included to  obtain  the same c .g .s .  dimensions as in  eq. (21) . For
an osmometer with only one narrow c a p illa ry  eq., (8) i s  converted
tO 49)50)51).

dh/dt  * - P ( S / s ) g p ( h - h o) . ( 8 T)

In p a r t  (a) of th is  section  we already mentioned the  influence
o f blocking e ffe c ts  and compression on the perm eab ility  o f mem
branes. The most serious influence on the perm eability  may be due
to  a very Alow in te ra c t io n  between the  im bibing l iq u id  and the
membrane. Sometimes i t  has been observed th a t the perm eability  of
a membrane changes considerably more when the liq u id  component is
interchanged by another liq u id  than can be explained by the change
in  v is c o s i ty  (eq. (3 )) . This may be due to  s tr u c tu r a l  changes
re su ltin g  from the osmotic withdrawal of the f i r s t  liq u id  during
the cond ition ing  process 52\  Such an e ffe c t  can be avoided when
the  c o n d itio n in g  to  the second l iq u id  is  done v ia  a s e r ie s  o f
m ixtures o f g rad u a lly  in c re as in g  c o n cen tra tio n . In some o th e r
cases, however, the  perm eability  in  the new liq u id  decreases fo r
an in d e f in ite  length of time 51 (The opposite e ffe c t, increase
in  perm eability , does not take such a long time, and i s  more ex
cep tional). This e ffe c t, which is  e s se n tia lly  a very slow shrink
ing  p ro cess , i s  probably due to  a very slow c o il in g  up o f the
chains between the  ju n c tio n  p o in ts  o f the  network. Br e it e n b a c h

and F orster 51) found such an e ffe c t  fo r  " U l t r a c e l la f i l te r ” (see
I I I .2 f )  in  benzene and cyclohexanone. We found fo r 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 (2r) and (8f) are valid, however.
For a calculation of P from osmotic dynamic curves we write eq.
(81) in the integrated form:

ln{(h1-/io)/h2-/i<>)} = P(S/s)gpt = kt, (9)

which is eq. 4 in section III.l. There we have discussed the
methods suitable for an evaluation of k; when the osmometer di
mensions are known, a calculation of P is now possible. From the
literature we calculated the following figures 49)50)sl);
gel-cellophane P ■ 10-50 . 10”8
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 3s'. 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 cm2; 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 i t  was supported by one or more f i l te r s ;  the resistance of
the membrane without filte rp ap e r support was 12.36. Hence the
effective surface is  3.96/12.36 times the to ta l area inside the
rubber packing: S eff«4.4 cm2. The accuracy of th is  value for S,
which we used in a ll  our calculations, is  not high, but su f f i
cient in view of the other lim itations of the method.

In the determination of permeabilities (see III .2 f)  we always
measured the rates of flow a t at least three different pressures,
and calcu lated  P for every pressure. The rep ro d u c ib ility  was
within 2 to 5 per cent, although the f i r s t  measurements sometimes
gave much higher values. In that case more measurements were made
until P remained constant.

I I I . 2d. Dialysis
The selectiv ity  of the membrane to a solute can be investigat

ed in two d ifferen t manners. In the f i r s t  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  restric ted  to
a separation process of colloids and crystallo ids by means of a
membrane. In the second place we can f ilte r  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 f i l t r a te .  A comparison of the theoretical and experimental
merits of these two methods w ill be given in the part on u ltra 
f i l tra tio n .

Imagine two vessels with solutions of weight concentrations
Cj and c2, separated from each other by a gel membrane of thick
ness I. I t  is  assumed that the equilibrium between the solution
and the membrane surface is  established rapidly. Then, in the
stationary sta te  the concentrations in the surface layers of the
membrane will be c. = oc, and c„ = oe, respectively, where a  is1 m i x m X
the d istribu tion  coefficient for the solute between solvent and
membrane phase. Hence the concentration gradient in the membrane
is  (c, -  c2)a/Z, and according to P ick ' s  law the amount of solute
(in grams) that passes through 1 cm2 of the membrane surface per
second is:

dn/dt = D (c,-c,)o/Z, (10)m a x

where D is  the diffusion coefficient in the membrane. The dia-m
lysis coefficient 6 may be defined by the equation:

dn/dt ■ 6(C j - c2) /Z ,  (10 t )
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hence (11)8 = D ct.m

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 = VI. , , (11')
Manegold S3) investigated the relation between a  and to verify
which of his mathematical models was most suitable. Ma n e go l d
again points out that the results are best fitted to the irregu
lar slit model; Elfords model, however, which accounts for the
results equally well, is not discussed hy 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 a  is decreased. When the diameters of
the channels in the membrane become comparable with the radii of
the diffusing molecules, D will be diminished too.ni

Collander qualitatively compared the relation between the rates
of dialysis and the molecular volumes for various dialysing com
pounds (non-electrolytes) diffusing through cupriferrocyanide
and collodion membranes 54'. In general he finds smaller 6 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 53' 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
whibh still allows for free diffusion in the membrane is about 20
a 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 ss) 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 VO# 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:

dc/dt - dn/VUT * -(dS/Vl)c, (12)

hence c * co exp [-&St/ IK], (13)

where the concentration difference over the membrane is  c, the
in i t ia l  concentrations c, * c and c , = o, and 5 the effective

1  O  *

surface of the membrane *).
For the d ia ly sis  of various non-electrolytes (alcohols and

sugars) in water through the same cellophane membrane Brintzinger

found the following re la tio n  between d ia ly s is  co effic ien t and
molecular weight:

8k vM^ = constant.

Here is the weight of the dialysing partic le  which in the case
of hydrated particles for instance will d iffer from th e ir formula
molecular weight. The relation was employed in the determination
of the molecular weights of many inorganic electrolytes and poly
electro ly tes 35)36), An independent check of at least one mole
cular weight is , of course, necessary in th is  method.

J ander and Spandau 47  ̂ have demonstrated that the resu lts  ob
tained with Brintzinger’ s cellophane membranes were not en tirely
consisten t with free  d iffusion  experiments; by replacing the
rather dense cellophane membrane by "U1trace11a f iI te r” th is  in
consistency disappeared (see, however, Br in tzin g er  S8>). I t  was
further shown that d iffe ren t ra te s  of s t i r r in g  gave d ifferen t
values of 8; th is  w ill be due to  a reduction of the effective
membrane thickness I. Osmotic and f il tra tio n  effects were not im
portant, however, when the liquid levels were adjusted at the same
height. In a ll these experiments, and in most of Br in t z in g e r ' s
too, the dialysing partic les were ions, hence a linear relation
ship between 8 and D can only be expected when the medium is  a
concentrated solution of a strong electrolyte 44\  This has been
confirmed by J ander and Spandau 57\

*) When the membrane separates two identical vessels containing solu
tions with concentrations ci and c2, i t  will be obvious that eqs. (12)
and (13) become:

dAc/dt  = 2 dn/Vdt = ~(2SS/Vl).c  (12f)

Ac = Aco exp [-2 S t / i v ] ,  (131)
where Ac = Cj-c2 and Ac is the in it ia l  concentration difference.
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Fig. 7
Upper half of permeation apparatus; p* pulley to rotate magnet m;
the ce ll c contains a s tir r in g  element; s j  and S3 are connected
to valves sim ilar to those drawn in fig. 3. while S2 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 ra tes of dialysis for some simple organic compounds
and for some polystyrene fractions. The apparatus had some re
semblances with the Fuoss-Mead osmometer ( I I I .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 s t i r r in g  possible. The membrane was supported on both
sides by perforated plates (1 mm thick, with holes of 2 mm diam
eter, 1 mm apart). The s tir r in g  elements were iron rods enclosed
in small glass tubes. The brass blocks were clamped together in
the same way as with the F uoss-Mead osmometer; the gasketing
again was done by the membrane. Further details may be seen from
the figure. In a ll measurements we used the apparatus with hori
zontal cap illa rie s  which were connected with the half c e lls  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. All measurements were made a t 25°C.

For d ia lysis  by means of th is  apparatus eq. (13*) is  applied.
Substituting V = 14 cm3; 5 = 8 cm2 and I = 0.01 cm (these figures
being rather rough estimates) we obtain;

Ac = c exp[- 110 8 t] (14)
O

After measuring the concentrations in both vessels a t two or more
times, an approximation is  possible. We always f i l le d  the lower
compartment with solution (concentration co) 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 cap illa ries  were not altered. Calculation as
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well as d ire c t measurement gave fo r the volunes in  the standpipes
on e ith e r  s ide  1.5 cm3.

Table IV
D ialysis  through an “U l t r a c e l la f i l t e r  m itte l”  in  to luene

c o c M t 6
Solute (g cm"3) (g cm"3) (min) (cm2 sec"1)

Sudan I 5.5 10"s+ 3.3  10"S+ 350 60 1.2 10" 6
Polystyreme (H 1) 8 .9  10"3 6.93 10"3 4,000* 120 1.4 10"7
Polystyrene (H 1) 4 .2  10"3 3.28 1Ö"3 4,000* 120 1.6 10"7
Polystyrene (D 4) 3.9 10"3 0.97 10"3 18,000* 2900 3.8 10" 8
Polystyrene (D 5) 5.9 10"3 1.90 10“ 3 39,000* 6850 1.1 10"8
Polystyrene (D 6) 6.8 10"3 3.79 10“ 3 63,000* 8590 4.3 10"9

+ The concen tra tion  of the azo-dye was determined with a Z eiss-
“Stufenphotometer” .

