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Preface

The purpose of this treatise 1s to give a gencral survey of organic
colloids. The ficld is growing rapidly and is becoming increasingly
important in various industries, as well as in natural science, med-
icine, agriculture, pharmaceutical technology, etc. The text has been
made as elementary as possible as regards the treatment of the
various colloid phenomena. Students and research workers who have
had basic courses in physics and organic chemistry will find no diffi-
culty in reading this book.

The enormous amount of literature concerning organic polymers
and other colloids makes it impossible to include everything in a
book of this size. The author has thercfore chosen to place the em-
phasis on basic facts and rclationships rather than on theory.
Theoretical publications are quoted, but only the most important
conclusions of theoretical studies are presented. However, the appli-
cation of theoretical and empirical laws and rules for solving various
practical problems are emphasized. Experimental methods are de-
scribed, especially those of great practical importance.

The author believes that, in spite of the volume of experimental
data and variety of phenomena, the study of organic colloids is not
as difficult as it sometimes appears. The size, shape, and chemical
constitution of colloidal particles and macromolecules determine
largely the properties of colloids. The importance of the influence of
chemical composition and constitution on the propertics of macro-
molecular substances is emphasized throughout.

The Organische Kolloidchemie of Hermann Staudinger (Nobel
Prize Winner 1953) is an outstanding example of clarity and in-
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genuity of presentation in the field of colloid chemistry. The author
is indebted to Professor Staudinger for introducing him to this field,
and for his continuing interest and valuable help during the last
twenty years. Staudinger’s early conception about the existence of
the macromolecules of cellulose, starch, rubber, and other polymers,
is now a generally accepted truth. The clear and simple approaches,
as brought forward by Staudinger’s school, proved to be very useful
also for the study of proteins, and in the newly developed fields of
synthetic high polymers, however, Staudinger’s views proved to be
particularly fruitful. It is amazing how much information of practi-
cal importance can be gained by a few simple experiments with such
complicated systems as resins, jellies, and gums.

Treatment of organic and inorganic colloids separately is justified
for two reasons. First, the whole realm of colloid science has grown
too enormous. Second, in the case of organic colloids the chemical
constitution of the constituent molecules is of paramount impor-
tance. Organic colloid chemistry represents a kind of submicroscopic
morphology. The methods of organic chemistry and physical views
of structure often become equally important. Although many prob-
lems have not yet been solved, the practical benefits of the knowledge
already acquired is evident in many fields, such as clinical medicine,
industrial high polymer rescarch, pharmacy, and food technology.
Hundreds of publications appear every week on various topics of
organic colloid chemistry and it becomes increasingly difficult to
follow up all the important findings in related branches. Onc of the
chief aims of this work is to present a condensed survey of the whole
field, as it appears at the present time, in order to facilitate acquain-
tance with related ficlds. This is a book for the protein chemist who
wants to know the most important facts about rubber and cellu-
lose and for the cellulose chemist who needs an introduction to
colloids generally. It is hoped that this work will bring about the
broadening of knowledge in related fields and the stimulation of
creative thinking.

The book is divided into two parts. The sixteen chapters of Part I
present a brief gencral review of the methods of preparation and
study of organic colloids. The cighteen chapters of Part IT attempt
to give a condensed systematic survey of the most important classes
of molecular and micellar colloids.

The author is indebted to Dr. R. Lee Clark, ]Jr., Director of the
M. D. Anderson Hospital and Tumor Institute, and to Dr. A. Clark
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Griffin, Head of the Biochemistry Department of our Institute, for
their approval and support of this undertaking. Moreover, thanks
are due to Dr. R. W. Cumley for linguistic editing of the manu-
script, and to the following collcagues, who suggested improvements
in several chapters: Dr. Sulo Karjala, Miss M. A. O’Ncal, Mrs.
Eugenia C. Adams, Mr. John A. Cooper I1, and Dr. C. H. Robertson.
The names of the many authors who kindly provided copics of
illustrations arc mentioned in the legends of the illustrations.

Houston, Texas, 1957 B.J.
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PART ONE

METHODS OF PREPARATION
STUDY OF ORGANIC COLLOIDS






CHAPTER 1

Introduction
The Scope of Organic Colloid Chemistry

Basic Terms

Colloid science or colloid chemistry deals mostly with the sizes and
shapes of small particles and large molecules!. Most common are the
colloidal solutions, such as milk, blood, liquid detergents, glues,
collodion, and dispersions of dyes. The colloidal solutions are usually
of very complex composition. Milk, for instance, contains droplets
“of fat, a variety of large protein molecules, sugar, salts, water, etc.
A colloid chemist would not analyse the composition of milk fat but
he is interested in the homogenization of milk, i.e. splitting of the
large fat droplets. He will study how this homogenization retards
creaming. The curdling of milk is another colloid chemical phenom-
enon.

Not all particles which are small are colloidal. A lead shot or a
quartz grain are small objects, but they are much larger than
colloidal particles. Water molecules, sodium ions, or gold atoms,
on the other hand, are much smaller than colloidal particles. An
approximate picture of the relative sizes of the various particles in
milk is given below (Fig. 1). The objects are presented at approx-
imately % million times their actual size.

Some authors have restricted the realm of colloids to particle
size limits of 10 angstroms (lower limit) and 1000 angstroms (upper
limit), or 0.000,001 mm and 0.000I mm. However, systems which
contain somewhat coarser particles also have some of the very
characteristic properties of colloids. Hence, if one wishes to define
colloidal particles metrically, the size limits should be extended tc
cover a range of 0.000,00I mm to 0.00I mm.

One of the most characteristic properties of colloids is that the

References p. 9
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particles will run through the pores of ordinary filters. These par-
ticles, however, are retained by semipermeable membranes, such as
cellophane or bladder. Colloidal particles are invisible in ordinary
microscopes, but they can be seen under the electron microscope.
The chromosomes of cells, the viruses, the very fine particles of
clays, and the large molecules of polysaccharides, proteins, and
various synthetic high polymers are colloidal.

Another fundamental characteristic of a colloidal particle is its
shape. The particles of many colloids are asymmetric. Staudinger
pointed out that the large molecules of cellulose can be compared
with pieces of an elastic steel wire or hair. These cellulose threads
are very long and thin. In their length they even surpass the range

@ SR PARtON
T R
O %o i et T

'
'
LARGE FAT DROPLET 1 SMALL FAT LARGE PROTEIN SMALL MOLECULES

DROPLETS MOLECULES | (SUGARS,, VITAMINS)
:
COARSE ' COLLOIDAL ' MICROMOLECULAR

Fig. 1. Objects of various sizes. Magnification scale approx. 500,000.

of colloidal dimensions, but they are as thin as sugar molecules.
Solutions of such linear colloids have peculiar mechanical properties.
They have a very high resistance to flow, and they set easily. As
such asymmetrical particles do not fit into the above metrical
classification, Staudinger proposed to define colloidal particles on
the basis of number of atoms constituting them. 4 colloidal particle
1s built wp of approximately one thousand to one billion atoms.

The term disperse system is even more general than colloid. A
disperse system is composed of a homogeneous medium and of
particles dispersed therein. There are no particle size limitations,
and both the medium and the particles can be either in solid,
liquid, or gaseous state. The formation of clouds, stability of fog,
precipitation of dust, foaming, and similar phenomena also belong
to the realm of colloid science. Most important, however, are the
systems in which the dispersion medium (solvent) is liquid, and the
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dispersed particles are either solid or liquid. The solid or semisolid
colloidal gels and jellies are also of interest to the colloid chemist.
A more thorough classification of various disperse systems will be
given in following chapters.

The tremendous growth of colloid science has made it impossible
to cover the whole field thoroughly in a single volume. This is one
of the reasons why the organic colloids were chosen. This separation
can be justified also by the importance of purely chemical views and
methods of organic chemistry in this branch of colloid science?

The particles of organic colloids are composed of carbon com-
pounds. The dispersion medium or solvent may be either an in-
organic substance or an organic liquid. Water is the most important
inorganic dispersion medium or solvent. Benzene, ether, and tur-
pentine are examples of organic solvents.

It proved useful to distinguish between two large groups of
organic colloids: (1) organic dispersions, and (2) organic molecular
colloids. The particles of dispersions can be split easily and they also
tend to agglomerate and precipitate (or ascend to the top, if the
dispersed phase is lighter than the medium). The particles of organic
dispersions are composed of many small molecules, or they may be
fragments of insoluble solids. Practically any organic substance can
be dispersed in the form of a colloid by suitable means. Emulsions
of oils in water are examples of this type of colloid. The molecular
colloids, on the contrary, are true solutions. The dispersed entities
arc not aggregates but single large molecules.

It has been shown during the last decades that many natural and
synthetic polymers, such as starch, serum albumin, rubber, nylon,
and many others, are composed of large molecules. In appropriate
solvents these substances dissolve easily, for example, glycogen
dissolves in water, or rubber in benzene, or nitrocellulose in acetone.
The solutions of glycogen in water, or of nitrocellulose in acetone
are as ‘“‘true” as those of sugar in water. The solutions are stable,
the molecules usually do not aggregate. Only heating with strong
acids or enzymatic action will split the primary valency bonds of
the large molecules of the polysaccharides. The dispersed fat drop-
lets in milk, on the contrary, can be split simply by forcing them
through narrow clearances.

The existence of molecular colloids makes it expedient to coin
a new term for solutions which contain dissolved molecules smaller
than colloidal. Such solutions formerly were called molecular solu-
tions. However, molecular colloids also may form true molecular

References p. 9
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solutions. The term micromolecular was proposed for the solutions
like those of sugar, acetic acid and others in which the dissolved
entities are small molecules and (or) ions. This term will be used
throughout this treatise. Sugar is a micromolecular substance, and
it forms micromolecular solutions. Starch is a macromolecular sub-
stance, and the solutions of starch in water are macromolecular.
Macromolecular substances arc colloidal by their nature. 4 single
macromolecule is a colloidal particle. When a macromolecule is split
a new substance results. For example, the macromolecules of starch
are converted into dextrines and glucose upon hydrolytic decompo-
sition. Micromolecular substances, on the contrary, do not change
chemically when the aggregates of their molecules are split into
single molecules, or when they aggregate into colloids. For example,
soap is a micromolecular substance. A solution of soap in alcohol is
a micromolecular solution, as the dispersed entities in this case are
single small molecules, e.g. thosc of C,;H3COONa. When such
alcoholic soap solution is poured into water, the soap molecules
aggregate forming large clusters, because the solubility of soap in
water is lower than in alcohol. A colloidal soap solution thereby is
formed. The colloidal particles of soap can be split easily, e.g. upon
heating the solution or diluting it. Soap is not changed chemically
in aggregation and disaggregation. In fact, soap is a somewhat
special example of micromolecular substances, since it can be direct-
ly dissolved in water, whereby a colloidal solution is obtained.
Most micromolecular substances, however, can be dispersed as
colloids only by special methods. For example, paraffin oil is a
micromolecular substance; an emulsion of oil in water cannot be
prepared by simply shaking the oil with water. The oil will dis-
integrate in droplets but they will flow together again, when the
mixture is left alone. In order to prepare stable dispersions of oils
in water, certain stabilizers must be added, e.g. a little soap.
There is a great variety of colloidal systems, and many of them
are very complex. Colloidal macromolecules often aggregate them-
selves in larger, complex units, and combine also with other sub-
stances, which are present in solutions. Rubber milk (latex), pro-
duced by some plants, is an example of such systems. There are no
single rubber molecules in latex, as rubber is insoluble in water.
The rubber molecules are dispersed in form of microscopic aggre-
gates which stay in solution because the surface of the aggregates
is covered with water-soluble substances. Things become even more
complicated when several kinds of macromolecules are present. The
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task of the colloid chemist is to discover general relationships and
rules, in order to predict any possible changes in the properties of
such systems.

In the tissues of animals and plants the macromolecules of
various proteins and polysaccharides are joined in complex higher
order systems. For example, muscle fibrils are composed of several
kinds of large protein molecules. Some of them are like strings,
while others resemble short rods which may be joined end to end,
and become attached to the strings. The fibers of silk, cellulose,
nylon, and similar substances are composed of a large number of
fibrous macromolecules. They are joined and bound in macroscopic
bundles by means of secondary bonds and cohesive forces. One of
the great tasks of organic colloid chemistry is to investigate the
constitution of these systems. It is important to find out how the
mechanical properties of fibers depend on the length, structure and
association of the fibrous macromolecules.

The realm of synthetic macromolecules is especially rich and
promising. Synthetic polymers, such as organic safety glass, syn-
thetic rubber, nylon, orlon, dacron, polyethylene, and many others
have been created on the basis of colloid chemical and organic
chemical research. Purely chemical views and data about the
reactivity of simple carbon compounds have been important. Syn-
thetic macromolecules are formed by polymerisation (or polycon-
densation) of small organic molecules, such as ethylene, acety-
lene, formaldehyde, butadiene, acrylic acid, and others3.

One of the most challenging branches of organic colloid chemistry
is the field of proteins. The reduplication of large molecules of
enzymes, viruses, and nucleoproteins of tissues is an example of
the unsolved problems. The mechanism of enzyme action, and the
importance of the configuration in the specificity of enzymes is
another interesting problem.

Characterization of blood proteins in diseases is important for
diagnostic purposes. The mechanism of blood clotting, permeability
of cell membranes, and formation of antibodies from the globulins
of blood are other problems of paramount importance?.

Some advances have been made in the understanding of all these
and similar phenomena in the last decades. And yet, it is only the
very beginning. The following chapters will attempt to show that
most successful were the endeavors in which the classical methods
of organic chemistry were applied hand in hand with the modern
physicochemical tools.

References p. 9
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Additional Important Nomenclature

SUMMARY

Colloids — substances composed of colloidal particles.

Collovdal dispersion — a colloid in which the particles are aggre-
gates of many small molecules or fragments of insoluble solids.

Colloidal particle — a particle composed of about 1000 up to
1,000,000,000 atoms. The diameter of such particles, when they are
symmetric units, is between 0.000,00x mm and 0.001 mm.

Colloidal solution — any solution containing colloidal particles.
Colloidal solutions sometimes are called sols.

Degree of dispersion — a quantity varying reciprocally with particle
size. The larger the particles the lower the degree of dispersion.

Disperse system — any system in which particles (of any size and
state) are dispersed in a homogeneous medium. Colloidal solutions
represent a special kind of disperse systems.

Emulsions — colloidal dispersions in which the dispersed particles
are in liquid state.

Gel — a solid or semisolid colloid containing considerable quantities
of liquid. The particles in a gel are linked in a coherent meshwork
which immobilizes the liquid.

Hydrosol — a colloidal solution with water as the dispersion
medium.

Linear colloid — any colloid with fibrous particles or macromole-
cules. The long, asymmetrical particles may be coiled up, or, in
some instances, they may be branched.

Macromolecule — large molecule of the size of colloidal particle.
The atoms in a macromolecule are joined by primary valency bonds.

Miicelle — a colloidal particle composed of many aggregated small
molecules,

Micellar colloid — a colloid composed of micelles. Example — a
colloidal solution of soap in water.

Micromolecular solution — any solution in which the kinetic units
of the solute are small molecules or ions.

Molecular colloid — any colloid in which the colloidal particles are
macromolecules. '

Organic colloids — colloids whose particles are composed of carbon
compounds.

Organosol — colloidal solution with some organic liquid (alcohol,
ether, benzene) as dispersion medium.
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Particle - any small, discrete entity of matter, regardless of size.
A grain of quartz, a microbe, sugar molecule, atom, proton, are
examples of particles.

Polymer — (poly = many, mer = part) macromolecular com-
pound ; the macromolecules are composed of many repeating radicals
(mers).

Spherocolloid — a colloid possessing more or less corpuscular,
symmetrically shaped, and relatively compact particles.

Other terms will be introduced later.

Common unils for the measurement of small particles:

!
| I angstrom (abbreviated A) = o.xmpg = 1078 cm.
1 millimicron (abbrev. myu) = o0.0or 4 = 107 cm.
‘ 1 micron (abbreviated ) = 0.001 mm = 104 cm.
|
i . . L I
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CHAPTER 2

Development of the Modern Organic Colloid Chemistry
Classification of Organic Colloids

The realm of organic colloids is boundless. However, it seems that
only recently man has learned to apprehend it properly. The early
thinker and scientist had no methods available by means of which
to discover and investigate this world of small particles and mole-
cules.