* The molecular weights of th e  polystyrene f ra c tio n s  were c a l 
cu la ted  S9) from in t r in s ic  v is c o s i t ie s  using [ry = 0 .5  10-4
MO. 80; See IV. 4.

In  ta b le  IV we give o.ur values fo r  an azo-dye and some poly
s ty ren e  f ra c tio n s  in  to lu en e . Although few experim ents on the
d iffu s io n  o f polymers by means of what i s  c a lle d  the c e ll  meth
od 60) have been reported , we have, fo r po lysty rene  in  to luene,
the  values o f  Adelstein and Winkler 61 \  In the c e ll  method the
d iffu s io n  through a s in te re d  g lass  membrane i s  determ ined in  a
manner qu ite  analogous to  our d ia ly s is  experim ents. Prom f ig . 3
of Adelstein and Winkler we have taken the d iffu s io n  c o e ff ic ien ts ,
which by means of our eqs. (11) and (11T) are converted in to  d ia 
ly s is  c o e ff ic ie n ts  (5 , ) fo r a sieve membrane (fo r  our "U ltra-
c e l l a f i l t e r  m it te l” the  value o f ^ was 0 .6 6 ). This gave the  f i 
gures in  tab le  V.

Table  V
H indered d i a ly s i s  fo r  an “U l t r a -

c e l l a f i l t e r  m i t t e l ”

1 0 " 3 M 1 0 7 6 .2 c aLc
(cm sec" )

10 7 6 .
. 2 ohS L(cm sec  )

4 70 1. 5
18 55 0 .  38
39 63 0 .  11
63 4 5 0 . 0 4

We see from these figures th a t even i f  the d ifference  between
the  values fo r  A£=4.000 i s  due to  the  d if f e re n t  techniques, the
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rapid decrease in the 8obs 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 alcohol through a polyvinyl alcohol mem
brane (see III. 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 co * 0.109 g/100 cm3, the concentration difference
after 1240 min. Ac = 0.090 g/100 cm3, hence:

5 = 9.3-10“ 9 cm2sec-1.

Comparing this 5 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" (6 is about 100 times smaller). The same has been
found for the permeability of the solvent. Although 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 10-20.10'8 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 (HI) of low molecular weight (4,000).
While the same filling (initial concentration 0.25 g/100 cm3) 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 cm3 portions 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 5.10-3 mg. In view
of the very small amounts of solute that passed the membrane, eq.
(13’) may be written as:

c'/co = (28S/VI) t = 3. 5- 10s. t (15)

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

Prom 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 df the ratio 8(polystyrene HI)
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Table VI
Dialysis of polystyrene (HI) in toluene througha polyvinyl alcohol membrane

103 c 103 c 1 t 1010 8
(g/100 era ) (g/100 cm3) (hours) 2 „ 1(cm sec )

250 1.7 48 4. 2248 1. 5 66. 5 2. 6247 0.8 74 1. 3

to 8(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.

III.2e. U l t r a f i l t r a t i o n

The number of solute molecules that pass through a membrane
surface of 1 cm2 per second under the influence of any force ƒ
may be written as;

dn/d t = ƒ c Jv>% (15)

where cm is the number of molecules per cm3 in the membrane phase,
and w is the resistance coefficient of one solute molecule in the
membrane. When dealing with dialysis the force ƒ is a thermo
dynamic “force”,

f  -  -  9g(*)/9x, (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. (10T);

, , kT be , ,
d n j d t  --------- a .  -  Dm. b c J l ,  (10')

where Acm is the concentration difference between the solutions
on either side inside the membrane and D  = kT/w. the diffusion• • m a
coefficient according to thp relation of E i n s t e i n-Fo k k e r . For a
sieve membrane eq. (10T) may be written as:

d n j d t  * -  D W. Ac/1, (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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ƒ =■ t>j (dp/dx), (18)

where v t is  the molecular volume. Assuming a linear decrease in
pressure over the membrane, we get for f iltra tio n :

dnf/ d t  = c(Vjp/Zt»f). (19)

There is , however, no general re la tion  between wd and w . For a
crude comparison of d ia lysis and u ltra f i ltra tio n  we confine our
selves to f i l t e r  membranes without geometrical interaction. Hence
the process of d ia lysis  is  described by eq. (17). The transport
of solute molecules in f il tra tio n  is  novi given by:

dnf/ d t  - c d v j d t  - cpW(r2ay/8  lr\), (20)

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

Vi. * 6 m\a,

and the Einstein-Fokker relation wD = kT/D, we find:

dnf/ d t  (±nr2 a).i lkj  ' 4  a v

Here u»D represents the resistance factor in free diffusion and
will be equal to wd i f  the sieve model is  taken in i t s  s t r i c t
sense.

F inally , introducing the molecular volume v 1 = 4 /3 .to3 we
obtain:

dnf/ d t  = (DWc/l) (v^/kT)  (3/4. r aJ  a) 2 (21)

Comparison of the rates of dialysis and u ltra filtra tio n  (eqs. (17)
and (21)) is  now seen to be a rather d iff icü lt matter as the two
important factors ( v 1p/kT) and (3 r av/4a)2 may vary considerably,
the f i r s t  term usually being very small and the second term very
large. I t  is  only when geometrical interaction occurs (r S' a)
that the ra te  of d ia ly sis  may be much greater than the .ra te  of
u ltr a f i l tra t io n  (a t low pressures). In th is  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  = (l-$)c dvJ d t ,  (22)

where $, the re ten tion  coeffic ien t, is  a measure of the sieve
action 62\  and where rv*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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dn
dt

(1-$)c

or V dc/dt = -$ c dV/dt,
and after rearranging and integration:

cV® = 'A- (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 62

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 Hofmann 63) 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.

Elford 36) and Perry 38  ̂have used "gradocol” membranes (see
III. 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 (rlt ,t) usually is
1 to 3 times as great as the particle n  iius (which is known from
studies with the ultracentrifuge or ultraviolet microscopy).

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 7/as
obtained, which was insensitive to fluctuations in the air pres-
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su re  as wel] as to  f lu c tu a t io n s  in  the  room tem pera tu re  ( th e
manostat was not therm osta tted ). The lower-cel 1 of the permeation
apparatus again was f i l l e d  with the so lu tio n , the upper compart
ment with the solvent. In some experiments the so lu tio n  was p res
sed through the membrane (“U l t r a c e l l a f i l t e r  m it te l”) , in  o th ers
the so lven t. In a l l  cases the ra te s  of flow through the membrane
were measured in  both h o r iz o n ta l  c a p i l l a r ie s ;  experim ents in
which the d iffe ren ces  between the readings exceeded 5% were d is 
carded. In the  ta b le s  the mean of the  r a te s  o f flow in the  two
c a p il la r ie s  is  given. (For the case of zéro ex ternal p ressure  i t
was necessary  to  e x tra p o la te  the r a te  o f flow to zero tim e). In
a ll  experiments we s t i r r e d  with equal speeds. We assume th a t  the
ra te  of flow can be expressed by:

dv/d t  = PT (p-7tapp). (24)

where tx. i s  the apparent osm otic p ressu re ; p has a p o s it iv ea  P P  1
sign when i t  i s  app lied  to  the so lven t; a negative sign o f %a p p
in d ic a te s  a tendency fo r excess liq u id  flow towards the  so lven t
compartment. P ’ is  a perm eability  c o e ff ic ien t, c lo se ly  re la te d  to
the constan t P of èq. (2’):

P ’ = P S

C a lc u la tio n  o f P from the  P 1 va lues  o f  our “U 1 trac e !1a f i l t e r
m it te l” gave P= 400.10"8 in  the same u n its  as used in  p a rt  c of
th is  sec tion . Before and a f te r  a s e r ie s  of f i l t r a t i o n  experiments
P ’ was determined from a perm eability  measurement with pure so l
vent in  both c e lls .

In the f i r s t  s e r ie s  of experiments we found PT=(1. 9+0.1). 10“5,
when d v /d t  i s  expressed in  cm3 sec-1 and p and n  in  cm H,0. In
Table VII c i s  the i n i t i a l  concentration  in  the lower ce ll
(g/100 cm3) ,  t  the du ration  o f  the experiment in  m inutes, dv/d t
the r a te  o f volume flow (cm3/s e c ) ,  c th e  co n cen tra tio n  in  the
upper ce ll a t  time t, and c ' the concentration ca lcu la ted  from c
which would have been observed a f te r  one hour i f  the i n i t i a l  con
c e n tra tio n  in  the  lower c e ll had been 0.50 g/100 cm3. The to ta l
f i l t e r e d  volume was 1.0 cm3 in each case. The po lysty rene  (D4)
had a molecular weight of about 18,000 (see tab le  IV) and should
exh ib it in  a 0.50 g/100 cm3 so lu tion  an osmotic pressure o f about
8 cm H20.