The British botanist Robert Brown is one of the early pioneers
in studying small particles. It was about 130 years ago when he
observed under the microscope small pollen grains which were
suspended in water. He noticed that these particles did not stay
still, but oscillated and jumped around in a quite chaotic fashion.
Extending these observations to many other kinds of small bodies
he observed the same phenomenon, if the particles were small
enough. He also noticed that the smaller the objects, the more
intense was their motion. This important discovery was later named
Brownian movement, and it was thoroughly investigated by many
other scientists. This posed an important question: what was the
cause of -this chaotic motion ?

Thorough research later showed that Brownian movement can be
explained neither by external vibration of the microscope nor
uneven illumination. It cannot be explained by streaming of water
under the influence of capillary forces or evaporation.

The correct explanation of Brownian movement was presented
by Wiener in 1863. He came to the conclusion that the motion
is due to irregular impacts by the molecules of the liquid in which
the particles are suspended. The studies on Brownian movement
thus opened a new way of penetration into the realm of molecules.



CLASSIFICATION OF ORGANIC COLLOIDS II

The German colloid chemist Zsigmondy invented the ultramicro-
scope in 1905, and with this instrument he could directly detect
and observe the motion of colloidal particles. He noticed that these
particles, which are much smaller than microscopical pollen grains
and similar objects, move even more vigorously than microscopical
objects. Moreover, it was found that the motion depends on the
temperature, and on the viscosity of the liquid in which the motion
occurs. Theoretical relations were developed and colloidal particles
became the object of exact study.

Another milestone in the development of colloid chemlstry is the
work of the British scientist Thomas Graham who lived in the
middle of the 19th century. He investigated the spreading (diffusion)
of various substances in pure liquids, and noticed considerable
differences in the spreading rate. Glue, for example, spreads very
slowly, whereas salt or sugar are much more mobile. According to
the diffusion rate, Graham classified all substances into slow spread-
ing glue-like colloids (“colla” in Greek means glue) and the fast
spreading crystalloids. He also observed that glue, albumin, and
other “colloids” are unable to penetrate through the pores of blad-
der, parchment, and similar membranes, while simple inorganic
salts, acids and alkalies pass through such membranes easily.

Important chemical work on polysaccharides and proteins was
done around the turn of the century by the German organic chemist
Emil Fischer and his school. Discoveries concerning the structure
of these very complex compounds were made. Moreover, many
complicated polypeptides were synthesized. It was shown that the
larger and more complex the synthesized molecule, the more solu-
tions of these compounds resemble natural proteins and similar
colloids.

Colloid chemistry or colloid science was established as a separate
branch of chemistry in the first two decades of our century. The
German chemist Wolfgang Ostwald founded a society of colloid
chemists, and a magazine specially devoted to colloids (Kollozd-
Zeitschrift) was issued. The first books about colloids were published.
Far reachmg generalizations about the application of colloid chem-
istry in various fields of natural science were made. The very
general terms of disperse system, degree of dispersion, and the
importance of it, were introduced by Wolfgang Ostwald and the
Russian scientist P. P. von Weimarn. The latter author showed
that many simple substances (crystalloids according to Graham),
such as barium sulfate, sodium chloride, and others, can be pre-

References p. 20



I2 CLASSIFICATION OF ORGANIC COLLOIDS 2

pared in the form of colloids. The principle was proclaimed that
any substance can be prepared in colloidal state by suitable means.
The chief condition of this preparation is that the substance to be
dispersed must be insoluble in the medium in which it is to be
dispersed For example, sodium chloride can be dlspersed as colloid
in benzene (in which solvent it is msoluble) but not in water. Many
organic substances which are insoluble in water were prepared as
aqueous colloidal dispersions by simply intense grinding, especially
when certain other substances were added.

At about the same time, many proteins and other natural colloids
were crystallized, and it was shown by means of X-ray analysis
that these colloids actually possess a crystalline structure. Hence
the old classification of Graham into crystalloids and colloids
became inadequate. The crystalline state of matter appeared to be
the general one. It appeared that there are no colloids as such,
but that any substance may exist or can be prepared in a colloidal
state. It also became evident that the paréicle size is the most
characteristic property of the colloidal state.

These views, though they were very useful in the realm of disper-
sion colloids, brought much confusion about the true nature of the
organic molecular colloids. The majority of colloid scientists from
1920-1035 believed that the molecules of proteins, polysaccharides,
rubber and similar substances were very small, i.e. that their
molecular weight was approximately 500-1000. It was believed
that the entities in solutions of proteins or cellulose derivatives are
not macromolecules but aggregates of many small molecules.

McBain, for example wrote in 1936: “From the variation in
relative viscosity with mere change in temperature or with change
in solvent or treatment of nitrocotton and from the occasional
enhancement of the viscosity brought about by simple physical
means, it is concluded that cellulose derivatives are association
colloids like soaps and that association and formation of micelles
or more complicated structures appear to be essential features of
cellulose and its derivatives’’1,

The erroneous idea that all natural and synthetic polymers are
aggregates of small molecules. developed partly on the grounds of
the generalizations outlined above. Another source of this concept
was the so-called micellar theory of Nigeli (1877). According to
this author, many natural substances, such as the proteins, starch
and;cellulose, are composed of small crystalline units, the so-called
micélles. A micelle is an aggregate of many small molecules bound



{
CLASSIFICATION OF ORGANIC COLLOIDS 13

together by secondary bonds or cohesive forces. This micellar theory
was modernized by K. H. Meyer, Mark® and others. They concluded,
mostly on the basis of X-ray studies, that cellulose is composed of
crystalline micelles built up of approximately 40 to 60 chains of
glucose radicals, each chain containing 30 to 50 glucose units. The
chains, according to this concept, are held together by cohesive
forces, even after dissolution in appropriate solvents. A cellulose fiber
was believed to be composed of a large number of elongated bundles
or packets, as illustrated in many publications from 1935-1945. Nat-
ural rubber, according to Pummerer (1927) and other authors, has
the molecular weight of several hundreds only, and formulas like
(CsHg)g or (CgHg);o were written. They were based on wrongly in-
terpreted molecular weight data obtained with solutions of rubber
in menthol and camphor. Later, studies showed that the large mole-
cules of rubber were decomposed in these solutions, and that much
higher molecular weights are obtained, if decomposition is avoided.

There were only a few chemists around 1925-1930 who believed
that natural and synthetic polymers are composed of large mole-
cules. Themajority of chemists believed that polysaccharides, rubber
and other polymers were micromolecular, and that the small mole-
cules were joined in micelles by cohesive forces. Staudinger was
one of the few who took a different point of view. Being an organic
chemist well versed in the matter of polymerization reactions and
the reactivity of some simple organic compounds, he assumed that
reactive small molecules possibly might form large molecules. The
polymerization reactions are exothermic, and true primary bonds
usually link the small molecules which polymerize.

Resinous, sticky bodies are often formed in these polymerization
reactions. The polymerization products often appeared insoluble,
and this led to the assumption that the radicals in such bodies
were linked throughout by strong primary valency bonds. When
these resinous substances were soluble, their solutions were very
thick, viscous. It seemed to Staudinger that the entities in such
solutions were large molecules of the polymer, not micelles. Stau-
dinger expressed this view quite clearly in 1922. Some experimental
evidence also was presented?. It was shown that upon hydrogena-
tion of rubber a colloidal hydrogenated rubber is formed. This
actually proved that there are no rubber micelles built of small
molecules. If there were such small molecules (e.g. of the size
(CyHg)s), the micelles would disintegrate upon hydrogenation, and
a low-molecular, volatile hydrorubber would be obtained.
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It seemed very unlikely that a micelle composed of hundreds of
small molecules of (C;Hg)g could react throughout with hydrogen,
and then recombine, forming a colloidal unit. More plausible was
the other assumption, namely, that the isoprene radicals C;Hg in
rubber are linked by means of strong primary bonds in large
molecules. Staudinger and associates in the following years presented
much more data supporting their views about the existence of
macromolecules. It was shown that the low molecular weights
obtained earlier for rubber and other polymers were due to oxidative
decomposition. The long and thin molecules of rubber can be cleaved
easily, especially in the presence of oxygen. When the latter is
eliminated, much higher molecular weights for rubber are ob-
tained.

Although there was considerable evidence about the existence of
large molecules (macromolecules according to Staudinger), the colloid
chemists preferred the concept that the particles of all organic
colloids are micelles. This was due to wrong generalizations based
on the experiences with the colloidal soap solutions and emulsions.
A soap particle in an aqueous soap solution is a micelle indeed,
since the many small molecules of sodium oleate or a similar com-
pound are aggregated and held together by weak cohesive forces.
It seemed to many colloid chemists that rubber, cellulose and other
polymers may have a similar constitution. This is an excellent
example which shows that theories can be right or wrong, not just
more useful or less useful. The micellar theory about the constitu-
tion of the colloidal particles of polymers appeared to be wrong.
The most convincing evidence of this was presented by Staudinger
and his associates. They showed that rubber, cellulose derivatives,
and many other polymers can be chemically changed without
changing the carbon backbone. If there were micelles, they would
disintegrate in such chemical changes. The proof of the existence
of macromolecules is the greatest contribution to modern colloid
science. This was generally recognized by the awarding of the Nobel
Prize to Staudinger in 1953.

In the early period of organic colloid chemistry (1910-1930) the
chemical characteristics of the substances were often disregarded.
The substances investigated often were impure and ill defined.
Little interest was devoted to the question of the dependence of
the colloidal properties on chemical constitution. Surface phenom-
ena and the adsorption of electrolytes and solvent molecules on the
surfaces and inside the micelles were believed to be of decisive
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importance. This was again a wrong generalization. Later studies
. showed that these phenomena, though very important in cases of
dispersions, are much less significant in polymers. The classifica-
tions and terms introduced by a few leading colloid chemists also
contributed to some confusion in respect to the organic colloids.
All colloids were classified into “‘emulsoids’” and “‘suspensoids”.
According to this classification; not only the emulsions, but also
the solutions of soaps, proteins, nitrocellulose and rubber belong
to the emulsoid group. It was believed that the particles resemble
droplets. This unfortunate classification was partly due to the
concept that all colloids have a micellar structure. It was wrongly
assumed that, for instance, a nitrocellulose particle in acetone
solution is composed of many small molecules which are held
together by cohesive forces (and secondary bonds) and assume the
shape of a droplet. Hardy, Zsigmondy and other noted colloid
chemists classified all colloids into reversible (redissolvable) and
trreversible. Most of the organic colloids belong to the first class.
The soaps, gelatin, and nitrocellulose, can all be redissolved. This
classification is of some practical importance, but it also implies
that the aforementioned substances are constitutionally related,
which is wrong.

Most popular is the classification of all colloids into lyophilic and
lyophobict. Lyophile or lyophilic means ‘liking liquid’. Lyophobe
or lyophobic means ‘fearing or disliking liquid’. In the case of
water as solvent or dispersion medium the appropriate terms
hydrophilic and hydrophobic are used (J. Perrin, H. Freundlich). Soaps,
gelatin, albumin and starch are hydrophilic colloids. They are
directly soluble in water, whereby colloidal solutions are formed
spontaneously. This happens because of the high affinity of these
substances for water. The colloidal particles in these cases contain
large amounts of bound water. In other words: they are strongly
hydrated. Affinity for the solvent is the chief reason why such
colloids are stable. It is also obvious that the term ‘hydrophilic
colloids’ in most cases has the same meaning as ‘emulsoid’ or
‘reversible colloid’. The term ‘lyophile’ is more general than ‘hydro-
phile’. Nitrocellulose does not dissolve in water but in acetone,
whereby acetone is bound to the nitrocellulose. Rubber dissolves
in benzene, as the latter has affinity for rubber. Substances which
have no affinity for the solvent cannot be directly dissolved; they
can be introduced in such solvents only by special means, and
lyophobic dispersions. then are obtained. Such lyophobic colloids
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are not stable, they precipitate easily. All hydrocarbons are hydro-
phobic but they are lyophilic in relation to other hydrocarbons
as solvents.

The classification into lyophilic and lyophobic sols is quite useful
when the great variety of both organic and inorganic colloids are
treated. For the organic colloids alone, however, this classification
becomes less important. This is caused chiefly by the very different
approach to the study of organic colloids. Most of the organic
colloids are not micellar but molecular colloids. The properties of
the particular system depend not on surface phenomena but on
molecular size, shape, and constitution. According to Staudinger,
most useful is the following classification of organic colloids:

(1) Organic Dispersions,

(2) Organic Micellar Colloids,

(3) Molecular Colloids,

(4) Macromolecular Association Colloids.

Re (1): Organic dispersions can be classified further into suspensoids
and emulsions. Organic dispersions are lyophobic. They cannot be
prepared by direct dissolving of a substance, but only by special
methods, e.g. by ultrasonic vibration or intense milling. The particle
size in dispersions is relatively large. The particles are grain or
bead-shaped. Examples: dispersions of sugar in ether, oil in water.

Re (2): Organic micellar colloids are aggregates of small molecules.
Contrary to the dispersions, however, these substances can be dis-
solved spontaneously, and the sols thereby formed are lyophilic.
Soaps and synthetic detergents are the most important examples
in this group. The size of these micelles can be changed very easily,
even by diluting or slightly warming the solutions. The peculiar
behavior of these colloids is now well understood. It can be explained
by the chemical constitution of the micromolecular compounds. A
part of these molecules, e.g. of potassium stearate, C;,H3COOK,
the hydrocarbon radical C,,Hgy is hydrophobic, whereas the —COOK
group is polar and hydrophilic.

Re (3): Molecular colloids are the most important ones in organic
colloid chemistry. Most of the natural and synthetic polymers are
molecular colloids. The solids are directly soluble in appropriate
solvents, and lyophilic sols or solutions thereby are formed. Con-
trary to the micellar colloids, the colloidal particles in molecular
colloids are not micelles but single large molecules (macromole-
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cules). The solutions of glycogen in water, of nitrocellulose in
acetone, or of rubber in hexane are examples.

Re (4): Macromolecular association colloids comprise another
important class of organic colloids. In these systems the macromole-
cules are linked by means of cohesive forces and secondary bonds
into more complex units. Aggregation may occur in any solution of
molecular colloids if a non-solvent (for the solute) is added. The
associated units may be identical chemically, but different macro-
molecules can also be joined together. Certain proteins are the most
important examples of association colloids. It can be shown in
many cases that the colloidal particles in protein solutions are
composed of several macromolecular subunits which are linked by
relatively weak secondary bonds and Van der Waals (cohesive)
forces. The nucleoproteins and viruses are examples of very com-
plex macromolecular association colloids.

Staudinger showed that it is useful to classify these last two
groups further, namely, according to the particle (or molecular)
shape. He showed that the properties of the colloids, especially the
mechanical behavior, differ considerably depending on the molecular
asymmetry. The molecules of the fibrous structural tissues of plants
and animals are fibrous, like long, thin strings. The particles which
are transported in veins, however, have a round shape, since fibrous
particles might clog the narrow channels. Long and thin also are
the molecules of the elastic polymers, such as rubber. Only those’
synthetic polymers which possess long, thin molecules proved to
be useful for the preparation of artificial fibers. Because of this
importance of molecular shape, Staudinger proposed to classify
all organic colloids into linear colloids and spherocolloids. The impor-
tance of molecular shape was recognized early by most of the
leading colloid chemists (K. H. Meyer, H. Mark, H. R. Kruyt, and
others). Astbury proposed that those substances possessing very
asymmetric molecules be called fibrous colloids, and those with
symmetric particles—globular colloids. Since the particles in the
dispersions and micellar colloids are not very asymmetric, it seems
useful to apply the classification into linear and spherocolloids only
for the last two groups, i.e. the molecular colloids and macro-
molecular associations. This is shown in the chart on p. 18.