From Table VII we see th a t  in  a l l  cases d ia ly s is  o f so lu te
p a r t ic le s  took p lace  through the membrane to  a t l e a s t  the same
extent as when no external p ressure  was applied  (pure d ia ly s is ) .
When p re s s in g  s o lu t io n  through th e  membrane, a c o n s id e ra b le
amount of so lu te  molecules were dragged along. For 1.0 cm3 solu
tion  passing unhindered, the concentration change would have been
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Table VII
U ltra filtra tio n  o f polystyrene (D4) through

an “U ltr a c e lla f ilte r  m ittel”

c o P t 104 d v / d t c
u n app

T
C 71 /  Ca p p

0.54 + 20.2 59 + 3.37 0.037 + 2.5 0.033 4.6
0.53 + 10.8 114 + 1. 85 0.036 + 2.1 0.018 4.0
0.39 0 2902 -  ‘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 cm3 in the upper ce ll. In the two f ir s t  experiments a
very great part of the concentration change in the solvent com
partment indeed must have been due to such transport o f 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 nm fc  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 ce ll, 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 la tter at different positive
externa] pressures, and calculated 7c in the same manner as before
(Table VIII). Here we used a (0.71 ± 0.01) g/100 cm3 solution of
polystyrene (D5) in toluene. The theoretical osmotic pressure of
this solution is  about 4 cm H20; the permeability coefficient P?
was (1.6 ± 0.1) 10-5.

Table VI I I
U ltra filtra tio n  of polystyrene (D5)
through an “U ltr a c e lla filter  m ittel”

P 104 dv/dt
n a p p

+ 4.9 0.53 1 .6
+ 10.5 1.54 0.9
+ 14.9 2. 21 1 .0
+ 21.3 3.17 1.5
+ 17.5 2.34 2.9 *
* This measurement was made

a f te r a d ia ly s i s  experim ent
o f  f iv e  days duration; th e
high valu e fo r  7t may be due
to  a b lock in g  phenomenon.

Again no certain indication of a dependance o f 7t on the
rate of filtra tion  was found. - “pp
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Prom th ese  experim ents we get the  im pression th a t  when any
re te n tio n  o f so lu te  molecules occurs, an apparent osmotic (coun
te r)  p ressu re  is  se t up irre sp e c tiv e  of the concen tra tion  a t the
o ther s id e  of the membrane. Remembering th a t  Staverman’ s t r a n s 
port numbers

Tj * [n.v./J]Ag°=o ( eQ* I^*3**7)

a re  defin ed  fo r  a s i tu a t io n  in  which no thermodynamic “ fo rces”
are a c tiv e , we must conclude th a t  a co rrec t determ ination of th is
number i s  im possible. We believe  th a t  th is  i s  caused by the fac t
th a t the membrane has a f in i te  th ickness, in  consequence of which
a c o n c en tra tio n  g rad ien t in  the  membrane o r ig in a te s  during  the
f i l t r a t i o n  experiment.

I I I .2 f .  Membranes
In  the  course of our in v e s tig a tio n s  we used several types o f

membranes. A general review on the most commonly employed osmotic
membranes can be found in  Wagner 7\ .  We w ill d iscuss  here only
the membranes with which we have experience.

1. C o l l o d i o n  m e m b r a n e s
The p ro p e r tie s  of co llod ion  membranes, which have been used

alm ost ex c lu s iv e ly  fo r  aqueous so lu tio n s , have been thoroughly
in v e s tig a te d  by many a u th o rs  along th e  l in e s  d escribed  in  the
preceding p a r ts  o f th is  sec tion . At p resen t they can be prepared
with graded p e rm eab ilitie s , and as i t  has been demonstrated th a t
they ac t in  water as molecular, sieves, they seem to ne very s u i t 
able fo r  osmotic and perm ation experiments. Moreover, th e i r  use
i s  not r e s t r ic te d  to  aqueous so lu tio n s  because i t  i s  p o ssib le  to
condition  these  membranes to  o ther so lvents 64  ̂ in  such a manner
th a t eq. (3) in  p a r t  a of th is  section  remains valid . We repeated
in  the  f i r s t  place some of the experiments o f Manegold and Elford .

Preparation  of the membranes
Solutions of collodion were allowed to dry out in  P e tr i  dishes

(diam eter 5 and 10 cm, heigh t o f the brim 1 cm) which flo a ted  on
mercury. The evapo ra tion  took p lace  under a cover whose lower
edge d id  not com pletely reach th e  ta b le  on which the  d ish  was
placed. The so lven t vapour escaped slowly through the remaining
s l i t  o f about 5 mm. No sp e c ia l p recau tio n s  w ith regard  to  the
tem pefature and the r e la t iv e  humbidity o f the room were taken.
A fter f i l l i n g  the  d ishes were f i r s t  covered during h a lf  an
hour with a g lass p la te  to  allow for a regu la r spreading of the
so lu tio n  over the  g lass  su rface . The amounts o f so lu tio n  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
conposition of the solutions and the evaporation time (t) are the
two factors which determine the permeability 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 36)38)65)) we started from a stock-rsolution of
Merck’s collodion ("fiir medizinische Zwecke”, 4%). Pour 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 Elford 36').
The permeabilities were measured by means of the apparatus de
scribed in part c as the rate of movement dbjdt 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 I (in m|j,) of the membrane 35). In the
following discussion we will call (P"l) the reduced permeability
coefficient. After a permeability measurement the water content W'
of the membrane was determined.

Table IX
The influence of the addition of small amounts of
water or acetic acid to an “Elford” solution on

the membrane permeability

group number of
membrane

addition t
(min)

W
(%)

I
(t*)

P"l ra v
(m|x)

a 3 none 60 43 45 9.8 4. 3
b 3 none 60 44 36 12. 3 4. 9
c 2 2% acet.acid 60 44 40 12. 1 4.9
d 2 2% water 60 57 38 24 5.9

Two or three membranes were measured out of each group of

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

71



four; these groups consisted of identical membranes as was proved
by experiment. Two groups (a and b) prepared on d ifferen t days
were not exactly id en tica l, although the difference was quite
small. All measurements were done at le a s t-f iv e  days a fte r the
preparation of the membranes;, washing of the membranes for a
longer period as recommended by Elford yielded no particu lar ef
fect. Finally, the average pore rad ii were calculated by means of
eq. (6)'. From table  IX i t  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 r
values which Elford has found for his identical ly prepared "gra-
docol” membranes: .

“Normal” membranes ..:; 300 -  400 mu,;
"acetic acid” membranes : 5 m̂ ;
“water” membranes : 1000 -  1500 mix.

We have not, therefore, been able to confirm Elford’ s resu lts .
I t  is  possib le  th a t our collodion d iffered  considerably from
Elford’ s Necol-collodion as far as i t s  membrane-forming proper
tie s  are concerned *).

In a second se ries  of experiments **) we used the orig inal
Merck solution and dilutions of these with ethyl alcohol and die
thyl ether. From table X we can see that by increasing the ra tio
alcohol: ether in the collodion solution the permeability of the
membrane is greatly enhanced.

Table  X
The i n f l u e n c e  o f  t h e  a l c o h o l - e t h e r  r a t i o  on

t h e  membrane p e r m e a b i l i t y

group number o f a d d i t i o n t I W P"l r a v
membranes (min) (n) (%) (mu)

a 2 none 15 R8 83 227 16
b ■ 1 ) 1 p a r t

a l e  +
e t h e r
(3 :  1)

15 82 91 1220 35
0 2 I 27 170 97 1380 3«
d 2 \  . 45 138 98 1260 35
e 2 \ 45 97 93 1030 32
f 1 ’ 45 185 96 1250 36
g 2 1 p a r t 30 167 96 1920 44
h 2 a l c o h o l 30 123 96 2040 45

*) The g re a t  in f lu e n c e  of  th e  kind of co l lo d io n  on membrane p r o p e r t i e s
has been shown by sollner 6fi). When, in  l a t e r  experiments,  we t r i e d
to  p re p a re  membranes >frolti a  new merck’ s c o l lo d io n  s o lu t io n  ( th e  o l 
d e r  one was a prewar p r o d u c t ) ,  we o b ta ined  very  f r a g i l e  membranes
which co u ld  no t be handled as  e a s i l y  as  th e  former ones, and had
q u i te  d i f f e r e n t  c h a r a c t e r i s t i c s .

**) We acknowledge the  a s s i s ta n c e  given by J.Schokkenbroek.
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I t  i s  s tra n g e , however, th a t  no d e f in i t e  co n c lu s io n  could  be
drawn as to  the  in flu en c e  o f th e  d ry in g  tim e. This in flu en c e  was
in v e s t ig a te d  in  a th i r d  s e r ie s  o f  experim ents * **)) w ith  membranes
from an o th e r c o llo d io n  s o lu t io n  (3.6% Brocapharm). The only  va
r i a b l e  in  th e s e  experim en ts was t .  We found, in d eed , a marked
dependence on t .  I t  may be th a t  in  th e  form er s e r ie s  o f e x p e r i
ments th e  dry ing  time has been too sh o rt to  d e te c t  any e f fe c t .