The variety in the realm of organic colloids is so great that any
classification will be incomplete. In the classification just outlined
emphasis is placed on the constitution of the colloidal particles and
macromolecules. The first two groups have in common the fact
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ORGANIC COLLOIDS

. Macromolecubur
Dispersions MW’-"" Molecular Colloids Association
Colloids ;
Colloids
Suspensions Emulsions Globular  Fibrous Globular  Fibrous

Examples: Examples: Examples: Examples: Examples: Example: Example:
India ink, cream, soaps, glycogen, rubber, polio fibrin

cocoa water in lecithin albumin  cellulose virus
petroleum sols

that the colloidal entities are rather ill defined aggregates of small
molecules (as in emulsions or soaps) or fragments of solid materials
(as in cocoa, carbon black, finely ground bakelite). Stable disper-
sions can be prepared only if certain stabilizing substances also are
present in the solution. Most dispersions are lyophobic, most micellar
colloids are lyophilic. However, many authors call the particles in
dispersions micelles. Further classification could be done in all of
the groups; for example, in some dispersions, such as a dispersion
of sugar in ether or acetone, the sugar particles are composed of
many small individual molecules; in a carbon black suspension,
however, the atoms in the whole particle are linked into a consistent
mass. Further classification into lyophobe and lyophile colloids also
could be done in all four groups, but this would complicate the
matter too much. Moreover, with respect to constitution, the
globular macromolecular association colloids could be further clas-
sified into mere aggregates (such as the opalescent aggregates of
partly flocculated albumin) or more definite associations, such as
insulin.

Not until 1940 were the former concepts about the micellar
structure of natural polymers abandoned by most scientists. The
existence of large molecules was further substantiated not only by
the work of Staudinger and his school (G. V. Schulz, Signer, Huse-
mann, Heuer, Trommsdorff, Kern, and many others) but also by
extensive research in other laboratories. Important studies on
polymerization (in 1928-1940) e.g. those of Carothers, Flory, Mark,
Mellville, and the study of polymer solutions, gave further proof of
the existence of macromolecules®.- New methods of molecular weight
determinations were introduced, and old methods were refined.

Very important among the new methods was the simple viscosi-
metric technique of Staudinger, and the ingenious method of Sved-
berg and his associates who studied sedimentation in the ultra-
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centrifuge. The latter method gave especially interesting results
with proteins. It could be shown that many of the well purified
proteins appear to be homogeneous. As most of the dispersions and
micellar colloids are inhomogeneous, the proteins in solution appear-
ed to be like any molecular solutions. The conclusion was drawn
that the entities in the solutions of homogeneous proteins are large
molecules. Although this appeared to be not quite true in the light
of later work, the data were of considerable importance. (The Nobel
Prize was awarded to Svedberg in 1926.)

Further important information concerning the proteins was ob-
tained by means of the electrochemical studies of Pauli, Tiselius,
and others. Proteins, and a large number of other organic colloids
possess electrically charged molecules. The colloidal particles of
proteins or soaps are large polyvalent ions. They move in direct
current, and interesting information can be obtained by the study
of this mobility. (Tiselius received the Nobel Prize in 1948.) It will
be just briefly mentioned here that the amount of free charge the
colloidal particles possess is very important in influencing the
stability of a colloid. This is especially important for all lyophobic
systems, since for them the charge is the only stability factor.
Particles which have a charge of the same sign repel each other,
and therefore cannot agglomerate and precipitate.

In the branch of micellar colloids and stability of emulsions very
important contributions were rendered by Langmuir, Harkins,
Adam and Sir Eric Rideal, to mention only a few®. They studied,
for example, surface films of organic substances, estimated the film
thickness, and investigated the spatial configuration and orientation
of the molecules on surfaces. It was shown that the orientation on
the surfaces depends chiefly on the chemical constitution and con-
figuration of the molecules. Most of this information was obtained
by means of ingenious experimental devices such as the surface
balances. It could be shown that many substances can be spread
on the surfaces of liquids as monomolecular layers. The data on
the orientation of organic molecules composed of both hydrophilic
and hydrophobic groups were especially interesting and practically
important.

Another characteristic feature in the development of modern
organic colloid chemistry was the striving for purity of the substance
to be investigated. The more physical chemically-minded early
colloid chemist gave little concern to the purity of the organic
colloids he investigated. Ill defined, impure, partly decomposed
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substances often were studied. The results of such studies, of course,
were poorly reproducible, and of very little value in most cases.
Some organic chemists, on the contrary, were so thorough in the
purification of labile natural organic colloids that the macromole-
cules were decomposed in the isolation and purification. It must
be pointed out that mild yet thorough purification procedures were
applied mainly by those who had the right vision about the existence
of labile macromolecules. Staudinger was the first who applied such
methods for rubber and cellulose derivatives, and the enzyme
chemists and virus chemists treated the proteins in the same
manner. The Nobel Prize in 1946 was awarded to three American
chemists: to J. B. Sumner and J. H. Northrop for the isolation of
crystallized enzymes, and to W. M. Stanley for his work on isolation
of viruses. Mild methods for the fractionation and isolation of blood
serum proteins also were elaborated in the U.S.A. by E. J. Cohn
and his associates. New discoveries on the constitution and colloid
chemical properties of well-purified proteins are piling up steadily,
yet most of the problems are far from being solved. Examples of
such unsolved problems are: the shape of protein molecules in
solution, the exact configuration of polypeptide chains in the pro-
tein molecules, and the number and manner of linkage of these
chains in various cases.
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CHAPTER 3

The Properties of Organic Substances as Depending
on Chemical Constitution and Molecular Weight

1. Various Types of Molecules

Over half a million organic compounds have been isolated and
studied. Most of them are micromolecular substances, i.e. their
molecular weight is well below 10,000. In order to solve the prob-
lems concerning the constitution of both micellar particles of organic
colloids and the macromolecules, some important facts about sim-
pler molecules ought to be considered.

All those organic compounds which are gaseous at ordinary
temperatures are composed of very small molecules. Examples are:
methane CH,, ethane C,H,, ethylene C,H,, acetylene C,H,, phos-
gene COCl,. Organic liquids also are micromolecular, for example,
ethyl alcohol C,H;OH, chloroform CHCl,, diethyl ether C,H;-O-C,H,,
benzene C¢H,, acetic acid CH;COOH, butyl amine C,H,NH,. Solid
organic substances vary widely in molecular size. For instance, the
urea molecules CO(NH,), or glucose molecules C¢H,,04 are small,
but those of starch or albumin are large.

It was learned long ago that the properties of organic substances
depend on their constitution and molecular weight. In order to
find the rules which correlate the properties with the size and
constitution of the molecules the substances, first, should be classi-
fied. As a result of such classification we have the so-called Aomolo-
gous series of various hydrocarbons, of alcohols, acids, and many
other groups. The paraffins or saturated open chain hydrocarbons
are the simplest compounds. These compounds are very stable,
and they are hydrophobic substances. The properties of normal
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paraffins, e.g. their volatility, change rather regularly with the
increase of the molecular weight. The same regularity can be stated
in other homologous series, for instance, in the alcohols. This is
illustrated in Table 1.

TABLE 1
HOMOLOGOUS SERIES OF NORMAL PARAFFINS AND ALIPHATIC ALCOHOLS.
THE INCREASE OF BOILING POINTS WITH RISING MOLECULAR SIZE

Paraffins Boiling point Alcohols (normal) Boiling point
Mecthane CH, —164° Methyl alcohol CHZOH +4-64 7"
Ethane CyHg — 93 Ethyl alcohol C,H;OH 78
Propane CaHy -~ 45 Propyl alcohol  C;H,OH 97
Butane CH,, + 0.0 Butyl alcohol C,H,OH 117
Pentane C;Hy, 36 Amyl alcohol CsH,0H 137
Hexane Celly, 68.7 Hexyl alcohol CeH,;OH 157
Heptane C,H,, 98.4 Heptyl alcohol  C,;H,;;OH 176
Octane CgHyy 1258 Octy! alcohol CsH,,0H 194
Nonanc CyHyy 150.7 Nonyl alcohol CoH,,OH 213
Decane CroHyy 173 Decyl alcohol Coli5OH 231
Undecane ChHg 195 Undecyl alcohol C,,H,;OH 131

(at 15 mm
pressure)
Dodecane Cy3Hyg 215 Dodecyl alcohol C,H,;OH 143
(at 15 mm
pressurce)

Two important conclusions can be drawn from the Table: (1) the
larger the molecules the less volatile is the substance in the same
series, and (2) the alcohols are much less volatile than the hydro-
carbons which have approximately the same molecular size. The
molecular weight of butane is 58, and that of ethyl alcohol 46, yet
the former is much more volatile than the latter. This indicates
that the intermolecular forces which act among the molecules in
alcohols are much more pronounced than in hydrocarbons. Physical
chemical studies have shown that the charge distribution in the
molecules of alcohols is not symmetric, the molecules, like those
of water, are polar. The positively charged side of such a polar
molecule attracts the negatively charged part of another molecule.
Clusters .of molecules thereby are formed in polar liquids. Inter-
molecular association is explained also as a consequence of kydrogen
bond formationl. According to this concept, the hydrogen atoms in
water molecules, and the hydrogens in the -OH groups of the
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alcohols are able to form weak bonds with strongly electronegative
atoms of adjacent molecules. For example, in alcohols this bond
will be R-OH....O-R. In water, alcohols, and phenols many molecules

|
H

are thus bound in loose clusters, such as in ethanol:
C.‘,H5OH....CI)C2H5
H

C,H,OH.....OC,H,
H

0C,H,

ﬁ
H

.. H—-OC,H,

In alcohols such clusters are of indefinite size. In carboxylic acids,
however, definite dimers can be formed. Hydrogen bonding occurs
also in amides and imides, in which the hydrogen atom of the
—NH-groups is able to bind electronegative atoms of other mole-
cules. The dissociation energy of these hydrogen bonds is only
about 4-6 kcal. per mole, whereas the dissociation energy of the
primary C-O bond is 70-75 kcal.

There is another important property by which polar organic
liquids differ from non-polar ones—the internal resistance to flow
or viscosity. Intermolecular linking causes a liquid to be relatively
thick, viscous. Propyl alcohol, for instance is much more viscous
than pentane. In the same homologous series, e.g. in paraffins, the
viscosity increases with increasing molecular size. The paraffin oils
are viscous, as the molccules in these liquids are of considerable
length.

Very interesting and important is the dependence of solubility
on chemical constitution. The solubility properties are governed by
a simple rule: similar dissolves similar. Hydrocarbons are soluble
in other hydrocarbons, the higher molecular solid alcohols are
soluble in simple alcohols. If an organic molecule is composed of a
hydrocarbon radical and a polar group, the solubility is determined
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by the relative sizes of both components. Methyl alcohol is soluble
in water, since in the CH;OH molecule the polar OH-group dominates.
The solubility of amyl alcohol C;H,;OH in water is low, because
in this case the hydrocarbon radical comprises a large part of the
molecule. The higher alcohols, such as decyl alcohol C,,H,,OH, are
practically insoluble in water. The same rules govern the solubility
of other organic compounds. Acetic acid CH;COOH is soluble in
water, as the polar and ionogenic carboxyl group comprises the
major part of the molecule. Oleic acid C;;HggCOOH, on the contrary,
is insoluble in water, for the hydrocarbon radical is relatively large
in this case. However, this acid is soluble in various oils in which
acetic acid is insoluble. The polar part of the oleic acid is hydro-
philic, the hydrocarbon radical is hydrophobic or lipophilic (fat
liking). The compounds in the homologous series of alcohols, acids,
esters, ethers, aldehydes, ketones, amines, and other similar compounds
become less hydrophilic and more lipophilic with increasing molecular
stze.

This conclusion is especially significant for the problems of micelle
formation, molecular orientation in monolayers, and stabilization
of emulsions. Experience has shown that micellar hydrosols are
formed always when molecules possessing long hydrocarbon radicals
and polar groups are introduced into water. For example, in the
case of sodium palmitate

CH,CH,CH,CH,C11,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,» COONa <— polar head
Hydrocarbon tail

there is a long hydrocarbon ‘tail’ and a polar ‘head’. The tail is
hydrophobic, and it is pushed out of the water. There is no affinity
of water to hydrocarbon, but some affinity exists between the
hydrocarbon radicals themselves. Because of this, the molecules
aggregate into micelles, the latter having a very interesting constitu-
tion: the hydrocarbon tails all are turned inside the micelle. The polar
and ionogenic heads, on the contrary, have affinity to water, and
hence they are located on the surface of the micelle (see Chap. 5).

The solubility of high polymers in various organic liquids also
can be predicted on the basis of chemical composition. Rubber, for
example, is a hydrocarbon, and it is soluble in hexane or benzene
but not in methyl alcohol or acetic acid. Polyvinylalcohol molecules
contain many OH-groups, and this polymer is soluble in water and
in alcohol. Albumin molecules contain many polar and ionogenic
groups on their surfaces, hence albumin is soluble in water, but
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insoluble in hydrocarbons or even in alcohol. When both polar and
non-polar groups are constituting the macromolecules, the predic-
tion, however, becomes uncertain.

2. The Variety of Isomers in Homologous Series

The properties of organic compounds depend not only on the
chemical composition but also on the structure of the molecules.
The carbon atoms can be linked not only in open chains but they
can form branched chains and rings as well. These various chains
then can be saturated with hydrogen atoms and other elements
to various degrees, and oxygen, nitrogen, sulfur and many other
atoms may be placed in various parts of the chain or ring. The
more carbon atoms are linked the greater is the number of possible
isomers. This is illustrated in Table 2 for several of the simple
paraffins?,

TABLE 2
THE MOLECULAR WEIGHT AND NUMBER OF ISOMERS FOR SOME PARAFFINS
Molecular weight Number of isomers
CH, 16 1
C.H,, 58 2
CeHyy 86 5
CioHp, 142 75
CysHag 212 2513
CyoHys 282 21,585
Ci00H 202 1402 about 101°

According to the data' presented in Table 2, the number of
isomers increases astoundingly with increasing number of carbon
atoms in the hydrocarbon molecules. Most of the isomers of the
lower molecular hydrocarbons are prepared, purified, and well
investigated; all isomers, for instance, of eicosane CyyH,,, however,
have not been isolated. The calculated numbers of isomers just
show the potential possibilities of variations. The natural hydro-
carbons are not yet completely investigated, and it is not known
how many of all these complicated hydrocarbons will be found and
identified?.

This example does not cover all the possibilities of variations in
hydrocarbons. There are series of homologs of unsaturated hydro-
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carbons in which the possibilities of isomerism are even greater
than in paraffins. In the ethylene, acetylene and diene series isomers
occur not only because of different arrangement of carbons but
also because of different locations of the double and triple bonds.
When oxygen, nitrogen and other elements are introduced in the
molecules, the number of isomers increases even more. Millions of
isomers are possible of compounds which have the molecular weights
of several thousands. Such compounds, according to our definition,
are still micromolecular. In the realm of macromolecular substances
the number of possible isomers is infinite.

In spite of these tremendous potential possibilities, there is a
preferential formation of certain kinds of compounds only. Not all
isomers occur in nature with an equal frequency. The reasons for
this preferential formation of some isomers are different in different
cases. Some combinations of atoms are less stable than others.
Usually the most stable or thermodynamically most probable com-
binations are formed. This is becausc of the second law of thermo-
dynamics. However, not only a skilled chemist in his laboratory
but nature itself is able to form many rather unstable combinations
of atoms. Many organic compounds are formed in living cells. This
is possible in very narrow temperaturc limits only. The origin of
life is unknown, but it seems that specific conditions, besides
the temperature limits and chemical nature of carbon, nitrogen and
water have been important. Some organizing factors have been
involved which governed the formation of only some carbohydrates
and proteins through a long and complicated pattern of reactions.
What have these factors been ? Have the reactions occurred on the
surfaces of inorganic substances (minerals) of specific structural
characteristics? We can just guess. Whatever the reasons have
been, carbon, hydrogen, and oxygen have combined preferentially
to form cellulose and similar carbohydrates, whereas other oxygen-
rich compounds in plants are found in insignificant amounts.

The complicated organic compounds are unstable at very high
temperatures. Many of them, however, are relatively stable at the
moderate ordinary temperatures. If single molecules are considered,
they usually have different reactivity in different parts of the
molecule. In unsaturated compounds, such as isoprene and rubber,
the double bonds are most reactive. In alcohols most reactive are
the hydroxy groups (toward most reagents). In proteins most
reactive are the carboxyl -COOH, amino -NH,, and the sulfhydryl
~SH groups. These facts about the reactivity of both micromolecular
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and macromolecular organic compounds are very important in
organic colloid chemistry.

3. The Polymer-homologous Series

Some homologous series have been presented in the previous
sections. In the paraffin series the molecular size increases regularly
by adding one methylene group —CH,—. Only the first twelve hydro-
carbons and the first twelve alcohols (without any isomers) were
presented in Table 1. However, many more hydrocarbons and
alcohols are known. For example, a hydrocarbon pentacontane
CsoHygs is a solid which melts at g2° C. The carbon chains can be
extended even longer than that. According to the generally accepted
definition, however, all the substances whose molecules are com-
posed of 50 and more carbon atoms are still low-molecular (micro-
molecular). The term macromolecule is used when about 1000 atoms
are linked, and when the molecular weight is about 10,000.

The simplest macromolecular hydrocarbon is polyethylene (also
called polymethylene);

- CHy ~CH,—CH,—CH;—CHy— CHy—CH,—CHy—CHy—CHp——CHy—. ...

As the chains are very long, and of not quite definite length, the
formula can be abbreviated as follows:

.. (CHy)p....

There are two important differences between a micromolecular and
a high polymer hydrocarbon: (1) the number of carbon atoms in
a micromolecular hydrocarbon is relatively small and definite, where-
as in macromolecular hydrocarbons it is large and indefinite; (2) the
low molecular substances have definite, known end groups, whereas
usually little is known about the end groups of macromolecular
chains. Therefore the formulas often are written without the end
groups. When the chains become extremely long, the end groups
become less significant in determining the gross properties of the
substance. Their amount is so small, in comparison to the bulk,
that it is difficult to determine them.

The indefinite value of # in the presented formula of polyethylene
is a very important feature. The significance of this is apparent if
one considers the difficulty encountered in separating individual
hydrocarbons from paraffin oil, though there the molecules are
much smaller than in polymers. All polymers are mixtures of polymer-
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homologs, just as paraffin oil is a mixture of difficultly separable
micromolecular hydrocarbons.

Considering the amazing multitude of isomers, one might think
that molecules of very different constitution appear in the polymers,
such as polyethylene, polystyrene, rubber. However, in most natural
and synthetic polymers the macromolecules are all of the same
(or very similar) constitution. In linear polymers the molecules differ
in the chain length only. Therefore, it is not incorrect to speak
about polymer-homologous series. A polymer-homologous series of
polyethylene then can be presented as follows:

(CHE)UM

It is quite conspicuous that the individual members in such series,
e.g. (CHy)y100 and (CH,)yyo; must be practically indistinguishable.
In reality polymers are composed of a very large number of different
size molecules, though their constitution is uniform.

Any polymer-homologous mixture can be fractionated by suitable
means (Chap. 8). However, the separated fractions never are ab-
solutely homogeneous. In such fractionations a polymer may be
first liberated from any low-molecular products (mol. weight about
1000-3000). Fractions which have molecular weights of 5000-10,000
can further be separated. It must be pointed out that there is no
sharp borderline between micro- and macromolecular molecules.
Polymers which have the molecular weights about 3000-10,000 are
called semi-colloids (also hemi-colloids or ‘half-colloids’). The true
macromolecular part of the polymer then may be fractionated
further, and macromolecular fractions with mol. weights of 10,000-
100,000, and very high molecular fractions with mol. weights
200,000—-400,000 and more can be separated. Each of these fractions
can be fractionated further, and even more homogeneous compo-
nents can be obtained, for example one with the mol. weight of
60,000-80,000 for the major part of the polymer. However, no
polyethylene or polystyrene fractions are known which are absolute-



4 CLASSIFICATION OF HIGH POLYMERS 29

ly homogeneous, i.e. that all molecules have the same relative
weight, say, 140,000.

The residue constituting the macromolecules (e.g. -CH,-) is called
mer. The subscript » indicates the number of mers in a molecule
of a polymer, and is called the degree of polymerization, For instance,
in the case (CH,)y¢p the degree of polymerization is 1000. The
molecular weight is obtained by multiplying the degree of polymer-
ization (denoted often P instead of #») by the radical weight of
the mer:

Molecular weight = # X (radical weight).

In the case of (CH,),q the molecular weight then will be 1000 X 14
= I4,000.

4. Classification of High Polymers

In Chapter 2 the molecular colloids have been classified into linear
colloids and spherocolloids. The molecular size and skape are very
important in determining the properties of a macromolecular sub-
stance. However, the properties of organic colloids do not depend
solely on molecular size and shape but also on chemical composition
and constitution. Moreover, it can be predicted from the chemical
constitution of the micromolecular constituents of the large mole-
cules whether they are linked linearly or spatially. This is especially
important in conducting polymerizations, i.e. making polymers
from simple reactive organic compounds. Such reactive starting
materials are called monomers. Ethylene CH,=CH,, vinyl chloride
CH,=CHC(], and styrene CgH;,CH=CH, are examples of mono-
mers. Such molecules polymerize linearly, for instance:
#CHy=CHCl —» #—CH,~-CHCl— — (—CH,—CHCl—)n
activation polymerization

In many natural and synthetic polymers the repeating units (mers)
are the same, and the way of linking is linear. Some examples of
such polymers are presented in Table 3.

All the mentioned polymers have in common certain mechanical
properties, for example, their solutions are thick, viscous. In bulk
they are deformable with various ease, and some of them are
highly elastic (rubber). However, they differ considerably not only
in their molecular weights but also in some mechanical, electrical,
optical, and chemical properties. The differences appear even if
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TABLE 3
EXAMPLES OF NATURAL AND SYNTHETIC LINEAR POLYMERS

Material Chemical composition Molecular weight
Polyethylene (CHy), 5000 — 40,000
Polyvinyl chloride (CH,CHCl), 10,000 — 150,000
Polystyrene (CeHzCHCH,), 60,000 — 1,600,000
Rubber, natural [—CH,— C(CH4) =CH—CH, - |, 150,000 ~ 1,300,000
Cellulose, natural (CeH1008)n 300,000 — 1,500,000
Cellulose 1n rayon (CeH,1005)n 70,000 ~ 100,000
Nylon [---NH(CH,){NHCO(CH,),CO--], 10,000 — 32,000

specimens of the same average molccular weights of these linear
polymers are compared. For example, rubber is more elastic than
cellulose of the same molecular weight. Nylon gives much stronger
fibers than polyvinyl chloride of the same molecular weight. The
polymer hydrocarbons are all good electrical insulators; cellulose
and nylon are inferior in this respect. The solubility of the men-
tioned linear polymers differs considerably. The polymer hydro-
carbons are soluble in hydrocarbons in which solvents, cellulosc and
nylon are insoluble. The differences in chemical reactivity arc very
great, even between polystyrene and rubber. The former is a
saturated hydrocarbon, and hence it is chemically rather inert.
The latter is an unsaturated compound, it can be oxidized easily,
reacts also with sulfur, whereby its propertics are considerably
changed. The chemical differences are even greater if the hydro-
carbons are compared with cellulose. The latter reacts with acids,
whercas polyethylene is resistant to acids. These facts show that
one must be careful in any generalizations about the dependence
of properties on molecular size and shape. For this rcason the
various classes of organic colloids will be treated separately in
Part II of this treatise.

Although all natural and synthetic polymers are mixtures of
polymer-homologs, the constitution of their molecules is astound-
ingly uniform. Constitutional variations, however, are not uncom-
mon. The polysaccharides cellulose, starch and glycogen are well
known examples. All of them are built of the same glucose radicals
but the arrangement (constitution) is different. In the macromole-
cules of cellulose the arrangement is linear, in starch there is some
ramification, in glycogen the branching is very considerable, and
the macromolecular meshwork is rather compact. This is an ex-
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ample where viscosity, solubility and other properties are deter-
mined largely by the molecular shape and constitution.

So far only simple polymers have been mentioned. The macro-
molecules of such simple polymers are composed of many repeating
units. In many other instances two, three or even more different
repeating units (radicals or mers) may occur in the macromolecules.
Two different repeating radicals appear, for example, in a synthetic
rubber called buna S. It was prepared by polymerizing a mixture
of butadiene CH,=CH-—CH=CH, and styrene. In such copolymer-
1zation the monomers do not polymerize separately to polybutadiene
and polystyrene but chains are formed in which both radicals
appear in an irregular sequence. The composition of such chains
may be illustrated as follows:

o —(CIL,CH = CHCH,) y—(CHCH,) y—(CH,CH = CHCIL,) y —(CHCHy) - —......
l

CeHg Cell

Copolymers composed of three or more mers also are known. More-
over, not only linear macromolecules can be formed but ramified
structures as well.

Many different constituting units are found in the macromolecules
of proteins. These macromolecules are built of about zo different
amino acid radicals (see Chap. 25—28). The long polypeptide chains
of these radicals are twisted in various ways, and they usually are
cross-linked with the adjacent chains.

Another important class of polymers is that of the so-called
space polymers. Many substances are known in which the mers are
linked by strong primary bonds in all directions in space. An
example is bakelite, a phenol-formaldehyde resin. As phenol has
three reactive hydrogens, two of them can be used in chain forma-
tion and the third for interlinking the chains. Vulcanized rubber
is another example of space polymers. The polyisoprene chains of
natural rubber have double bonds which react with sulfur in the
process called vulcanization. In this reaction sulfur cross-links are
formed between the chains. The space polymers are insoluble,
because of this chemical interlinking of the chains. The space
polymers have no definite molecular weights. Any macroscopic mass
of such substance can be considered as a huge macromolecule.

In the following chart are mentioned the chief classes of organic
macromolecules.
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ORGANIC MACROMOLECULES

Linear Polymers Ramified Macvomolecules
One repeating Repeating units Simple branched Space polymers
mer different macromolecules
Examples: Examples: Examples: Examples:
Polyethylene, Linear copolymers, Starch, Vulcanized
Cellulose, Some proteins Glycogen rubber,
Nylon Bakelite,

Some proteins

Denoting by A, B, C, D, the repeating units, the constitution of
the four types of macromolecular substances can be illustrated as
follows:

Simple linear polymers:
ceer—A—A—A—A—A—A—A-——-A—A—A—A—...

Linear macromolecules with different mers:
o.—A—A—B—B—B—B—C—C—C—D—D—A—..

Simple branched macromolecules

Space polymers:
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5. Some Characteristic Properties of High Polymeric Substances

Simple, micromolecular organic compounds, such as ethyl alcohol
or naphthalene can be isolated by the classical methods of distilla-
tion, and crystallization. They can be characterized by determining
the boiling point and melting point. Most of the high polymers
cannot be crystallized, and all of them are #on-volatile. The solid
macromolecular substances have no definite melting points. Upon
heating they become soft or decompose at a certain higher tem-
perature. The softening point, i.e. the temperature at which they
become soft and plastic cannot be determined with great accuracy.
Moreover, many of the high polymers appear resinous and sticky.
It is hard to purify them. For this rcason, the organic chemist was
reluctant to study them in the early period of organic chemistry.
Resinous products were simply discarded. Because of this, the
development of macromolecular chemistry was slow up to the very
recent time. The application of the ingenious new methods of
organic and physical chemistry initiated progress in this branch.

We have seen already that all natural and synthetic polymers
are mixtures of polymer-homologs. Molecules of various sizes are
found in any macromolecular substance, whereas the molecules of
sugar, alcohol, or naphthalene are all of the same size. Although
many macromolecular substances have been obtained in crystalline
state, the crystals appear to be composed of not quite identical
units, It was shown in several instances of proteins that the crystals
contain several chemically different components. The crystals of
linear polymers differ from crystals of micromolecular substances
mostly in the variety of length of the building units. According to
Staudinger, a molecular lattice of a micromolecular substance can
be illustrated as in Fig. 2 A, whereas a macromolecular lattice is
like that in Fig. 2 B. Staudinger? investigated the crystallization

Fig. 2 .Molecular (A) and macromolecular (B) lattice.
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of polyoxymethylene (CH,O)» which is a polymerization product
of formaldehyde, and possesses rather short chains. It was found
that the longest chains crystallize out first, and the shorter are
more hard to crystallize. However, no quantitative separation of
the polymer-homologs is possible; in the first fractions of the
crystallites are included also some of the lower molecular com-
ponents.
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CHAPTER 4

The Formation of Large Molecules

Large molecules are formed from small molecules by polymerization
or polycondensation. Both terms express the idea that many (poly)
small molecules unite. In a simple polymerization the small mole-
cules combine into large ones and no side products are formed. In
polycondensation some micromolecular side products (mostly water)
also are formed. In both polymerization and polycondensation true
chemical reactions occur, i.e. primary valence forces are involvedl,

The formation of polymers was observed by many chemists long
ago, but the explanations of the phenomena were often incorrect.
It was, for example, observed that styrene, C¢qH,CH=CH,, which
is a non-viscous liquid, becomes in time more viscous, and sets
finally to a solid glasslike mass. The formation of various aldehyde
resins is another example. It was also noticed that the unsaturated
compounds, such as the esters of acrylic acid polymerize most
readily.

1. Polymerization

Several simple examples of polymerization have already been
mentioned in the preceding chapter. A more detailed discussion,
however, would be desirable. According to Staudinger, Schulz, and
others, the mechanism is as follows: First, the molecules of a
monomer must be activated ; second, theactivated molecules combine,
and, finally, the chain growth is ferminated by some process?.

Let us first consider the activation. The ease with which various
unsaturated molecules can be activated is different. Energies in the
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range of 35kcal. have been estimated for a mole of ethylene, and
about 25 kcal. per mole of styrene. However, it must be pointed out
that, in order to polymerize a mole of styrene, one does not need
this whole amount of energy. The polymerization, as mentioned
before, can start spontaneously, as only a small fraction of the
monomer molecules must be activated. The energy needed for the
activations of the rest of the monomer is furnished by the chain
growth which is an exothermic reaction. For this reason room
temperatures may be sufficient for the initiation which for substi-
tuted ethylenes can be symbolized as follows:

R:-CH=CH; — R:CH—CH,

Light also can initiate polymerization. Furthermore, the activation
can be promoted by impurities present in the monomer, or by
certain catalysts, such as BF,. Organic peroxides are often
used as initiators. The mechanism and kinetics of this initiation was
studied by Mark, Flory, Schulz, Tobolsky and others3. It could be
shown that free radicals of the initiators are formed, and these free
radicals react with the monomer, for example, benzoyl peroxide
CeH;CO-0-0-CO-CgH; is split into free radicals 2 CgH,CO-O which
react with styrene as follows:
C4H,CO-0 + C{H,CH=CH, —> C,H,CO-O-CH;,CH—, and
CeHs

CyH;CO-0-CHyCH—+CyH;CH =CHy —» C,H,00-0-CH,CH-CH,;—CH—

CoH, CeHy  CoHg
and further:
C,H,CO-O-CHyCH-CH,CH~ + CH, CH=CH, -—>

CGHE GHB
CgH,CO-O-CH,CH-CH,-CH-CH,*CH—, and so forth.

CeHy  CoHy  CoH,
Thus the chain grows longer and longer in one direction. The peroxide

group in the chain remains as one end group, but the other end
continues to react, as it actually is a free radical R-CH—.

l
CH,

With this description of chain propagation we enter the second
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phase of polymerization reactions—the chain growth. As mentioned,
this is an exothermic reaction. The polymerizing material heats up,
and must be cooled off in order to conduct the polymerization in the
desired way. It ought to be mentioned also that the heats of activa-
tion in the cases of peroxides as initiators are relatively low (4-5
kcal. per mole of vinyl monomer), and that the heats of chain
growth exceed this amount considerably. Some data are presented
in Table 4%

TABLE 4
HEATS OF POLYMERIZATION IN kcal. PER MOLE OF MONOMER
Heat of
Monomer Polymer, solid Polyme-
rization
Ethylenc Polyethylene 25.9
Styrene Polystyrene 16.3—18.0
Vinyl acetate Polyvinyl acetate 21.3
Vinylidene chloride Polyvinyhdene chloride 14.4
Methyl acrylate Polymethyl acrylate 18.7
Methyl methacrylate Polymethyl methacrylate 13.0-16.3
1,3-Butadiene Buna rubber 12.2-38.4
Isoprene Polyisoprene, rubber 17.9-24.1

The chain growth is a rapid process. The life span of a free
radical in the process of polymerization is estimated of the order
of a few seconds only. During this time many hundreds of monomer
molecules react with the radical, and they are added to the growing
chain. This continues until the growth is terminated by some kind
of reaction.