Table XI
The in f lu e n c e  o f th e

d ry in g  time on the
membrane perm eab ility

time
(min)

I
(p.)

W
(%)

P"l r a v
(mix)

30 94 86 135 17
30 69 86 124 16
60 49 70 35 8
60 26 57 16 7
90 27 52 1 . 2 3 . 2
90 20 31 1 . 7 2 . 4

F in a lly  we see  th a t  in  s p i t e  o f the  g re a t  d i f fe re n c e s  in  th e
s tan d a rd  s o lu t io n s  a l l  membranes show th e  same r e la t io n  between
water con ten t and reduced p e rm eab ility  c o e f f ic ie n t .  We have p lo t 
ted  the  value o f W and r av fo r  the  th re e  ta b le s  in  f ig .  8. Curves
o f th e  same type have been found by Bjerrum and Manegold 35 \

As i t  i s  dubious whether th ese  r a f ig u re s  have a re a l p h y si
cal meaning, we determ ined th e  r  value o f  a membrane o f groupmax ° 1
d ( ta b le  X) by th e  minimum bubble p re ssu re  method *), u sin g  iso -
butyl a lco h o l and w ater (s e e  p a r t  b ) .  The v a lu e s  a re  g iven in
Table X II; we took  fo r  y Rrbe’ s va lu è  1.73 dyhe cm- 1 ; fo r  each
p re s su re  th e  c o n s ta n t  r a t e  o f  flow  dvE/ d t  was d e te rm in ed , and
compared w ith th e  p e rm e ab ility  dv / d t  c a lc u la te d  fo r  a membranem
o f se t d fo r  th e  same p re ssu re . The r a t io  between th ese  r a te s  o f
flow i s  a measure o f th e  f r a c t io n  o f  th e  to ta l  c ro ss  s e c tio n  o f
th e  c a p i l l a r i e s  th a t  i s  e f f e c t iv e  a t  th a t  p re ssu re . C onsidering
the accuracy o f th e  experim ents th e  r e s u l t s  a re  in  good agreement
with th e  r ay value, which fo r  th is  membrane was 35 mix.

2. D e n i t r a t e d  c o l l o d i o n  m e m b r a n e s
P rep a ra tio n  of the  membranes

A la rg e  f l a t  d ish  was p laced  in  a d e s ic c a to r  and f i l l e d  to  a
depth o f about 1 cm with pure mercury. On th e  su rfa ce  o f th e  mer-

*) We acknowledge the a s s is tan ce  given by H.Bakker.
**) A ssistance given by J.Schokkenbroek.

73



so

Fig. 8
R elation  between r and Ü fo r  collodion membranesa v

Table XII
Determination of pore ra d ii

by erbe’ s method

(cm Hg)
r

(mix)
dvE
I T

dv c / d vt  /  m
d t y  d t

62. V 41 ( r  )
39

117 0.21
66.7 135 0.23
70.8 37 164 0.25
74.9 35 195 0.29

cury was f lo a te d  an iro n  r in g , 18 cm in  d iam eter; in s id e  th is
ring , onto the mercury surface, was poured 20 cm3 of a collodion
s o lu tio n  (Merck ; co llo d io n  “ flir m edizinische Zwecke” , pre-w ar
product). The desiccato r which contained no desiccating  agent was
closed fo r one hour to  allow fo r a regu lar spreading of the solu
tio n . Then the  cover was ra ise d  to  about 2 mm, and evaporation
allowed fo r one night. The iron ring  with the membrane (which was
ra th e r  s tre tc h e d )  was then immersed in  d i s t i l l e d  w ater. A fter
several hours the membrane was cut loose from the ring , and wash
ed with fresh  d i s t i l l e d  water. When five  membranes were prepared
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in this manner they were denitrated together by the method of
M o n t o n n a and J i l k 67)10)_ The denitrating solution consisted of a
mixture of 125 cm3 concentrated ammonia, 325 cm3 water and 50 cm3
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 liq
uids, in sequence: 40/50 water + ethyl alcohol; ethyl alcohol
(99%); 50/50 alcohol + toluene; pure toluene.

To prove (or disprove) the usefulness of these membranes, we
determined the apparent osmotic pressures of 1.0 g/100 cm3 solu
tions of an unfractionated polystyrene (S) with a molecular
weight of about 200,000 calculated from its intrinsic viscosity
in toluene [t]] = 0.89 S9\ 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
zero 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.lb) and by ultrafiltration experiments (III.2e).
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.
(8t), and found 150 and 200.10*8 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  ̂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

Membrane species Membrane
number

Subsequent
determinations

of 7t
(cm solvent)

Denitrated
collodion series 1 1 2. 35 2.37 2. 36
collodion series 1 2 2.15 2.20
collodion series 1 3 1.97 2.01
collodion series 2 4 2*31 2•35
collodion series 3 5 2. 03

Ultracellafilter mittel 6 1 • 80
Ultracellafilter fein 7 4.01 4.05
Ultracellafilter fein 8 3. 15
Ultracellafilter feinst 9 4. 32 4.35

M  ' Fig. 9
Osmotic dynamic curves; denitrated collodion

membrane, series 1.

3. “ U l t r a c e !  l a f i l t e r ”
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” , “feinst” 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
c). The same has been found for denitrated collodion . These
membranes are, therefore, not very useful for accurate ultrafil
tration and dialysis measurements. We believe that this decrease
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in permeability has been the most limiting factor in our ultra-
filtratibn 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” membranes can be used down to about 10,000.
The time required for one static measurement with these membranes
in the Z imm-Myerson osmometer is two days.

4. S y l p h r a b  m e m b r a n e s  (wet-regenerated cel lulose films)
manufactured by the f5y]vania 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. P o l y v i n y l  a l c o h o l  m e m b r a n e s
Recently Ho o k w a y and To w ns e n d 68  ̂ have recommended the use of

polyvinyl alcohol 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 [p] = 105 cm3g-1,
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 Z imm-My e r s o n 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 (DR; ^63.000) in toluene. The (7i/c) value wasCts O
5.3, which is the same value as was found with "U1trace!lafilter
fein” in the same osmometer (see IV. 4). A polystyrene (HI) 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.

III.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 Staver man* s selection coefficient.
2. Hie 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.

III.3. Fractionation of polymers

The separation of real polymers into fractions which are fair
ly homogeneous with respect to molecular weight is of the utmost
importance in osmometry for several reasons, which have already
been mentioned in oür 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.

III.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 4 * //(mi); 2 n. * 1, (l)
i

where n. is the weight fraction of the component with degree of
polymerization m ..

While the form of the function Him.) is important, we are pri
marily interested in methods which enable us to divide any heter
ogeneous polymer into more homogeneous fractions. Methods which
lead only to evaluation of Him/) have been classified by C r a g g
and H a m m e r s c h l a g  691 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 Him/). 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, and later, we will ignore
whose influence is never very
large.

any specific influence of endgroups,
important when the chain length is
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the molecules may cause great d iff ic u ltie s  in the fractionation
of polymers.

The so lubility  methods of fractionation fa ll 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
s u ff ic ie n t to produce a p re c ip ita te . This p re c ip ita te  ( f i r s t
frac tio n ) is  removed, and again some p rec ip itan t added; th is
gives a second frac tion , 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 f i r s t  fractions now are the most soluble (lowest molecular
weight), the order of separation o f the frac tio n s  being the
reverse of that in the precipitation method.

The equilibrium phase separation in both methods may be de
scribed thermodynamically. For th is  description we will use the
q u asi- la ttice  theory (II.2c); the molecular d istribu tion  method
is  not very useful here since i t  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 s ta r t  with Scott and Magat’ s 70> expression (eqs.
(16) and (17) in II.2c) for the partia l Gibbs  free energy of the
solvent:

Agj = BT [ln(l-cp) + (l-l/m n)cp + pjcp2] , (2)

and of the solute components:
Ag. = RT  [in cp.- (m.-1)+m. (l-l/m n)cp+̂ ,m. (1-cp)2] . (3)

Here cp is  the volume fraction of the i- th  component with degree
of polymerization m., cp is  the volume fraction of the to tal pol
ymer with a number average degree of polymerization mn, and p, is
Huggins 71) interaction constant which is  supposed to be the same
for a ll values of m.. In these formulae we have im plicitly  as
sumed the degree of polymerization to be equal to the to ta l num
ber m. of la ttic e  s ite s  occupied by a polymer molecule. The equi
librium conditions for phase separatism are

Agl - Ag'; ,
Ag! ■ Ag'! for a ll polymer components, (4)

where a single prime refers to the dilute solution phase (“solu
tion”), and a doubTe prime to the swollen polymer phase ("gel”).
I f  th is  is  applied to equations (1) and (2), we obtain:

1 n (.1 -cp ') + (1 -  1/m*) cp’+p.( cpr ) 2 -  ln(l-q>") + ( l- l /m 'i|)cp"+p,(cp") 2 (5)
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and In cp. , -(m .-l)+m .(l-l/m nT)cp, + ̂ xmi (l-cp, ) 2 =
= In cpi "-(m .-l)+ /n .(l-l/m n")cp"+nm.(l-cpn) 2 for a ll ï  s, (6)

where for sim plicity  i t  is  assumed th a t p, has the same value in
both phases. Transformation of eq. (6) y ie ld s  for the i- th  com
ponent:

ln(cpi"/cp.’) = m. [(l-l/m n)cp, - ( l- l/m n")cp"+|x{(l-cp") 2-(l-cpT) 2}] ,

which in conjunction with eq. (5) gives

1 n(cp."/cpjl ) -  m. tep/fcp’-cp"} + I n —- ^] .
1-cp

Hence the p a r t i t io n  of the components between “so lu tio n ” and
“gel” is  given by:

cp."/cpi I = exp [am.] , (7)

Where a  - 2(v(cpT-cp"} + l n ~ - .1-cp
For the p a rtitio n  of the component i between the two phases we

have also the re la tion
JV. = JV.' + N*'] (8)

where JV.,' JV.T and JV." are the weights of th is  component in the
orig inal polymer, in the so lu tion  and in the gelphase, respec
tiv e ly . As JV.1 = p cp.'F* and jV." = p cp."K", where V' and V" arei r m i l r m i  r
the volumes of the so lu tion  and the gel, and p the  density  of

M A X  HI

the polymer, we obtain from eqs. (7) and (8) 7 ':

JV.11 l+Xexp(oun.)
and

JV.1
1+(1/X) exp(-oun.)

(9)

where
X = V '/V \

Or, introducing the to ta l weight G=2JV. of the polymer, and i t s
weight d istribu tion  function n. (=JV./G)=fl(m.):

H ( m . )  H( n i=)
JV.'/G = --------- i-----  and JV."/G = -------------- --------- (10)

1+Xexp(am.) 1 l + (l/X)exp(-owi.)
For the sake of convenience we introduce the degree of poly

merization mr of the component which is  equally d istribu ted  over
the two phases: JV 1 =JV ", hencer  r *

X = exp (-cun ).

Then, to obtain a measure for the effectiveness of the fractiona
tion, we consider the ratios
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= (n./nr). 2 [l+exp cc(m.-mr)] ~1 (11)

n.n/nr" = (ni/nr).2[l+exp a(mr-m.)]~* (11*)

We believe these ratios to be the bext indications for the degree
of success of a fractionation procedure. In fact, if for example
n."/nT" is small compared with n./nr. 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. (11T) it is obvious that for small values of m.
the ratio n."/n " cannot fall belowi ' r

2(n./nf) (l+exp ounr)-1 = 2(n./nr)X(l+X) *.

If X is of the order of 0.1, the ratio between n."/n" and n./nr
for low values of mi will at best be of the order of 0.1, showing
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 mi
is large, the ratio ni'/nt' approaches zero as m. increases (eq.
(ID).

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
ly 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.

Ill,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, Bartovics 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 low molecular
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 cal a dated from the limiting vis
cosity number in toluene at 25°C by means of the relation:

[rjl - 0.5- 10'2(M)o>8°
where [rj] is expressed in cm3g-1. This relation has been found by
Alfrey, Bartovics and Mark 591 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.

E x p e r i m e n t  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 Dl) 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 (Dl) in 200 cm3 of
a mixture of butanone and methanol (10:90) were boiled for four
hours. After cooling, the contents of the flask were filtered,
the filtrate reduced to a small volume hy evaporation on a water-

*) In experiments 1 and 2 assistance was given by J. J.F.Hasselman.
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bath  and f i n a l ly  com pletely  d r ie d  in  a fu rnace  a t  110 C. The
weighed e x tr a c t  was d isso lved  in  to luene , and the v isc o s ity  ( t)
and co n c en tra tio n  (c) of t h i s  so lu tio n  determ ined. V is c o s it ie s
were measured w ith an Ubbelohde viscom eter with flow tim e t o -
292.9 sec fo r the so lven t. The undissolved polymer was tre a te d  in
the same way with m ixtures of butanone and methanol (20:80) and
(30:70) resp ec tiv e ly  (see tab le  XIV). During the th ird  ex trac tion
th e  p o ly s ty re n e  f lo c c u la te d  and adhered to  th e  w a lls  o f  th e
f la s k . By e x tra c t io n  above 50°C w ith m ixtures o f s t i l l  h igher
butanone con ten t the polymer was converted com pletely to  a g e l-
lik e  floe .

Tabl e  XIV
Hot e x tra c tio n  of polystyrene (Dl)

Number of
e x tra c tio n

Ratio
butanone-
methanol

Weight of
ex trac t

V is c o s ity
d e te rm in a tio n

102 e
(g/cm 3)

t -  t o
(sec )

1 10: 90 0.13 0. 7 1. 3
2 20: 80 0.41 1. 1 2. 3
3 30:70 0. 30 0 .8 3. 2

The to ta l  amount o f substance  (0 .84 g) e x tra c te d  in  th re e
o p era tio n s  was about 11%. From the  v isc o s i ty  d a ta  no m olecular
weights can be derived, although i t  can be sa id  th a t  they a l l  l i e
below 1,000.

E x p e r i m e n t  2
The polymer (1.860 g) was now ex tra c te d  a t  room tem perature

with butanone-methanol m ixtures which were p rog ressive ly  r ic h e r
in  butanone. The powder was suspended in  about 400 cm3 of such a
mixture, vigorously a g ita ted  fo r four to  five  hours, f i l te r e d  o f f
and th en  e x tr a c te d  w ith  th e  n ex t m ix tu re . The e x t r a c t s  were
tre a te d  in  the same way as in  experiment 1; from the v is c o s i tie s
of the so lu tio n s  in  toluene no fu rth e r conclusions could be drawn
as in  experiment 1. Again the  to ta l  amount of ex trac ted  m aterial
was about 11% (ta b le  XV).

From experiments 1 and 2 we see th a t the polymer (Dl) contains
a large  amount of very low molecular weight m ateria l. This can be
e x tra c te d  as well a t  e lev a ted  tem peratures as a t  room tempera
tu re . E x trac tio n  o f h igher molecular weight f ra c tio n s , however,
i s  hindered by the g e l- l ik e  p ro p ertie s  o f the polystyrene in  the
appropriate  ex tra c tin g  mixtures.

The l im it in g  v is c o s i ty  number of the res id u a l products from
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Table XV
Extraction of polystyrene (Dl)

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 f
3 63: 37 17 > powdery
4 66:34 11 \5 70: 30 20 /
67

73: 27
77:23

47 )
43 $ flocculant

8
9

80:20
83:17

59 )
21 ] swollen

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

E x p e r i m e n t  3 *)
This experiment has been done along the lines indicated in

part (a) of this section. Prom 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 (Dl) in 1 1 butanone was in
troduced, in the manner described, into 600 cm3 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 cpT in table XVI are found directly from the
experiment; the values of cp" have been calculated on the assump
tion that for the 1-th fraction:

N" = 47.5 - 2 N.\
1 k=i k

where the weights of the polymer in solution and gel are indicat
ed by N1 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. Prom the figures (see table XVI) we
have calculated the weight distribution function in the manner
described by Schulz and D inglinger 73 :̂

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 :

I(M) = ƒ" H{M) dM,
l

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:

i*i
I(M) S' 2 u + % u.,

k= 1

where uk 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 H(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-

Fig. 10
Integral weight distribution 1(M), curve I, and (differential)

weight distribution H(M), curve II for polystyrene D1
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cial polystyrene has two maximum values in i t s  weight d is trib u 
tion function.

Finally the quantity a may be calculated in eq. (7). This can
be done, however, only i f  ^ is  known. To a f i r s t  approximation p,
may be found by means of the relation

M-c  “  [ l + l / 2 t
where p,c is  the p, of the mixture, in which the polymer fraction of
degree of polymerization m is  ju s t p rec ip ita ted . According to
Stockmayer 74  ̂ m is  a weight average, but for want of something
better we derived m from the lim iting viscosity number. For each
frac tio n  a was calcu la ted  by using the m value of the next

C
higher fraction; then eq. (7) yielded the value of a. In view of
the assumptions made in th is  calcu lation  a is  remarkably con
stant : 0.02 (see table XVI).

Table XVI

G el-ex traction  of polystyrene (Dl) a t  room temperature

F raction Patio
butanone
methanol

102 X N 'e x p
(g)

n " .c a l c
(g)

i ° 3cp1*p cp "  .• c a l c in!
(cm3g-1 )

1 0 '4M 10 2a

1 80:20 7.3 5 . 1 42.4 2.7 0.30 160 2.1 0.554 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 10.6 0.528 2.1
5 88:12 8.4 5 . 2 28.0 3.6 0. 22 560 13.2 0.520 1.7
6 89:11 5.6 2 0 . 5 7.5 16.4 0.11 1140 26 0.514 1.8
7 7 . 5 1900 50

Conclusion. The amount of the lowest molecular weight components
(MS' 10,000) we should have obtained in the f i r s t  fraction of the
precipitation method can be calculated now by means of eq. (9):

„ . N(M= 104)
JV"(M=104) = -------- ------------= 0.07 JV(ilM04),

l+100exp(-2)
where for X the rather large value of one hundred has been taken.
Hence a good fractionation of polystyrene (Dl) by th is  method is
very d ifficu lt. I t  has been found, indeed, that a threefold pre
c ip ita tio n  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).

II I .3 c . Fractionation o f  po lyvinyl 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 alcohol we
mention the membrane forming properties Much 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 7S> 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 76)77).
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 D i e u  78) 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.

E x p e r i m e n t  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 cm3 of an aqueous HC1 solu
tion (0.02 n) was heated at 90-100°C during 24 hours. According
to Clarke and Blout 79) 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 [rj] 25 = 116 em g *).
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 cm3g-1, whereas the value for Elvanol was: 106 cm3g .

Finally, for the three polymers the acetate percentage was

*) The usual extranolation to zero concentration in the r)so/c vs c plot
was not admissible here, because in all experiments a definite up
ward curvature was found. For fraction 3 from table XVII we meas
ured the flow times with an Ubbelohde viscometer at 25UC for eight
concentrations to determine the relation between T) and c. It turned
out that the values obeyed exactly the relation of Arrhenius:

(1/c)ln r)rel = [tJ
We used, therefore, this relation in all calculations of [rj].
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determined: 10.00 cm3 0.02 n KOH solution plus 25 cm3 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 titration.
A solution of 25 cm3 water plus 10.00 cm3 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.

E x p e r i m e n t  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 cm3 water was
introduced into 1 1 of 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°C polyvinyl alcohol does not dissolve in
water. When preparing solutions of this polymer, we therefore heated
it in water at 90°C until all the polymer was dissolved.
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Table XVII
Gel e x tra c tio n  of polyvinyl alcohol (E)

w ith w ater-acetone mixtures *).

F raction R atio
w ater

acetone
103 X N'e x p

(g>
N" ,c a l c

(g)
104 cpT" e x p ' • c a l c [rtf

(cm3g-1 )
10-3M

1 50:50 3.7 l . i 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  c a lc u la tio n  of the molecular weights we used the re
la t io n :  0S3

[rO = 0.25 M0, .

where [rj] i s  the  lim itin g  v isc o s ity  number in  water a t  25°C.
I t  w ill be seen in  Chapter IV, 3 th a t th is  re la t io n  i s  not too
w ell e s tab lish ed .

d if fu s io n  through th e  membrane was demonstrated^ hence a la rg e
amount of-low  m olecular weight m ate ria l was s t i l l  p resen t (see
IV. 3).

Exp e r  i m e n t . 3
According to  Clarke and Blout 79) the fra c tio n a tio n  o f poly

v inyl a lcohol can be performed b e t te r  in ethy lene diamine mix
tu re s  with benzene and dioxane. We t r ie d ,  th e re fo re , the use of
ethy lene diam ine-benzene m ixtures in  the  e x tra c tin g  procedure.
The two l iq u id s  were p u rif ied : the diamine by reflux ing  the com
mercial product with 30% o f i t s  weight of so lid  sodium hydroxide,
d i s t i l l i n g  and re f lu x in g  the c le a r  d i s t i l l a t e  with sodium metal
u n t i l  no fu r th e r  re a c tio n  took p lace . D is t i l la t io n  y ielded  pure
ethylene diamine, b .p .76=116.5-117°C; n£5=1.4541 and d75=0.9007.

The e x tr a c t io n  o f th e  polymer was done in  th e  usual way:
A s o lu t io n +) o f 10 g polyvinyl alcohol (E) in  200 cm3 diamine was
introduced in to  200 cm3 of a mixture of ethylene diamine and ben
zene (120 :80); t h i s  r a t i o  was m aintained c o n s ta n t. A fte r  one
n ig h t th e  " g e l” was red isso lv e d  in  diamine and t re a te d  as be
fore; the “so lu tio n ” was reduced to  a small volume by evaporation
and poured in to  a la rg e  excess o f acetone. A fter decanting  the
l iq u id  th e  powdery p r e c ip i ta te  was washed thoroughly w ith ace
tone, f i l te r e d  o ff, washed with e ther, and dried  a t  room tempera
tu re  in  a vacuum d e s ic a to r  over P20 5. The r e s u l ts  are given in
Table XVIII.

+) Again we noticed th a t  the polymer was ra th e r  insoluble in  the solvent
a t  room tem perature; complete d isso lu tio n  took as long as four to  s ix
days. At tem pera tu re  above 50°C, po lyv iny l a lcohol d isso lv ed  more
rap id ly  in  ethylene diamine than in  water.
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Table XVIII
Gel ex trac tion  of polyvinyl alcohol

with ethylene diamine-benzene mixtures
Fraction Ratio

diamine
benzene

N'e xp
(g)

[t]]
(cm3g-1 )

10"3JV

1 55: 45 S' 0. 1 21 5
2 57:43 S' 0. 1 38 14
3 59: 41 = 0. 1 10 1
4 61: 39 = 0.01
5 9.0 99 85

Remarks: The so lu tions of the  f i r s t  f ra c tio n s  were tu rb id  and
u n s ta b le  a t  room tem pera tu re . Of f r a c t io n  3 a c le a r  s o lu t io n
could not be ob tained  a t  a l l ;  the  g re a te r  p a r t  o f th e  polymer
se p ara te d  out o f th e  so lu tio n  in  l e s s  than  one day. The flow
times \yere measured a t  25°C with p re-heated  so lu tio n s . The main
frac tio n  (5), to  be re fe rred  to  as polyvinyl alcohol (E5) gave a
c le a r  aqueous so lu tio n . The s t a b i l i t y  o f th is  so lu tio n  was much
higher than th a t  of the u n fra c tio n a te d  polymer, although a f t e r
severa l weeks a small p r e c ip i ta te  was formed. The osm otic r e 
s u l t s ,  however, were s t i l l  more dubious than th a t  of polyvinyl
alcohol (E3) (see IV.3).

Conclusions: Polyvinyl alcohol (E) contains a la rg e  amount o f
low m olecular weight m ate ria l, p a r t  o f which i s  le s s  so lub le  in
water than higher molecular weight components. By ex trac tion  with
ethylene diamine-benzene m ixtures th is  p a r t  of the low molecular
weight components seems to  be ex tracted  rea d ily  ( f ra c tio n  3). We
have the impression, however, th a t  a good fra c tio n a tio n  of poly
vinyl alcohol can be performed only a t  tem peratures above 50°C,
because a t  lower tem peratu res no thermodynamic eq u ilib riu m  is
a tta in ed . As regards the in s ta b i l i ty  o f the  so lu tio n  we have no
opinion as to  whether th is  is  due to  asso c ia tio n  phenomena or to
the presence o f "im purities” in  the polymer.
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C h a p t e r  IV

EXPERIMENTAL OSMOTIC PRESSURES

All measurements were performed in the manner described in
chapter I I I . 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 71/c vs c relation
was obtained in a graphical manner or by means o f the method o f
least squares.

IV. 1 .  Sodium c a r b o x y  m eth y l  c e l l u l o s e  (NaCMC)

(a) In a f i r s t  experiment the dynamic and s ta t ic  methods in the
evaluation of the osmotic pressure were compared (discussion in
chapter II I , lb). The osmometer was the Fuoss-Mead apparatus, the
membrane “U ltra fe in f il te r  fein” from the “Membranfiltergesell-
schaft” in Gottingen. The sample NaOMC-73 was the same as used by
P als • who found a number average molecular weight M =
= 150,000. The polymer was dissolved in a 0,3 molar aqueous solu
tion of. sodium chloride. A tab le  of 71 values found by the two
methods has been given in I I I .  lb. The density correction  was
applied to the reduced osmotic pressure (+ 0,14 when % i s  ex
pressed in cm solvent and c in g/100 cm3).

The relation between 71/c and c in the dynamic method was found
to be

71/c  = 1,5 + 7c, . 4
and in the s ta tic  method:

v / c — 1,8 + 7c.
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 P als. The influence of the measuring tech
nique on the “observed” osmotic pressure is  seen to be ra ther
large, the second v irial coefficient is  not much affected.

(b) Another sample of NafMC-73 was investigated at two different
temperatures. The osmometer was the Fuoss-Mead apparatus, the
membranes "Sylphrab”-membranes from the Stylvania 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 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 allowed 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 25° C (Table XIX) can be represented very well
by

7if c m 1.06 + 16c,
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.

Tab Ie XIX
Osmotic pressure of solutions of NaCMC-73in 0.10 molar aqueous solutions of NaCl

25°C 50°C
TC 71/  C C 3 71 71/c

(g/100 cm3) (cm solvent) (g/100 cm' ) (cm 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 v/c = 1,2 + 5c; the
accuracy is, however, much less than in the experiment at 25 C.
The value obtained for the molecular weight (A/n = 210,000) is in
agreement with that at 25° C; the value of the second virial
coefficient is much lower.