The termination may occur because of a variety of causes. Firstly,
the unsaturated ends of two growing chains can meet and combine.
Secondly, the radical may meet some other molecules which are
present as impurities or are added intentionally in order to terminate
the reaction. Phenol, nitrobenzene, and hydroquinone are examples
of substances which are able to terminate chain growth. Hence
hydroquinone and other substances are added to monomers in order
to stabilize them during storage and transportation. When un-
wanted polymerization occasionally starts, the stabilizer interrupts
it by terminating the chain growth.

Certain modifiers are often used in polymerization in order to
prepare polymers with some desired properties. The chain length is
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one of the most important features which determines many prop-
erties of any polymer. Some modifiers act as agents which terminate
chain growth, and at the same time initiate the formation of new
free radicals. Mercaptans are such modifiers which are able to
terminate the growth of a chain, initiating at the same time the
formation of new free radicals, for example:

....... CH,—(|:H-— + CuH,,-SH——)....CH,—(I:H, + CyHgyS—;

R R
growing chain; dodecyl terminated free radical
if polystyrene mercaptan chain

R will be C4H,.
and

CiyHyyS— + CHy=CHR —» C,3H,y-S—CH,—CH—

|
R

monomer new growing chain.

Ferrous salts also are used in influencing polymerization reactions.
In mixtures with peroxides they accelerate the formation of free
radicals from the peroxides, for example:

Fet+ 4 H,0, = Fet+t+ 4+ OH- + OH;
free radical
and
CH,=CHR + OH — HO———CH,—(|:H—

R

monomer free radical
of activated monomer.

In this example the monomer is activated by the free OH group
which remains as one of the end groups in the chain. When organic
peroxides instead of H,0, are used, the free peroxide radicals
R—O— will be formed.

Polymerization has a certain likeness with crystallization. In
both instances the size of the entities formed depends on several
factors, chiefly on the rate of the formation of nuclei and on the
growth rate. If the material is distributed on a few nuclei, the
particles formed will be large. If many nuclear centers are formed,
the particles can not grow too large. An important factor is tem-
perature. It usually promotes the formation of nuclei more than the
growth rate. Hence lowering of temperature will favor the forma-
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tion of long chains. The lower the temperature and the purer the
monomer the longer chains will be obtained. A high concentration
of initiators and modifiers will produce shorter chains.

The polymerization reactions can be carried out in various ways:
(1) in bulk, (2) in solution, (3) in dispersions of monomers. Poly-
merization in bulk of a monomer can occur spontaneously, as already
mentioned. On commercial scale this is done in cases when the
polymer formed melts without decomposition, in order to apply it
for various purposes. Monomers can be polymerized also in suitable
solvents. For example, styrene can be dissolved in alcohol, and the
polymerization can be initiated by certain catalysts or initiators.
The solution warms up on polymerization, and an amorphous mass
of polystyrene separates out of the solution. In some cases the
solvent itself may participate in the termination of the growing
chains. Polymerization of dispersions of monomersis veryimportant,
and, depending on the conditions, it may produce either a finely
precipitated polymer (bead polymerization) or stable dispersions
(emulsion polymerization)®. In these instances the monomer is
slightly soluble in the solvent which usually is water. Most common-
ly the monomer is dispersed by means of suitable emulsifying
agents, and certain catalysts and modifiers also are added. Depend-
ing on the system, the polymerization may occur either in the
water phase, at the surface, or inside the dispersed droplets. If
soaps or other stabilizing detergents are present, the resulting
particles of the polymers formed are kept in a form of dispersion.
Such dispersion resembles rubber latex or cream, it is handy for
various applications, such as surface coating. The amount of addi-
tives is small in comparison with the amount of monomer. It is
also important that the best polymers are usually obtained in
copolymerization. For example, for good protective coatings mix-
tures of butyl methacrylate and vinyl acetate are emulsified by
means of sulfonated castor oil, and polymerization is initiated by
adding small amounts of hydrogen peroxide, and other substances.
The mixture must be warmed up to 60—70° C and stirred. The
beginning of the polymerization can be perceived by observing the
spontaneous rise of the temperature, because of the exothermic
character of the chain growth. In polymerizing large amounts cool-
ing becomes necessary®.

It must be pointed out that the dispersions obtained in emulsion
polymerization are not molecular solutions but dispersions of lim-
ited stability. They are milky and more or less consistent depending
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on the concentration of the dispersed phase. In order to retain
the stability after polymerization, these dispersions must contain
a certain amount of stabilizing soap or other stabilizing agent
which protects the particles from coalescence and precipitation.
These particles are aggregates of many macromolecules of the
polymer.

2. Polycondensation

Wallace H. Carothers is one of the great pioneers in the branch
of polycondensation or condensation polymerization. His excellent
review written in 1931 is an example of clarity and stimulating
power, and can be rcad profitably even after more than 20 years of
extensive development of this branch?. This article is characteristic
for the approach an organic chemist has to organic colloids. Car-
others, like Staudinger, had not the slightest doubt that synthetic
and natural polymers are macromolecular substances. Many new
synthetic polymers were developed by Carothers and his associates
in the laboratories of E. I. du Pont de Nemours and Company in
Wilmington, Delaware. Most useful of these is nylon which is
produced now in huge quantities, and is used as starting material
for various things in everyday life and industry.

Polycondensation or condensation polymerization differs from
simple addition polymerization chiefly in that water or some other
micromolecular substance is formed beside the polymer. Moreover,
polar monomers usually react in a polycondensation. And finally,
simple addition polymerization usually can be initiated more easily
than polycondensation.

The molecules capable of mutual reaction and chain formation
must possess at least two reactive groups, they must be bifunctional.
Examples of such molecules are: the glycols HO—R—OH, hydroxy-
acids HO—R—COOH, diamines H,N—R—NH,, dicarboxylic
acids HOOC—R—COOH, and amino acids HOOC—R—NH,. T7i-
Sfunctional or polyfunctional molecules also may undergo polycon-
densation, but in such instances branched chains and space poly-
mers are obtained. Examples of trifunctional compounds are glycerin
HO—CH,—CH(OH)—CH,—OH and glutamic acid HOOC—CH
(NH,)—CH,—CH,—COOH.

The simplest polycondensations are those in which only one kind
of bifunctional molecules react mutually, and long chains with the
same repeating units are formed. Examples are:
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nHO—CHy,CH;—OH —>
ethylene glycol
HO—CH,CH,—0—CHCH;—0—CH,CH;—0—.....—CH,CH;—OH -+ (n—1)H,0;
polyethylene glycol

nHO—RCOOH —>
hydroxy acid
HO—R—00—0—R—C0—0—R—C0—.....—0— R—CO0H + (n—1)H,0
polyester

In the first example ether bonds are formed between pairs of glycol
molecules, the first step being:

HO—CH,CH,—OIl 4+ HO—CH,CH,—OH —>
HO—CH,CHy—0—CH,CH,—OH + Hy0;

the di-glycol continues to react the same way with more monomers,
and the chains become longer and longer. In the second example
the hydroxy groups react with the carboxyl groups of another
molecule, whereby ester bonds are formed:

HO—R—CO0OH + HO—R—C00H —» HO--R—C0—0—R—COOH 4 H0;

the ester reacts with more molecules and the chain length increases:

HO---R~-€0-—0—R-—CO0H + HO—R—COOH —>
HO—R—C0—0—R—C0—0—R—CO0H + H,0,

and so forth. ‘

Amino acids and their derivatives also can undergo polycondensa-
tion?,

The more complicated polycondensation products which are
formed from two or more monomers are very important. Of the
synthetic polymers of this kind first developed were the polyesters
produced using as starting materials some dicarboxylic acids and
glycols. When succinic acid HOOC—CH,CH,—COOH is heated
with ethylene glycol, esterification begins at about 170° C, whereby
water vapor is evolved. After completed esterification and liberation
of unreacted glycol by distilling at low pressure a thick liquid
mass remains; on cooling it solidifies to a hard, opaque mass, the
polyester. The reaction is illustrated as follows:

nHOOC—CH,CHy—CO0H + #HO—CH,CH;—OH —>
HO0C—CHyCH;—C0—0—CH CHg—.... —0—0C—CHCH;—C0—0—CH,CH,—OH
+ (2n—1)H,0.
References p. 49
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It could be shown that these polyesters have a molecular weight of
several thousands, i.e. they are semi-colloidal.

Much more important commercially are the polyamides which
are produced by condensing dicarboxylic acids with diamines. The
various types of nylons are the products of these polycondensations.
One of the most important examples in this series of reactions is the
polycondensation of adipic acid HOOC—CH,CH,CH,CH,—COOH
and hexamethylenediamine H,N—(CH,)s—NH,:

nHyN—(CH,)q—NH, + nHOOC—(CH,),—COOH —»
H—[HN(CH,),NH—OC(CH,),—CO0]s—OH + (2#»—1)H,0.
Polyamide, nylon

This polymer has excellent mechanical properties, thermal and
chemical stability. It can be drawn to fibers and spun and woven
to fabrics which compete with natural silk.

The constitution of nylon in fact resembles very much the con-
stitution of silk. Both are polyamides composed of long chains in
which the —NH—CO— groups appear in a regular sequence. In
both nylon and silk hydrogen bonding between the —CO— and
—NH— of adjacent chains occurs along the whole chain length in
many places. The result of this is increased mechanical strength
of the fiber.

The nylons and also the polyamino acids are simple analogs of
proteins. Silk, although its chains are built chiefly of glycine and
alanine radicals, is much more complex than nylon. Wool, the
fibrous collagens, as well as the myosins and fibrins are even more
complex. The mechanism of polymerization of these macromolecular
compounds, as it occurs in living cells, is unknown. The same can
be said about the formation of such relatively simple natural poly-
mers as cellulose. A more detailed survey of all these macromolecular
substances will be given in Part II.

3. The Formation of Space Polymers

The polycondensation of bifunctional molecules is relatively simple,
as linear molecules are formed which possess definite end groups.
For example, the molecular weight of a polyester can be determined
simply by titrating the purified polymer with alkali. The higher the
molecular weight the smaller will be the amount of alkali which
reacts with the end groups of equal amounts of polymer. Moreover,
the viscosity increases gradually with increasing length of the poly-
ester chains.
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The reactions are more complex in the polycondensation of tri- and
polyfunctional molecules. For example, if the trifunctional glycerin
reacts with the bifunctional phthalic acid (or its anhydride), space
polymers instead of linear chains are formed. In the initial stage
of this reaction chains are formed which are then cross-linked in the
next stages as follows:

#HO—CHy—CH(OH)—CH,—OH + mHO0C—CgH,—COOH —>
HO-CH,-CH(OH) CH,-0-00-Cy H-CO-0-CH,CH(OH) CHy-0-....C0-CgH,-COOH + pH,0,

and the —OH groups of two chains can react with one molecule of
dicarboxylic acid forming a bridge:

+1..—O0—CO—C¢H,—CO—O—CH,CH(OH)CH;—O—....
COOH

+ CH, +

COOH
<00 —O—CO—C¢H,—CO—O0—CH,CH(OH)CHy—O—....

....——O——CO—C,H.—CO—O—CH,(liHCH,——O—....

o

I
co

I
2H,0 + CeH,

Cco

l
o

|
.. —O—CO—CyH—CO—O0~—CH,CHCH,—O—-....

As the chains are long and many hydroxy groups are hanging on
them, the interlinking may occur between many chains. In fact,
the interlinking may take place in the whole mass between all chains.
As a result an insoluble resin is formed which can be regarded as
a single giant molecule. In the course of polycondensation of such
polyfunctional molecules the bridging and cross-linking are per-
ceivable by a sudden increase of the consistency of the system and
gelation.

Space polymers can be.formed of any linear polymers which
contain active atomic groupings on the chains. One of the most
important examples is the vulcanization of natural or synthetic
rubbers. For example, the buna rubber contains double bonds in
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the chains, and these unsaturated spots react with sulfur. The
originally soluble, sticky, and chemically rather unstable polymer
thereby is transformed into an insoluble, more stable, and mechani-
cally improved space polymer.

Sulfur bridges are found also in proteins. In wool, hair, and
other keratins the polypeptide chains are linked through many
sulfur bridges, and the keratins are insoluble space polymers of a
very complex structure.

4. Ring Formation and Ring Scission in Polymerization
and Polycondensation

Bifunctional molecules containing several active groups do not
always combine in long chains. For example, the hydroxy acids
may react intramolecularly, and micromolecular lactones or cyclic
esters can be formed. Similar reactions occur with the amino acids.
They do not react intermolecularly as easily as it may seem, or
intermolecular reactions occur between two molecules only, whereby
cyclic molecules are formed. For example, glycine does not poly-
condense readily on heating, but is converted mostly to an anhy-
drized dimer—diketopiperazine.

Whether chain formation occurs or not, depends on the properties
of the starting material and on the conditions of the reaction. In
some cases cyclic anhydrides may be formed as intermediates in a
reaction of polycondensation. Reactive cyclic molecules may be
even used as starting materials. An example is the polymerization
of ethylene oxide. The polymerization in this case is initiated by
a trace of water:

CHy—CH.

~5— ' + HO —> HO—CHCH,—OH, and

HO-CH,CH,~OH + #Clly—CH, —> HO-CHyCHy~0-CHyCHy-0-....CILCH,-0H
2
>0

The preparation of some polyamino acids by using cyclic derivatives
of amino acids is of interest (J.c.%). For instance, glutamic acid does
not form chains under ordinary conditions (heating, catalysts), but
its derivative the y-methyl ester of a-N-carboxyglutamic acid
anhydride undergoes polycondensation easily, when dissolved in
cold pyridine:
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” ?0—————?) H,N—CH—CO— |'_N H—CH—CO0— | —OH
! l
NH—CH—CO 4 H,0 —> CH, | CH,
| !
CH, CI, [ CH, + 7 COy;
|
CH,
| I
COOCH, COOCH, COOCH; _| n—1
methyl ester of a-N-carboxy- methyl ester of polyglutamic acid
glutamic acid anhydride
H,N—CH—(0— , —NH —CH—C0—" | —OH
| |
_— CII, CH,
hydrolysis of the [ |
methy! ester CH, CH, i
CoOH COOH | 1

polyglutamic acid

Like the case of ethylene oxide, traces of water initiate the
reaction. The activated molecules of the carboxyglutamic acid ester
then line up in chains. The polymeric ester can be saponified by
means of alkali which will produce a salt of the polyglutamic acid,
which by ordinary methods can be converted to pure acid. This
reaction is an example where carbon dioxide is formed as by-
product instead of water.

5. Dependence of the Properties of Polymers on Chain Length

The properties of polymers, as already indicated, differ very much
depending on chemical composition and constitution. However, in
the same polymer-homologous series the properties change regularly
with the changes in molecular weight or with the length of the
chain. Although all polymers are mixtures of molecules which are
of similar constitution but various size, it is possible to characterize
any polymeric product by determining the mean oraverage molecular
weight (see Chap. 7, 8, and g).

Many semicolloidal polymers are m1crocrysta1hne powders they
are not plastic, and in molten state or in concentrated solutions
they can not be drawn into fibres and spun. The viscosity of their
solutions is low. The very high molecular polymers are not micro-
crystalline powders but more or less completely amorphous plastic
masses. They can be drawn into fibers and spun. The solutions of
such polymers are very viscous.
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In Table 5 are presented data about the polycondensation pro-
ducts obtained from hydroxydecanoic acid®.

TABLE 5
POLYESTERS OF HYDROXYDECANOIC ACID
Average Melting . - ,
molecular weight  (softening) point Spinnability Tonsils strength
1,720 72-74°C Absent
3,190 74-75 Absent
5,670 73-75 Very short fibers Very weak
7,330 74-75 Long fibers, Very weak
but will not cold-
draw
9,330 75-76 Long fibers that ‘Weak
cold-draw
16,900 77-78 Spins and Moderate

cold-draws easily

The softened polymer can be extruded and oriented in the shape
of fibers only when the molecules are long enough. Moreover, the
strength of the fibers increases considerably when the average mole-
cular weight approaches 10,000. Calculations show that such chains
are about 800 angstrom units long, i.e. they are colloidal in their
length. About 60 residues (mers) of the hydroxydecanoic acid are
lined up in such macromolecules. Many other examples of the
dependence of mechanical properties on molecular size and structure
will be shown in Chapters 16-27.

6. Degradation of Large Molecules!®

All macromolecular substances are relatively stable when in bulk,
although the stability depends on chemical composition and mo-
lecular structure. The cross-linked space polymers are more stable
than linear polymers, when exposed to high temperatures or chem-
ical reagents. All organic substances, of course, are decomposed at
sufficiently high temperatures, and in the case of macromolecular
solids the lower limits of tempefature at which the decomposition
begins are usually about 200-400° C. This decomposition on heating
may be srreversible or reversible, depending on the polymer and the
temperature. Irreversible decomposition is most common, and the
chemical reactions which thereby occur are most complex and little
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investigated. Decomposition of proteins and polysaccharides on
frying and baking are examples. New macromolecular substances
rich in carbon may be formed from the molecular fragments in such
high-temperature decompositions or ‘“cracking” of organic sub-
stances. The synthetic linear polymers, however, often yield the
original monomers on heating, and the formation and degradation
of the macromolecules may be more or less reversible. The polyesters
and polyamides are degraded by heating with acids or alkalies.
Macromolecular solids are degraded and decomposed not only by
heat and chemicals but also by high energy radiations (such as
from nuclear reactors), as well as by electrical and mechanical
treatment. For example, the molecular weight of linear polymers
decreases on intense milling of the solids.

The stability of macromolecules in solutions is even less than in
solid state, and the stability varies considerably depending on the
type of the large molecules. Heating, radiations, oxygen, and many
other agents may cause degradation of large molecules in solutions.
Linear macromolecules thereby can be split more readily than the
compact particles of the molecular spherocolloids. This important
fact can be explained by simple geometric and mechanical consider-
ations. It is obvious that nothing much will happen to a spherical
macromolecule when one valency bond will be split somewhere on
the surface of the sphere; if, however, a bond in the middle of a
linear macromolecule will be ruptured, two short chains will be
formed. Such cleavage is always associated with profound changes
in the properties of the solution of the polymer!!. This instability
of linear macromolecules was not considered by some early investi-
gators of these polymers, as already mentioned in Chap. 2.

7. Synthesis of Graft and Block Copolymers??

The constituting radicals (mers) appear in the chains of an ordinary
copolymer in an irregular sequence. When, for example, the copoly-
mer is prepared from two monomers A and B the macromolecules
of a copolymer can be symbolized as follows:

However, the polymer chemists know how to prepare mixed poly-
mers which have a more regular structure than in the ordinary
copolymers. These studies have been initiated not only by mere
curiosity but also because of the great practical interest and
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commercial importance of such substances. Since the ordinary
copolymers have disorderly built chains, there are limitations in
changing the properties of the polymers by means of rational
planning. A more rational modification of properties is possible
with the graft and block copolymers. The graft copolymers are com-
posed of branched chains; side chains of another component
...BBBBBBB... are “grafted” on the chains of an ordinary simple
polymer ...AAAAAAAAAAA... The constitution of the resulting
graft copolymer then can be presented thus:

...... AAA?AAAAAAAAA?AAAAAAAAAAAAAAAAAAAAAmm

|

B B

| | f

B B

| | |

1}3 B B
B

Another possibility of relatively orderly built mixed polymers is
the case of the so-called dlock copolymers which are composed of
more or less uniform ‘““blocks” of two or more components. The
constitution of these polymers can be illustrated as follows:

...AAAAAAAAAAAABBBBBBBBBB... or
...AAAAAAAAAABBBBBBBBBBBBAAAAAAAAAAA...

The grafting of the side chains can be accomplished in various
ways. It is a relatively simple problem when the macromolecules
which have to be modified contain some active groups which then
may be made to react with some monomer (B). Natural and syn-
thetic rubbers can be modified by grafting polyvinyl side chains
on the rubber molecules. The chemically inert polytetrafluoroethy-
lene (Teflon) can be made adhesive by grafting branches of polyvinyl
acetate on the linear macromolecules of this polymer. A method
by means of which graft or block copolymers can be synthesized
is to activate or partially split the components by ultrasonic,
ultraviolet or some other radiations. For such treatment, the
polymer ...AAAAAAAAAA... is usually dissolved in the monomer B.
The long chains of ..AAAAAAAAAA... are either activated or
split under the influence of the radiation. If they are onlyactivated,
the polymerization of B is initiated at the activated sites, and a
graft polymer will result. (The radiation energy activates also the
monomer B, whereby the lining-up of the B-units at the activated
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spots of the A-chain is granted.) If, however, the A-chains are
cleaved, the growth of B will occur at the freshly formed ends of
the A-chains, and a block copolymer will be obtained. Very con-
venient is the manufacture of mixed block polymers by means of
emulsion polymerization. A monomeric oily liquid A is emulsified
in an aqueous solution of another monomer B, and the polymeriza-
tion of B is initiated by some added catalyst. The growing chains
of ...BBBBBBBB... come in contact with the oil phase, initiate the
polymerization of A, and a mixed block copolymer is finally pro-
duced. Many other methods have been proposed for the preparation
of graft and block copolymers, and some of them have already
found important applications in the technology of polymers?2,
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CHAPTER 5

Preparation of Dispersions and Micellar Colloids

Macromolecules are formed in chemical reactions of polymerization
or polycondensation. The resulting substances are molecular col-
loids. Dispersions and micellar colloids are prepared either by means
of simple mechanical disintegration or by spontaneous aggregation.
Any micromolecular substance can be ground to fine particles and
dispersed in a liquid. A colloidal dispersion will result when such
fine particles are insoluble in the particular liquid. Hydrophobic
oils can be homogenized by means of emulsifying machines, and
dispersed in water. Spontaneous formation of micelles by aggrega-
tion occurs with organic molecules which are composed of hydro-
phobic and hydrophilic parts. Dispersions are coarser and less stable
than spontaneously formed micellar colloids. However, dispersions
can be stabilized by various means, especially by adding a stable
micellar colloid, such as a soap solution.

1. Mechanical Dispersion Methods

Solids and liquids can be dispersed by milling and grinding. Ordinary
grinding in a mortar or milling in a ball mill, however, will not
produce colloidal dispersions. For example, the finest flour or
powdered sugar appears on microscopic examination to be com-
posed of rather coarse particles. Much finer dispersions can be
obtained by means of colloid mills and homogenizers. They differ
from ordinary mills in several ways: (1) the disintegration occurs
in an indifferent medium, (2) the shear stresses are very great, and
(3) the substance is forced through extremely narrow clearances.
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Fig. 3 illustrates these points. The substance to be dispersed is
suspended in a liquid, and the mixture is sheared between two
surfaces. Both solid and liquid particles (droplets) are disintegrated
under the influence of the shearing force, and the process can be
repeated in order to get very finc dispersions. However, experience
has shown that it is impossible to obtain truly colloidal dispersions
in this way. Although the particles are smaller than those obtained
in ordinary milling, they are larger than most macromolecules.
Moreover, the dispersions contain particles of various sizes. This
pertains also to homogenization of emulsions. Although the droplets
after homogenization are smaller than before and also more uni-
form, their sizes still show considerable variation. The dimensions
of the particles and droplets coming out of a colloid mill are about
0.0002 MM-0.005 mm.

I'ig. 3. Emulsifier.

The liquids or solids to be dispersed in a particular liquid must
be insoluble in it; if this condition is not met, the material will
simply dissolve. It is impossible to prepare dispersions of sugar in
water, but sugar can be dispersed in various organic solvents which
are non-solvents for sugar. Lipophilic substances, such as oleic acid,
on the contrary, cannot form colloidal solutions in ether or alcohol,
as oleic acid is completely soluble in these solvents, and the dis-
solved molecules are much smaller than colloidal particles. Oleic
acid, however, can be colloidally dispersed in water.

Space polymers and other macromolecular substances, which are
insoluble in a particular liquid, can also be dispersed with the aid
of mechanical disintegration. For example, a piece of bakelite (a
phenol-formaldehyde space polymer) can be ground and dispersed
in water. By rubbing fingers in water it is possible to produce a
fine dispersion of skin epidermis. Organic tissues and cells are

References p. 64



52 PREPARATION OF DISPERSIONS 5

disintegrated in various types of tissue homogenizers. Cellulose,
polystyrene, and other macromolecular substances become more
easily dispersible after long milling. The disintegration of high
polymeric materials on milling was studied by Staudinger and
associatesl. It can be shown that the molecular weight of macro-
molecular substances, such as cellulose or polystyrene, is decreased
upon long milling, and the materials thereby become more readily
dispersible. Some of the very long chains may be disrupted by such
treatment. An increase in temperature and the presence of oxygen
are important factors in such chain cleavage. It is obvious that
cleavage of primary bonds must also occur on disintegrating the
masses of space polymers.
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Mechanical dispersion of solids and liquids may also be accom-
plished by high frequency sound waves. The lowest frequency of
audible sound is 16 cycles per second, and that of the highest pitch
sound which is still audible is about 15,000 cycles per second. The
wavelength of this high pitch sound is 2.2 cm in air, and about
8 cm in water. If any vibrator produces vibrations of a still higher
frequency, the sound is inaudible to humans. These ultrasonic
vibrations can be produced by quartz oscillators induced by high
frequency generators (Fig. 4). Langevin showed (in 1918) that
quartz crystal discs, if connected with a high frequency electrical
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generator, produce mechanical oscillations having the character of
sound waves. Ultrasonic vibrations with a frequency of 25,000-
1,000,000 cycles per second can be produced by such devices. (For
lower frequencies of 3,000-50,000 cycles per sec. magnetostrictive
sound generators are used.) It has been shown by many investiga-
tors that oils and many solids can be dispersed as colloids by
irradiation with high frequency ultrasonic waves?. Such a high
frequency ultrasonic beam seems to act like a bullet. The impact
of such a “sound bullet” is determined by the frequency. The
intensity of the vibration is also important. This can be illustrated
by the number of bullets hitting a target. The intensities of the
vibrations are high, reaching approximately 10 watts/per cm?, which
is many million times higher an intensity than that produced by
an average radio. Not only are loosely built solid aggregates dis-
persed, but macromolecules can be split into shorter fragments?®.
Microbes are killed easily, the cells being torn to pieces.
Dispersion by ultrasonic radiation is used extensively for indus-
trial purposes, for instance, in the preparation of emulsions, finely
dispersed paints, dyes, and graphite sols. Sound waves can also be
used for the opposite purpose—precipitation of dispersed material.
For this purpose vibrations of relatively lower frequency are used.

2. Preparation of Dispersions by Change of Solvent

Dispersions can be prepared not only by mechanical disintegration
of solid or liquid masses but also by the opposite procedure: by
aggregating small molecules upon addition of a non-solvent to a
solution. Any organic substance can be dispersed in this way. For
example, the higher alcohol homologs are practically insoluble in
water but soluble in methyl alcohol. When such a solution is poured
into water, a dispersion of the substance in the water-methanol
mixture will result, if the amount of water is large enough. Similar
experiments can be carried out with the water-insoluble higher
fatty acids, fats, terpenes, carotenoids, and many other substances.
If the particular substance is insoluble in alcohol, another solvent
can be found for it; then, when the substance is dissolved, the
solution must be mixed with a liquid which is a non-solvent for the
particular solute, but is miscible with the solvent. Upon sufficient
dilution with this non-solvent the solute will be pushed out of the
solution. It will appear either in the form of macroscopic molecular
aggregates or in a highly dispersed state. Most of the dispersions
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produced in this way are coarse and unstable. If the solute is
heavier than the medium, the dispersed particles precipitate; they
float on top if the dispersed phase is lighter than the liquid used
as the medium. However, some of the organic dispersions prepared
in this simple way possess astounding stability. They are the micellar
colloids, such as soaps. For instance, sodium oleate, C,;H;3,COONa,
is soluble in alcohol, and this alcoholic solution is micromolccular.
Single small molecules of soap are dispersed in alcoholic solution,
as can be shown by means of osmotic or cryoscopic measurements.
When such a solution is poured into water, a colloidal soap solution
is formed, and this colloid is stable. The question then is: why are
the soap colloids stable; why are the aqueous dispersions of fats,
carotenoids, naphthalene, and similar substances not stable ? These
questions will be discussed in the following section.

3. Colloid Stability Factors

One obvious reason that coarse dispersions are not stable is the
relatively large size of the particles. As there is usually some
difference in density between the particles and the dispersion
medium, they either sink or float to the top. The separation of the
phases may be slowed down by increasing the viscosity of the
medium. It is obvious that the movement of the particles will be
slowed down if they have to move in a thick medium. Glycerin
may be added to aqueous dispersions in order to stablize them.
It is also self-evident that the separation will be hampered if the
density of the medium is adjusted as closely as possible to the
density of the particles.

It can be shown, however, that particle size, density differences,
and viscosity are not the decisive factors in stability. Aggregation
occurs even if the particles are very small, if the viscosity is high,
and if there is no density difference at all. The smaller particles
have even a greater tendency to aggregate than the larger ones.
What is the reason for this aggregation? There are two reasons:
Brownian movement, and the attraction between surfaces of the
particles.

If the dispersion is coarse, there is no Brownian movement, as
the particles are too large to be influenced by molecular bombard-
ment. Hence the following discussion pertains to very fine disper-
sions only, and to true colloids as well. In such systems the particles
are steadily displaced by the uneven molecular impacts; they are
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in Brownian motion. They neither sink nor float, even if their
density differs much from that of the medium. However, because
of this motion they may collide, and these collisions may result in
aggregation. The latter occurs because of the attraction which always
exists between similar surfaces (Van der Waals forces, cohesion).
Hence, a fine dispersion will not necessarily be stable. The original
small particles will not separate out in this case but their aggre-
gates will. Moreover, it can be expected from the above that the
finer the dispersion the faster will be the aggregation. This is sub-
stantiated by the facts that: (1) the Brownian movement increases
in intensity with increasing temperature and decreasing particle size,
and (2) the surface area increases with increasing subdivision. The
latter statement can be proven by a simple calculation of the regular
splitting of a compact cube. Each split will result in the formation
of new surfaces. If we start with a cube with an edge length of
1 cm, the total surface of the cube will be 6 cm? If the cube could
be ground to smaller cubes with an edge length of 1 mm, the one
original cube will produce 1000 small cubes with a total surface of
60 cm? On further subdivision the particle size decreases further,
and the number of particles and the total surface area increases,
as shown in Table 6.

TABLE 6
INCREASE OF TOTAL SURFACE ON SUBDIVISION

Length of a side of the cube Number of Total surface of

cubes the cubes
1cm 1 6 cm?
I mm 108 60 cm?
0.I mm 10 600 cm?
0.01 mm 10° 6000 cm?
0.001 mm (I u) 1012 6 m?
0.000,1 mm (0.1 ) 1018 60 m?
0.000,0I mm (100 A) 1018 6oo m?
0.000,001 mm (10 A) 102 6000 m?

The Table shows that enormous surface areas are formed on an
extensive subdivision. The larger the surface the greater will be the
surface forces or interaction among surfaces. The surface area can
be considered as the capacity factor of surface energy. The larger
the surface the greater will be the surface energy. According to the
second law of thermodynamics, the free energy of any system tends
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to decrease. Hence, the particles should have the tendency to decrease
their surface. That this is true is confirmed by the well known fact
that liquids, when in small enough quantities, assume the shape of
a sphere, which possesses the smallest possible surface. When many
small beads collide, they flow together into a larger bead, because
in this way the free surface energy will be decreased. This is why
droplets in dispersions flow together and phases separate.

The enormous increase in free surface and surface energy is also
the reason why it is so difficult to prepare very fine dispersions by
milling. The finer the material is ground the greater become the
attractive forces which tend to reunite the particles. This recombin-
ing can be partly prevented by using an indifferent material as
diluent, or by milling the substance directly in the liquid in which
it is to be dispersed. However, even then the most efficient colloid
mills produce suspensions of only moderate degrees of dispersion.

The mutual attraction of particles
can also be looked at from a different
point of view. Let us consider the
molecules sitting on the surface of a
dispersed particle (Fig. 5). These
molecules differ considerably from
those in the bulk, astheintermolecular
forces on the surface are not mutally
saturated. Hence attractive forces will
be exhibited on the surface. When two
particles are pushed together by means
X of Brownian motion, the surfaces will
Fig. 5. Attractive forces of mole- iNteract, and the particles will tend to
cules on the surface of a crystal.  stick together. It is obvious that in

the case of crystalline particles, the
molecules which are in the corners and on the edges, will be most
active, as there the field of mutually unsaturated valency forces
is greater than on a flat surface.

This also clarifies the variable action of ultrasonic radiation on
emulsions and similar systems. If the radiation energy is very high,
the droplets are smashed and dispersed. The attractive forces are
overcome. If, however, the sound waves are of only moderate
energy, they merely produce a kind of stirring effect which increases
the number of collisions, but is too weak to smash the droplets.