(c) 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 "S^ylphrab” membranes. The Mv of the sample
was 86,000, whereas Pals for another sample of the same polymer
obtained an os notie molecular weight Mn = 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 m/c is found 7.5, which means for the molecular weight:
Afn = 34,000.
" Secondly we 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
7C 'ïï/ c 71 71-j C

(g/100 cm ) (cm solvent) (g/100 cm ) (cm solvent)

0.047 0.345 7.3 0.029 0. 20 6.9
0.071 0. 54 7.6 0.058 0.41 7. 1
0.141 1.00 7. 1 0.115 0.91 7.9
0.186 1.36 7.3

The v/c vs c relation has the form:

•nj c = 6.6 + 12c,
which gives a Mn = 38,000.

We may conclude from these experiments that thè 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.

IV. 2. Polymethacrylic acid (PMA)

The sample of PMA was the sample purified by Kooy 4) and used
by him for viscosity determinations. We used a solution of the
polymer for osmotic pressure measurements without saponification
of the smal 1 percentage of ester groups which were formed during
the purification procedure.

The weight average molecular weight was determined by Trap 3'
from light scattering measurements in methanol solutions: M v =
= 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 aqueous 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 n/c vs c relation the
values found at a concentration of 0.22 g/100 cm3 were ignored:

t\Jc - 1.60 + lie.
Quite exceptionally the density correction in n/c was nega

tive: - 0.22 in our units. The molecular weight found is M n =
= 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
7C n/c(g/100 cm3) cm solvent

0.0443 0.11 2.50.125 2.8
0.13 2.9

0. Ill 0. 48 4.30. 48 4.30. 50 4. 5
0.154 0.875 5.6

0.88 5.70.88 5.7
0. 222 1.28 5.81.34 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 Qylphrab-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. Equilibrium was reached in two or three days, the accuracy
was rather low (the 71 values were means of values which differed
5 to 10% from each other). The i/c vs c relation proved to be

n/c = 4.0 - c,
which gave for Mn 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 cm3) for which no equilibrium values were ob
tained. From the two other values, which were triplicates, the
following relation between 7x/c and c was calculated:

n/c = 2.5 + c,
which gave Mn = 100,000.
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Table XXII
Osmotic pressures of solutions of

four different PVOH samples (see text)

Experimental 71 V  c 10“ 3 Mn [q]
conditions (g/100 cm ) (cm solvent) (cm3g-1)

a) solvent: 0.085 0.33 3.9
water-alcohol
90:10; tern- 0.17 0.62 3.7

105perature 25°C 0. 34 1.23 3.6 64

b) solvent: 0.15 0.40 2.7
water;
tenperature 0. 37 1.08 2.9

100 10650 °C. 0.93 >1.3 >1.3

c) solvent: 0.118 0. 275 2.32
water;
temperature 0. 237 0. 63 2.66

130 12350°C 0. 356 1.06 2.96

d) solvent: 0.23 0.60 2.7
water; 0. 43 1.22 2.9temparature
50°C 0. 56 1.625 3.0

1.00 3.35 3.4 100 99

*) Regarding the determination of [rj] a t 25° C see j 11.3c.

(c) The f ra c tio n  (E3) obtained in the ex tra c tio n  of PVOH(E) with
w ater-acetone m ixtures ( I I I .3 c )  was a lso  measured a t  50° C. Solu
tio n s  of th is  polymer in  water were always s l ig h t ly  tu rb id , even
near the b o ilin g  tem perature. At room tem perature th is  tu rb id ity
was much h ig h e r , and in c re ase d  v i s ib ly  in  the  cou rse  o f some
weeks. Moreover, a f t e r  some days a th re a d lik e  p r e c ip i t a te  was
formed. At 50° C the  tu rb id i ty  o f  the so lu tio n  was no t v is ib ly
changed a f te r  a period of one week, and no p re c ip ita te  was found.
F.rom the  values o f rn/c vs c a t  50° C the follow ing r e la t io n  was
obtained:

71/  c = 2.0- + 2.8c,

and fo r the molecular weight Mn -  130,000.
The c o n cen tra tio n s  c 1 and c 2 o f the  l iq u id s  in  the so lu tio n

and so lv e n t compartment, re s p e c tiv e ly , were determ ined g ra v i
m etrical ly  a f te r  two experiments.
1) Duration o f the  experiment 72 hours;

Cj = 0.437 g/100 cm3; c2 = 0.013 g/100 cm3,
2) Duration o f the experiment 48 hours:

Cj = 0.361 g/100 cm3; c 2 = 0.006 g/100 cm3.
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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
(E5) obtained in the extraction procedure with ethylene diamine-
benzene mixtures were determined a t  50° C. The solutions were
remarkably c lear in comparison with those of PVOH(E) and (E3).
Considering the considerable diffusion through the membrane, the
reproducibility of the osmotic pressures was ra ther good. After
one or two days equilibrium was reached in a ll  cases except at
the highest concentrations. The four experimental values can be
represented very well by

7i’/ c  -  2.5 + 1.0c,
which gives M n = 100,000.

The concentrations c, and c , of the liquids in the two com
partments were determined after two osmotic experiments:
1) Duration 48 hours: cx = 0.748; c2 = 0.027 g/100 cm3.
2) Duration 48 hours: cx = 0.828; c2 * 0.028 g/100 cm3.
Thus nearly 2% of the polymer dialysed through the membrane in
one day (in experiments b, c and d the same membrane was used).

(e) The re la tio n  between [t{] and M n fo r aqueous so lu tions of
PV0H is  not well established.

Flory and Leutner 5) from their viscosity and osmotic pressure
measurements at 25° C derived the re la tio n  [ tj] = 0.02 M0 , 1 6 .

These measurements, however, were performed on solutions of low
molecular weight fractions ( M  < 25,000); d iffusion through the
membrane was found in a ll experiments and the rate of decrease of
the osmotic head was constant only a f te r  100 to 200 hours. The
equilibrium osmotic pressures were found by extrapolating back to
zero time. Flory and Leutner, who were quite aware of the inac
curacy of th is  re la tio n  between [r]] and M , used i t  only for a
relative comparison of molecular weights of low moleaular weight
Pl/OH* s, obtained in degradation experiments.

Staudinger 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 the ir experimental technique.
The molecular weights, which were calculated hy means of the re
lation of Schulz (e q .(I1) in chapter II .2 a), have been recalcu
lated by us from the lim iting value of the reduced osmotic pres
sure; we obtained the limiting viscosity number from the viscosi
ty  numbers of S taudinger and Warth hy means of the re la tion  of
Arrhenius
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molecular weights obtained in  th is  way l ie  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 Leutner > and the present
investigation. The M values found by Flory and Leutner are much
higher than corresponds with the other values in the diagram; we
believe th is to be due to the permeability of th e ir membranes for
the fractions investigated.

We cannot exclude the possib ility  that our own values for Mn
are s t i l l  too high, because we noticed in all experiments, except
in experiment (a), a slow diffusion through the membrane. Experi
ment (a ), however, is  p rec ise ly  the one case in which a good
agreement with the resu lts of Dieu  has been found. Our conclusion
is  that the relation between [t̂! and M needs further study.

IV.4. Polystyrene so lu tion s

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

Table XXIII
Osmotic pressures of sample I I I  of the

Commission on Macromolecules

c (g/100 cm3) 0.10 0.12 0. 20 0.40 0. 67 1.16
7t (cm solvent) 0.045 0.065 0.15 0.41 0.845 2. 11
vj c 0.5 0. 5 0.75 1.02 1.26 1.82

The osmometer was the Fuoss-Mead apparatus, the membrane
“U ltracellafilte r fein”, the solvent toluene. The density correc
tion in 7t/c was + 0.06. The results are given in table XXIII; the
values a t the concentrations 0.10 and 0.12 g/1000 cm have not
been used for the calculation of the it/c vs c re la tion , because
here the maximum deviation in tx/ c may be as much as 50%, where
as in all other values th is  is  about 10% or less (see I I I . I f ) .

n/c  = 0.60 + 1.10c

of
The evaluation of M2 and
such calculations.

M =  R T /  (1 im -n/ c )
"  C O

A 2 w ill be given

8.48xl04x298
0.60x102x0.86

here as an example

490,000,
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where R is  expressed in cm water cm3 mole-1 degree-1, and Wc in
cm water cm3g-1 (the density of toluene at 25° C is  0.86). With
out density correction the lim iting value for 71/ c  is  0.54, which
gives for the molecular weight Mn = 540,000. The possible error
in th is  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 d iffe r 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. I t  can be
seen from our values th a t although th is  may have a re la tiv e ly
large influence on the value of the calculated molecular Weight,
i t  can by no means explain the great variation in results. In a ll
p robab ility  these differences are due, as is  suggested in the
Report, to membrane d ifficu lties .

Expressing n in dynes cm-2 and c in g cm-3, the second v ir ia l
coefficient *) is  found in dynes cm4g-2:

A2 m 981 x 0.86 x 1002 x 1.10 -  0.93 * 107 dynes cm4g-2.

This value is  lower than the other osmotic value for the system
polystyrene Ill-to luene  given in the report (A = 1.18-107), but
higher than the values obtained for the same system from lig h t
scattering data; in the Report A2 = 0.88’ 107, Trap 3) gives A2 =
= 0 .78«107. As has been stated in the Report the ligh t-scattering
values for A2 seem to be more reliab le, because the measurements
in th is  method can be performed at lower concentrations, a t which
the influence of A3 on the extrapolation procedure becomes less
serious. Rawn, Freeman and Kamaliddin 10  ̂ and Krigbaum and
Flory who performed osmotic measurements over a rather
large concentration in terval, express the concentration depend
ence of 7IZc by means of a quadratic equation in c. The values for
A2 then obtained are of about the same magnitude as the lig h t
scattering values in the Report, and much lower than most osmotic
values given there.

Hu g g i n s ’ constant p. is  calcu lated  by means of eq. ( 2 0 )  in
chapter I I I .  2d. Inserting  for the molar volume of the solvent
v1 = M1/ d 1 and for the “segment molecular weight” M/m = d2(M1/d 1)
we have:

RT d. _ , ,
A = ------- - (% -  u,) = 0,93-107 dynes cm4g .

^ 1  ^ 2

Using for the density of polystyrene the value d2 = 1.058 12\  we
obtain p, = 0.439, whereas the average value of A in  the Report
is  n = 0.429. I t  is  evident that any specific influence on the

*) In the Report A^RT = B is called second virial coefficient.
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so lvent-so lu te  interaction is  more d irec tly  seen from a compari
son of Aj values than from Huggins' constant.

b) Osmotic pressures of toluene solutions of fractions obtained
in the gel-extraction experiment of-chapter III.3b were measured
in Z imm-Myerson osmometers. In the sequence 1 to 7 the fractions
were denoted by D4 to D10, see table XXIV. The t[/c vs c values
have been p lo tted  in  fig . 6 in  chapter I I I .2 e , the values of
lim uJc, Mn, A2 and [t)] a t 25° C are co llected  in  table XXIV,
where also is  included the molecular weight M calculated  by
means of the relation 3^

[ r j l  = 0.5-10' 2 * 80.
The density correction in 7 1 /c was + 0.015.

A number of the most important d iff ic u ltie s  in the osmometry
of high polymers are encountered here.

Polystyrene (D4) was measured with an "old” U ltrace lla filte r-
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 tr ip lic a te , and good precision was obtained. We be
lieve, nevertheless, that the very high value of the second v ir-
ial coefficient is due to a difference between the membrane per
m eabilities a t these two concentrations; i . e . , to concentration
dependence of the se lec tiv ity  coefficient (see I I . 3). Using the
same A, as found in the other experiments we obtain for lim 71Jc a

2  C - *  O

value of 11, and for Mn : 27,000 (Mb). The la t te r  value must
s t i l l  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 (M),
but the f i r s t  experiments (M.a) were performed within a few days
after the conditioning of the membranes, whereas the measurements
(D4.b) refer to the membranes a fte r two months use (th is  is  the
reason we called  these membranes "old” in the preceding para
graph). The difference is  s trik in g ; the calcu lated  molecular
weight decreases from 44,000 in the' f i r s t  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 f i r s t  measured with the same “Ultracella-
f i l t e r  fein”; here no influence of the ageing of the membranes
was found (D6.a). Then the frac tion  was measured with "U ltra-
c e lla f i lte r  a lle rfe in st” (D6.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 polystyrene (D)
_________ (7 i in cm solvent and c in g/100 cm3)

Number o f
fraction

Indication
in text

lim ix/c
c-»o ^2 103 Mn t r j l i o 3 ^

/  D4. a 10 ? 30
1 D4.b 11 27 > 16 21

2 ƒ D5. a 6 .6 1.4 44 \
*■ D5.b 7.8 3 .0 38 ƒ 24 38

3 /  D6. a 5.3 1.0 55 1
x D6.b 5.8 1.0 51 ƒ 37 65

4 D7 3.4 87 55 1065 D8 2.00 0. 84 147 66 1326 D9 0.79 0. 69 370 114 2607 DIO 190 500

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

Solutions of polystyrene (D9) which were measured a t  ra ther
high concentrations yielded a 7x/c vs c plot with an upward curva
ture. By means of the method of leas t squares a quadratic equa
tion for 71/c  was calculated, which gave a good representation of
the experimental points *);

7i/c = 0.79 + 0.69c + 0.48c2.
The re la tio n  between lim iting viscosity number and molecular

weight for polystyrene in toluene has been investigated by sev
eral authors i 3 ) i 4 ) i 5 ) i o .  The resui t s found by these authors
d iffe r greatly  among each other. The influence of the polymeri
zation temperature has been demonstrated by Alfrey, Bartovics and
Mark 13); the influence of the fractionation of the polymer by
Breitenbach  and coworkers 15)16>. Part of the discrepancy is  due
to  the d iffe ren t temperatures a t which the lim iting  v iscosity
numbers were determined. The re la tion  we used in th is  thesis was
not exactly that found hy Alfrey , Bartovics and Mark for a s ty 
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 re la tion  [rj] = 0.5*10 2 M 0 , 8 0 . We have not tried  to derive
any better relation from our data and those reported in the l i t 
erature.

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

*) Experiment and c a lc u la t io n s  done by U.Daum.
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S A M E N V A T T I N G

De osmotische druk van een oplossing is  een maat voor het aan
ta l d ee ltje s  dat in oplossing is . Exact geldt d it  s lech ts voor
ideale oplossingen waarin de m olfractie van de opgeloste s to f
klein  t .o .v . één is  (Wet van van ' t Hoff) .  Voor polymeeroplos
singen (waarin de molfractie van de opgeloste s to f practisch a l 
t i j d  erg k le in  is ) ge ld t de wet van van ' t  Ho f f  reeds in het
gebied van de kleine gewichtsconcentraties n ie t meer, maar wor
den veel te  hoge osmotische drukken gevonden. De afwijkingen, die
polymeeroplossingen van ideaal thermodynamische gedrag in het
algemeen vertonen, z ijn  ruim een decennium geleden door Flory en
Huggins 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 n ie t bijzonder
goed; mede daarom z ijn  sedertdien vele pogingen gedaan zowel om
de quasi-rooster theorie te verbeteren, als wel om andere bruik
bare theorieën  voor vloeibare mengsels u i t  te  werken. Een van
deze andere methoden geeft rechtstreeks een uitdrukking voor de
gereduceerde osmotische druk als een machtreeks in de gewichts-
concen tra tie  van de opgeloste s to f; de coëffic iën ten  in  deze
machtreeks worden v iriaa lcoëffic iën ten  genoemd. De eerste term
van de machtreeks, de van ’ t Hoff term, kan dus door extrapolatie
van de gereduceerde (d .i. door de concentratie gedeelte) .osmoti
sche druk naar de concentratie nul gevonden worden. De grootte
van de tweede v iriaa l coëfficiën t, ée'n van de voornaamste punten
in a lle  theorieën 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 v iriaalcoëffic iën t nul is , en extrapola
t ie  bijgevolg n ie t meer nodig is , hebben dergelijke oplossingen
een re la tie f  grote waarde voor de v rije  energie van verdunning en
zijn  dus thermodynamisch minder stabiel.

De bepaling van osmotische drukken van polymeeroplossingen, in
principe zeer eenvoudig, is  in f e i te  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 sto f, s taa t in nauw ver
band met a lle r le i andere membraaneigenschappen, waarvan een aan
tal aan een nadere beschouwing z ijn  onderworpen. Onafscheidelijk
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van het membraanprobleem is echter het fractioneerprobleem; zo
goed a]s alle ongefractionneerde polymeren bestaan immers uit mo
leculen van zeer uiteenlopend molecuulgewicht, 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 membraanmoeil ijkheden 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
molecuulgewichtsbepalingen gedemonstreerd.
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I
De thermodynamische redenering, die Munster tegen het toepassen
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II
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III
Het door Pfeiffer en Enders gevonden „reactieproduct” van 2 me
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IV
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n.cleverdon, d.laker en p.g.smith, J.polymer Sci., 11, 225
(1953).

V
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geconjugeerde systemen concluderen Coulson en Jacobs onder meer
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phenylgroep. Deze conclusie verliest een groot deel van zijn be
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C.A.coulson en j. JACOBS, J.Chem.Soc. 1949, 2805.
b .pullman en A.pullman, „Les theories électroniques de la
chimie organique”. Parijs 1952.

VI
Het door Bahr en Bahr gevonden nikkelcarbide is waarschijnlijk
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VII

Het is onwaarschijnlijk dat met behulp van permeabele membranen
molecuul gewichtsverdelingen van polymeren te bepalen zijn volgens
de door Staverman voorgestelde methode.

A. j. STAVERMAN, Ree. trav. chim., 71, 623 (1952).
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VIII
Dat het trimethylaluminiumnolecuul een pyramidale structuur heeft
volgt niet zo noodzakelijk uit metingen van de dielectriciteits-
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IX
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1949, p. 225.
H.E.heller, E.D.HUGHES en C.K.ingold, Nature, 168, 909 (1951).

X
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