Now, when the instability of simple dispersions has been clari-
fied, we can proceed to the next question: why then are the aqueous
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soap colloids stable? Why do the soap micelles not aggregate and
precipitate or float out ? What prevents the aggregation? It is the
electrical charge of the particles, and the interaction of the particles
with the medium. The electrical charge in soaps is much more
important than the interaction with the solvent. This can be illus-
trated by simple experiments. Olive oil is composed of glycerin
esters of fatty acids, and it produces coarse unstable emulsions, if
shaken with pure water. However, stable emulsions are obtained if
a little alkali is added before shaking. Similar experiments can be
done, e.g. with oleic acid. Coarse, unstable emulsions of oleic acid
are obtained on shaking with water; a stable colloid results on
adding some alkali and stirring. What the alkali does is to saponify
a small amount of the olive oil, and react with the fatty acid
liberated by saponification, whereby strongly dissociated salls of the
acids are formed. The anions of the faity acids confer an electrical
charge on the particles. There

was no charge on the droplets - - - -
of olive oil, as the fatty acid «—— - - _—
esters are non-¢lectrolytes; - - - -

hence the emulsion was not
stable. There is only a very
small charge on the surface
of the oleic acid droplets, as this is a weak acid, and only a few
molecules are dissociated. The alkali metal salts of the fatty acids,
however, are completely dissociated. The particles or micelles of the
resulting soaps all have a negative charge, hence they repel each other
if collision happens to occur (see Fig. 6).

This is further substantiated by the peculiar constitution of soap
micelles. The long hydrocarbon ‘“tails’”’ of the soap molecules are
hydrophobic, i.e. they try to escape water. When they happen to
arrive at the surface of the water, they stick out in the air. Those
which are inside the liquid will contract, and stick together. Con-
sequently, when an alcoholic soap solution is poured into water,
the hydrocarbon tails of the soap molecules will associate, and
micelles will be formed. The Aydrophobic hydrocarbon part will be
turned ¢nside the micelle, whereas the Zonized carboxyl groups will
be turned foward the water phase. These ionized carboxyls confer the
charge and stability to the micelles. The reason for the formation
of stable micelles and stable hydrosols of soap is the peculiar con-
stitution of the soap molecules.

Soaps and detergents are not the only substances able to form

Fig. 6. Mutual repulsion of two negatively
charged particles.
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micelles and stable hydrosols. Many dyes, lecithins, bile acids and
their salts, and many other micromolecular substances have similar
properties. The chief condition for micelle formation is the presence
of a large hydrophobic part and a strongly polar group in the same
molecule. Some examples are listed in Table 7.

TABLE 7
MICROMOLECULAR COMPOUNDS CAPABLE OF MICELLE FORMATION

Compound Formula Sign of charge

of maicelles
Sodium oleate C;;H43:COO-Nat minus
Sodium dodecyl
sulfate C,,H,5-0S0O5~Nat minus
Sodium dodecyl
benzene sulfonate C;,H,5-CgH,-SO3~Na+ minus
Heptadecyl
amine
hydrochloride C;Hyy' NH+Cl- plus
Lecithin C,,H;5:COO-CH,
C;;Hy'COO-CH  O— depends on pH
I I
CH,-O-P—O—(CH,),—N+(CHj,),
O
Sodium cholate C,3Hgg(OH)3COO-Na+ minus

Benzopurpurin Nat-04S—C, Hy(NH,)—N=N—CgHy(CH,)—
CeH3(CH3)—N =N—C, H;(NH,)—SO,Na+ minus

Soaps and other micelle-forming substances are also used as
stabilizing agents in the preparation of emulsions of oils or disper-
sions of solids. The soap covers the dispersed particle, and the
ionogenic groups thus confer a charge to the particle to which the
soap adheres.

4. Charge and Solvation of Colloidal Particles

It was mentioned before that the stability of a colloid depends on
the charge on the particles and on the interaction of the particles
with the solvent. Many stable colloids are known whose particles
are not charged at all. Their stability depends solely on the inter-
action with the solvent, the so called solvation. In the case of water
as solvent this interaction is called Aydration. Solvation is a broader
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term for any liquid. Rubber dissolves in benzene and a stable colloid
is formed, as the macromolecules of rubber become solvated by the
benzene. No electrical charges are involved in. this case.

The stability of a hydrosol of soap depends on both charge and
solvation (or hydration in this case). The polar water molecules are
bound through dipole attraction and hydrogen bonds to the car-
boxyl ions of the soap. As the water molecules themselves are
interlinked in loose clusters, the soap micelle is interlinked with the
solvent. It is also assumed that around each ion of the micelle a
certain number of water molecules is bound relatively tightly. This
tightly bound water can be considered as a kind of protecting layer
which may interfere with the tendency to agglomerate, if the
particles collide.

It is important that relatively stable micellar colloids can be
obtained of compounds which do not possess ionogenic groups in
their molecules. Long chain esters of sugars or other molecules
with several OH groups in the polar head, such as C,,H,;COO-
CH,CH(OH)-CH,-O-CH,CH(OH)CH,-OH are capable of micelle for-
mation.

Many micellar as well as molecular colloids are known which are
amphoteric electrolytes. Lecithin is an example of an amphoteric
micellar colloid (see Table 7). The phosphate ion carries a negative
charge and the quaternary amino nitrogen a positive charge. The
net charge on a molecule or micelle in this case depends on the
acidity of the solvent. If the solution is acid, the dissociation at
the phosphate group will be suppressed, but at the basic nitrogen
it will be promoted. Hence the net charge will be positive. In
alkaline solutions the dissociation at the nitrogen will be suppressed
and at the acidic phosphate it will be increased. In this case the
net charge will be negative. It can be shown that the stability of
micellar colloids increases with increasing net charge on the micelles.
This stability behavior has been very well investigated with pro-
teins. There are both positive and negative charges on the surface
of protein molecules. The first come from the ionization of the
amino groups and the second from the carboxyl groups. The higher
the net charge the more stable is a protein solution to precipitation.
If the number of positive and negative ions on a molecule is the
same, there is no net charge. Some proteins then precipitate (e.g.
casein), some others do not. Gelatin is an example of a protein
which does not precipitate when the net charge is zero (ssoelectric
protein). This indicates that the molecules are hydrated and kept
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and the pressure exerted on the float is measured by compensating
the torsion by rotating the torsion head. (This torsion balance is
calibrated by putting weights on a pan attached to the wire.) This
is the Langmuir-Adam film balance; it was modificd and developed
further in various ways, e.g. a kymograph can be attached to the
torsion wire -in order to obtain continuous registration of the
spreading!2. .

The chief variables measured in film spreading are: the Silm
pressure (force), and the area covered by the film. Suppose that
an extremely small amount of a film-forming substance is spread

Fig. 16. A surface balance.
(Manufactured by the Central Scientitic Company, Chicago.)

on a relatively large surface. When the amount of the substance
is so small that it is not enough for even a monomolecular layer,
the pressurc will not increase upon reducing the area, i.e. pushing
the movable slide toward the float. This is because in very large
areas the substance forms islands or patches which do not influence
the surface tension (and the surface pressure) appreciably. However,
the pressure is strongly increased (the surface tension decreased)
when the molecules are compressed by the moving slide to a mono-
molecular film which covers the entire surface arca. The force
cxerted on the float then increases strongly. This continues until
the film is compressed to a limit, when the molccules begin to pile
up into polymolecular layers, in which casc the pressure changes
are small. This is illustrated by the curve of IFig. 17. On the abscissa
is plotted the area (per molecule) and on the ordinate the pressure
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only on the number of individual entities (molecules, ions, micelles).
For example, the freezing point depression of a solution can be
measured easily, and it depends solely on the number of the mole-
cules and ions formed by dissociation of these molecules. These
measurements showed that soaps behaved as normal electro-
lytes only in extremely dilute solutions. These are the solutions
in which the molecules are free, not associated. Dissociation occurs
according to the equation R‘COONa = R-COO- + Nat, and it is
practically complete; (in addition, hydrolysis of the soap occurs in
relatively insignificant amounts: RCOO- 4 H,0 =2 R-COOH +
OH-). In solutions below the critical concentration the freezing
point depressions are exactly those to be expected in solutions of
electrolytes. However, at the critical concentration or above it,
abnormally low depressions are obtained. This indicates that the
number of ions and molecules has decreased. There could be only
two causes to consider for this phenomenon: (1) the degree of
dissociation decreased abnormally, or, (2) the soap anions have
aggregated. According to McBain® and others, the conductivity
changes did not suggest suppression of dissociation, and aggrega-
tion into micelles is the reason for these anomalies (see Fig. 7).
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TFig. 7. Schematic illustration of free molecules of soap (in solution),
and of soap micelles.

The decrease in critical concentration with increasing length of
the lyophobic hydrocarbon chain can be understood easily. When
there are only a few carbon atoms in the chain, the cohesive forces
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between the hydrocarbon radicals of two chains are much weaker
than they would be between long chains. One has to keep in mind
that these forces of attraction have to counteract the repulsive
forces of the polar heads of the ions. In the homologous series of
fatty acid anions the polar head remains the same (—COO-), but
the length of the hydrophobic radical increases in the series. Hence
the repulsive force, in relation to the attractive forces between the
similar radicals, decreases as the chain length increases.

6. Micelles in Non-polar Liquids

Soaps are molecularly dissolved in alcohol. There are two reasons
for this: (1) dissociation, although not as complete as in water, still
persists, and the alcohol molecules have some affinity for the polar
head of the soap ions and molecules (or partly dissociated mol-
ecules), and, (2) the hydrocarbon radicals of the alcohol are also
able to solvate the hydrocarbon chain. In a non-polar solvent, such
as mineral oil, the conditions are different. In this case there is
rather strong solvation of the chains, but no dissociation, and no
interaction of the polar “heads” with the solvent molecules. Con-
sequently, the polar heads in this case are pushed out of the solu-
tion. Micelles are formed in non-polar solutions of soaps, but the
micelles have a different structure from those in aqueous solutions:
the polar heads are turned inside the micelle, and the non-polar
tails are turned toward the solvent. This is illustrated in Fig. 8.
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Fig. 8. Soap micelle in a non-polar solvent.
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The aluminum soaps, and to a lesser degree the calcium, lithium,
and other salts of acids with long hydrocarbon chains are important
as additives to lubricating oils and greases. It can be shown that
single molecules are present only in extremely dilute solutions, e.g.
of aluminum soaps in benzene®. In some cases of long chain calcium
salts of arylstearates in benzene critical concentrations as low as
0.000,001 moles per liter were found?.

7. The Formation of Super-micelles

Concentration and temperature are the two chief factors which
determine the micelle formation of certain substances in a certain
liquid. Micelles can be formed only of substances whose molecules
have a hydrophobic part and a relatively small polar ‘“head”.
Moreover, micelles are formed only above a certain critical con-
centration at a certain temperature. Low temperatures are favor-
able to micelle formation. At high concentrations of the solute,
and at sufficiently low temperatures, further changes in the organ-
ization of the micellar colloid may occur. This can be investigated
by studying certain physical and chemical properties of the system
(e.g. osmotic acitivity, specific molal volume, degree of hydrolysis)
in wide concentration limits at constant temperature. Ekwall®
noticed that some properties change abruptly at different concentra-
tions. Assuming that the change at the lowest limit may be due to
initial micelle formation, the changes at the higher concentrations
may be caused by further transformation of the micelles. McBain
strongly suggested the possibility that micelles of several kinds may
be present in the same system. The possibility of different micellar
sizes and shapes must be considered if various concentation limits
are compared. Lamellar and needle-shaped structures have been
observed in concentrated soap solutions.

The profound difference between micelles and macromolecules
has been pointed out before. However, macromolecules may asso-
ciate into larger and more complex entities which may be called
super-micelles. Some polymers tend to associate in certain solvents,
for example polyvinyl chloride macromolecules in dioxane®. In fact,
any of the slightly turbid solutions of macromolecular substances
to which a precipitant is added can be regarded as super-micellar.
Such systems containing aggregated macromolecules can also be
designated as macromolecular association colloids.

References p. 64



64 PREPARATION OF MICELLAR COLLOIDS 5

REFERENCES

1. H. STAUDINGER, Organische Kolloidchems , Vieweg Publ., Braunschweig, 3rd ed., 1950,
p. 72 ff.

. K. SOLLNER, Chem. Revs., 34 (1944) 371.

3. G. Scumip and O. RoMMEL, Z. physik. Chem., A 185 (1939) 97; Z. Elektrochem., 45 (1939)
659; H. W. MELVILLE and A. J. R. MURRAY, Trans. Faraday Soc., 46 (1950) 996.

. H. B. KLEVENS, Chem. Revs., 47 (1950) 1.

. JAMEs W. McBAIN, Collowd Science, D. C. Heath Publ., Boston, 1950; Advances in
Colloid Sci., 1 (1942) 99.

. V. R. GrRAY and A. E. ALEXANDER, J. Phys. Colloid Chem., 53 (1949) 9.

. L. ArkIN and C. R. SINGLETERRY, J. Am. Chem. Soc., 70 (1948) 3965; S. KAUFMAN
and C. R. SINGLETERRY, [. Colloid Sci., 7 (1952) 453.

. P. Exwavy, J. Collowd Sci., 9, Suppl. (1954) 66.

. P. Dory, H. WAGNER, and S. SINGER, J. Phys. Collotd Chem., 51 (1947) 32.

A N

O oo N o



CHAPTER 6

Surface Phenomena

1. Surface Tension

The molecules on the surface of liquids and solids differ from those
in the interior, as indicated in the previous chapter. In the interior,
the forces of attraction are mutually saturated in all directions,
whereas on the surface the attraction is one-sided. An inward pull
is therefore produced. Because of this pull, small droplets of liquids
assume the shape of a sphere, resulting in a minimum volume and
a minimum surface area. To increase the surface, work must be
done, and the work needed to increase the surface area by 1 cm?
is called a measure of the free surface emergy. The free surface
energy tends to decrease to a minimum, hence droplets, if allowed
to come together, will form one single larger drop. The same is
true for small solid particles.

The surface of water has some of the characteristics of an elastic
membrane. It holds small objects whose density is far greater than
that of water, if no wetting occurs. A needle coated with a film of
fat or oil can be floated on water. This is due to the peculiar condi-
tion of the surface layer of the water, which is under tension,
because of the inward pull. This surface tension is the force (in
dynes) which acts at right angles to any line of 1 cm in the surface.
The surface tension (in dynes per cm) is numerically equal to the
surface energy (in ergs per cm2),

The surface tension is the result of the mutual attraction between
the molecules of the liquid. Hence the greater these intermolecular
attractive forces the greater the surface tension. Polar liquids, such
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as water, have a high surface tension, whereas non-polar liquids
have a much lower surface tension. Surface tension decreases with
increasing temperature, as the intermolecular attraction and cluster-
ing is hampered by thermal motion. Some data about surface
tension of pure liquids and solutions are compiled in Tablesgand 10,

TABLE 9

SURFACE TENSION OF LIQUIDS AGAINST AIR (in dynes/cm)
AT TWO TEMPERATURES

Substance °C tsezgif °C ‘Z:;’; :;c:
Acetic acid 20 27.6 50 24.7
Acetone 20 23.7 60 18.6
Benzene 20 28.8 50 25.0
n-Butyric acid 20 26.8 50 24.0
Chloroform 20 27.1 60 21.7
Ethyl alcohol 20 22.3 50 19.8
n-Hexane 20 18.4 40 16.3
Methyl alcohol 20 22.6 50 20.1
Phenol 20 40.9 50 37.7
n-Propylamine 20 22.4 45 19 4
Water 20 727 50 67.9
TABLE 10
THE SURFACE TENSION OF AQUEOUS SOLUTIONS
Substance Temp.°C Surface tension for concentrations (%) indicated
Acetic acid 30 1.09% 50 9% 300 9% 49.9% 100 Y%
y = 68.0 60.1 436 38.4 26.6
Acetone 25 50 25.0 75.0 100
Y= 555 38.3 20.8 23.0
n-Butyric acid 25 0.14 1.05 3.83 8.6 100
y = 69 560 42 33 26
Ethyl alcohol 30 0.98 4.99 25.0 50.0 100
y = 606.1 54.2 34.1 27.5 21.5
Sucrose 25 10.0 20.0 30.0 40.0 550

y =725 73.0 73-4 74.1 75.7

The surface tension can be measured by various methods. The
classical and most important method of capillary rise is described
in textbooks of physics and physical chemistry®. Measurement of
the maximum bubble pressure, and the drop weight are also import-
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ant methods. In colloid chemistry, however, the most popular are.
the ring detachment method of du Noiiy, and the stalagmometric
method of Traube.

The ring detachment method was improved recently by Harkins
and others, and instruments are commercially available for the
application of this method3. The instrument, the so-called ‘tensio-

Fig. 9. Tensiometer according to du Nouy.
(Manufactured by the Central Scientific Company, Chicago.)

meter’, is composed of a platinum-iridium ring hanging on one arm
of a sensitive balance (Fig. 9). The ring is immersed in the liquid,
and the force is determined (by increasing the weight of the other
arm of the balance) which is needed for detachment of the ring
from the surface. If y is the surface tension, f the force (it equals
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the counterweight m times acceleration of gravity g) and » the radius
of the ring,

v = Bfl4mr = Bmg/snr.

In this equation, g is a correction factor depending on the dimen-
sions of the ring and some other factors. The instrument is first
calibrated, and graphs showing the dependence of the surface
tension y on f (or m) can be prepared, and the values of y can then
be read from the measured values of weights .

Fig. 10. The stalagmometer of Traube.

The stalagmometric method (meaning drop measurer) is very
simple. In this method the number of drops formed by allowing a
certain volume of the liquid to drop from a capillary is counted.
In this case the work required for the formation of a fresh surface
of drops is measured. The instrument is a bent calibrated glass
tube (Fig. 10), the lower end of which is a capillary with a smoothly
ground, flattened end. The liquid is pulled by a syringe over the
upper mark, and the number of drops is determined by counting
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while the known volume flows out. The unknown surface tension
is determined by the equation:

¥ = 73Zwd/Z,

in which Z is the number of drops of the liquid with unknown sur-
face tension, Zy, is the number of drops of the same volume of
water, d the density of the liquid, and 73 is the surface tension of
water at room temperature?,

2. Surface-active Organic Substances

It has been known for a time that the surface tension values for
water are decreased considerably by some organic substances. If
the capillary end of the stalagmometer is touched by a greasy finger,
the drops become smaller. Extreme cleanliness therefore should be
observed in such measurements. The influence of organic substances
on the surface tension of water is demonstrated also by Table 1o0.
All the substances mentioned there, except sucrose, decrease the
surface tension of water. Such substances are called surface-active
or capillary-active substances. Sucrose, on the contrary, increases
the surface tension of water slightly, and sucrose belongs to the
group of swurface-inactive substances. Glycerin and inorganic salts
are examples of other surface-inactive compounds.

When the influence of various organic capillary-active substances
is compared, the differences appear quite striking. For example,
acetic acid lowers the surface tension of water in much lesser
amount than butyric acid (Table 10). The same was found in
comparing other organic acids, e.g. valeric acid lowers the surface
tension of water more than propionic acid, and even more than
butyric acid. It appears that the same is true for other series of
homologs, for example, amyl alcohol lowers the surface tension
more than methanol, and hexyl amine more than methyl amine.
The differences are even more pronounced, if molar concentrations
instead of per cent concentrations are compared. Traube formulated
a rule according to which the surface activity increases with increasing
chain length in a homologous series. Some results with the fatty
acids are presented in Fig. rI.

The lowering of the surface tension by surface-active substances
is understandable when the chemical nature of the molecules is
considered. According to the rule of Traube, the larger the hydro-
phobic part of the molecule the more surface active are the sub-
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stances. As we know, the hydrophobic part is pushed out of water,
and this may result in collecting of these molecules on the surface
of the water or micelle formation or both. The concentration of a
surface-active substance at the water surface is greater than inside the
water. The hydrophobic radicals stick out on the surface, and they
interfere with the intermolecular forces acting between water mole-
cules for purely geometric reasons. The inward pull thus is de-
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Fig. 11. Decrease of surface tension of the aqueous solutions of various fatty acids
with increasing concentration c.

creased, the surface layer of water molecules is ‘weakened’, the
drops on the end of a stalagmometer tube will become smaller. For
the same reason, surface-inactive substances are found in the surface
layer in a slightly lower concentration than inside.

So far the surface tension of liquids against air has been consider-
ed. The snferfacial tension between two liquids is also important.
Most common are the cases where water is one phase and the other
component is a hydrophobic liquid. The interfacial tension can be
measured, for instance, by the ring adhesion method. It has been
found that the surface tension of water against hydrophobic liquids
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is smaller than against air. First, even if the liquid has a very low
solubility in water, it spreads in it somewhat and lowers its surface
tension. Second, the molecules of the other liquid are able to
compensate the inward pull somewhat more than air can. The
surface tension of water against benzene is 335.0, against #-octane
it is 50.8,and the interfacial tension of water against #-octyl alcohol
is only 8.5 (at 20° C). The interfacial tension is lowered even more
by adding a surface-active agent to the two liquids, e.g. ether,
oleic acid, or soap. A result of such lowering will be the dispersion
(emulsification) of one liquid into the other. Hence, the lowering of
interfacial tension promotes droplet formation.

It is obvious from the aforesaid that the surface tension of micellar
colloids must be lower than that of water. This has been confirmed
by many observations. All those micromolecular substances whose
molecules are composed of a large hydrophobic part and polar
‘head’ are pushed out of water; they associate into micelles, and
at the same time they concentrate on the surface. The reason for
this is the hydrophobic character of the large hydrocarbon radicals,
their “fear of water””.

3. Wetting of Surfaces®

The wetting of solid surfaces is another important surface phenom-
enon. Polar liquids wet solids composed of polar molecules, and
non-polar liquids stick to hydrophobic surfaces. Wetting occurs if
the attraction between the liquid and the solid surface is greater
than between the molecules of the liquid.

The wetting of originally hydrophilic substances by water may
be obscured by invisible thin layers of hydrophobic material. For
example, clean fibers of cotton or wool are wetted by water; but in
textile processing they may be covered with greasy, hydrophobic
substances which repel water. The binding of dyes is thereby
reduced, and in order to produce well dyed fiber, the material must
be washed, i.e. liberated from the hydrophobic layer. If, on the
contrary, water-repelling fabrics are desired, they are impregnated
with some waxy, hydrophobic polymer. The surface of plant leaves
is not sufficiently wettable, the morning dew being the well known
indicator of this. The chemical agents used for the protection of
plants from insects and virus diseases should adhere to the leaves,
and wet them well, in order to obtain maximum benefit. For this
reason surface active substances are added to sprays. Surface-active
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substances decrease the surface tension of the aqueous droplets of
the spray, whereby the spray comes in better contact with the
leaves.

4. Adsorption Phenomena

Adsorption or sorption is a loose non-stoichiometric binding of sub-
stances on surfaces. The wetting of hydrophilic surfaces occurs
through adsorption of water. Solvation of colloidal particles or
macromolecules by the molecules of solvent is also adsorption. The
names ‘wetting’, ‘solvation’, and ‘adsorption’ thus express things
which are all of the same nature. The forces involved in adsorption
are the physical Van der Waals forces, including hydrogen bonding
and other secondary bonds. Some authors distinguish weak adsorp-
tion (cohesion) for chemisorption. The term ‘absorption’ is used
mostly for swallowing up of gas by solids, e.g. hydrogen by pal-
ladium. The binding of phosgene gas by activated carbon, however,
is now recognized as adsorption, not absorption, as the porous mass
of carbon possesses internal surfaces on which the gas is bound. In
this treatise the adsorption and absorption of gasous substances will
not be discussed. The problem will be restricted to adsorption in
solutions,

As indicated before, hydrophobic molecules tend to pull out of
aqucous solution, and their concentration at the water surface must
be greater than in the body of the solution. By the same reasoning,
hydrophilic molecules will be pushed out of a lipophilic liquid, such
as oil.

If any liquid or solid particles are dispersed in water, and if any
surface active substance is introduced as a third component, this
surface active compound will collect chiefly on all the available
surfaces. Hence, its concentration will be high not only on the
surface of the solution but it also will be high on the surfaces of
the dispersed particles. (And likewise, in an oily medium hydrophilic
molecules will assemble not only on the surface but also on the
particles dispersed therein.)

In respect to the adsorbability of various surface-active agents
we may expect that the more they decrease the surface tension the
better they will be adsorbed. In other words: the higher the surface
activity the greater the amount which will be collected on all sur-
faces available. This appears to be true for all aqueous solutions
investigated. It is interesting that physical chemists arrived at
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similar conclusions on the basis of theoretical calculations and
speculations in thermodynamics. The great American scientist
J. Willard Gibbs (1878), and independently J. J. Thomson in
England (1888), derived equations which correlate distribution of
a solute on surfaces with changes in surface tension. For a simplified
case of a dilute solution in a state of equilibrium, the excess of
solute a (in moles) at the surfaces depends on the concentration
¢ (moles per liter) and on the surface tension change dy/dc as
follows:
a = ~(dy/de)(¢/RT),

where R is the gas constant and 7 is the absolute temperature.
When dy/dc is positive, i.e. when the surface tension y increases
with concentration ¢ of the solute, 2 must be negative. This would
mean that the body of the solution is richer in solute than are the
surfaces, which is the case with many simple salts, sugars, and
other surface inactive compounds. However, when dy/dc is negative,
as in the above equation, a is positive, i.e. the solute is concentrated
on the surfaces. (The values of R, T, and ¢ never can be negative.)
A negative dy/dc indicates that the surface tension y is decreased
upon the increase of concentration ¢. This is the case with all
surface-active substances (see Table 10), as found experimentally.
Gibbs’ equation thus states that the adsorbed amount of solute will
be the greater the more the surface tension of the solution is changed
by changing the concentration of the solute.

That the concentration of surface-active substances on the sur-
face layer of water is higher than in the body of the solution was
confirmed by several series of experiments®.

There is another important dependence presented in the above
equation of Gibbs: the amount adsorbed is inversely proportional to
the temperature. This is evident also from molecular kinetic consid-
erations: increased thermal motion will disturb any inhomogeneous
distribution. The weakly bound molecules at the surfaces may be
knocked off easily by the impacts of the molecules of the solvent.

The above mentioned Gibbs’ equation holds only for some simple
cases, and it cannot be generalized and applied to any system.
Other factors are involved, and it appears to be impossible to
predict everything theoretically. For this reason, various exper-
imentally found correlations, chiefly between the amount adsorbed
and the concentration, have been presented in the literature’. In
the adsorption experiments, the amount adsorbed is correlated
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directly with the comcentration of the solute. Furthermore, the
amount of the adsorbent (which is usually a porous material or a
colloid) must be considered. The temperature influence should also
be investigated. Most adsorption studies, however, are carried out
at constant temperature. Charcoal was one of the most popular
adsorbents in the early studies on adsorbtion. The experiments
were conducted as follows. Equal amounts of charcoal were weighed
out and introduced into series of solutions of varying concentra-
tions. After stirring for a short time, equilibrium is attained, the
carbon is filtered off, and the concentration of the solute which
remained in solution is determined by chemical or physical means.
If adsorption has occurred, the concentration after the treatmeént
with the charcoal will be smaller than the original concentration.
The amount adsorbed will be the difference between these concen-
trations before and after the treatment. The same series then can
berun with another constant amount of charcoal, thus investigating
the importance of the amount of the adsorbent, or equal amounts
of another adsorbent, e.g. a synthetic resin can be taken.

It was found some 60 years ago that the following empirical
relation holds between the adsorbed amount 4, concentration ¢ and
the amount of adsorbent :

a/m = kct!», or loga/m = logk+1/nlogec,

k and # being constants. The logarithmic form of the equation
represents a straight line relationship, in which the value a/m
represents the amount adsorbed per gram of adsorbent; log & will
be the intercept, and 1/n the slope (Fig. 12). The exponential func-
tion gives a curve. The shapes of the curves obtained differ quite
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Straight line relationships between the The change of amount adsorbed (a)
logarithm of adsorbed amount and the with increasing concentration (c) for
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considerably (Fig. 13), the exponent 1/# having values usually
between 0.1 and 0.5 for various systems. The constant % will be
different for various solutions and various adsorbents. Since the
dependence of adsorbtion on concentration is correlated at a con-
stant temperature, the curves are called adsorption isotherms. These
isotherms differ chiefly in the higher concentration regions. At low
concentrations the general rule holds that the amount adsorbed
increases strongly with concentration up to a certain limit of ¢; above
this limit the relative amount of solute bound at the surfaces
remains constant or may even decrease.

Langmuir (1916) derived an adsorption isotherm theoretically on
a molecular kinetic consideration of the adsorption of gas on sur-
faces. He assumed that the molecules are bound at discrete points,
the so-called active centers. He also assumed that
the forces of adsorption are short range attractive
forces, and the films produced are not thicker than
the diameter of one molecule. It could be shown that
the classical empirical isotherm is one special case of
the Langmuir equation.

5. Chromatographic Analysis

Another practically important and convenient method
of studying adsorption is to place the adsorbent in a
vertical glass tube, and to pass the solution through
the column of adsorbent (Fig. 14). For quantitative
studies of adsorption the solid plug in the tube is
only about 1 cm thick, and a known volume of solution
is allowed to rise slowly through the plug. The amount
adsorbed then is determined by examining the liquid
above the plug. However, of much more importance
is the application of adsorption in columns for the
quantitative separation of organic and inorganic sub-
stances from mixtures. For this purpose a long column
of adsorbent is used, and the solution percolates down
from the top to the bottom. The solute with the highest Fig. 14.
affinity for the adsorbent will be adsorbed first, and Bands of
it will stay in the top layers of the column. The other =~ Substances
. adsorbed in a
components will move farther, some of them even- column.
tually being adsorbed in the lower layers, while others
will pass through the column without being adsorbed at all. Such
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columns were used first by the Russian botanist Tswett for the
separation of colored substances in plants. The differently colored
substances separated into colored bands, hence the method acquired
the name of ‘chromatographic analysis’. In many cases the com-
ponents adsorbed are not colored, yet the method can be used for
the quantitative determination and preparative separation of color-
less substances, such as amino acids. The separation is carried out
by continuous fractional elution, and collection of the eluted ma-
terial in a series of tubes®. The most weakly adsorbed components
in the bottom sections of the column will be eluted first, and they
will be followed by the other components in the order in which
they are present in the layers of the column. The substances eluted
then can be identified by chemical or physical methods.

The chromatographic method has been developed in the last
two decades to an indispensible analytical and preparative tool.
Since adsorption occurs even from the most dilute solution, small
amounts of organic compounds present in tissues in very high
dilutions have been separated by this method. The specificity of
adsorption is also remarkable. Small differences in the molecular
structure (e.g. ¢ts and frans stereoisomers) result in a difference in
adsorption. The method can be used on a micro scale, as well as
for industrial purposes with large columns, and with a highly
mechanized procedure.

Many different materials, such as powdered cellulose, starch,
silica gel, aluminum hydroxide, and various synthetic space poly-
mers are used as adsorbents in the columns. The chemical constitu-
tion of these space polymers can be correlated with their capacity
to adsorb certain compounds.

A very important branch of chromatography is filter paper chro-
matography. This was developed in England by Martin and Synge®
and their associates around 1940—44. It is now one of the best
semiquantitative micro-methods in organic and especially biochem-
ical analysis. In paper chromatography both adsorption and parti-
tion of the solute between solvents plays a part. The method is
very simple. A single drop of the solution to be tested is placed
on a section of filter paper near the edge, and the edge of the strip
(or sheet) is suspended in a mixture of solvents. The latter ascend,
carrying with them the substance under test. (Fig. 15). The sub-
stance is carried along the paper strip or sheet to a certain height,
and remains fixed. When many similar components are present in
the specimen to be examined, they each travel a definite distance
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depending on the characteristics of each individual component.
After the ascent is completed the paper is dried, and the positions
of the substances are revealed by means of suitable chemical reac-
tions. For example, the positions of amino acids are found by
spraying with a ninhydrin solution. The substances are identified
by comparing the chromatogram of the unknown with the chro-

TEST
SUBSTANCE

SOLVENT

Fig. 15. The ascent of test substances in a sheet
of paper immersed in a solvent.

matograms of known substances. Fractions of micrograms of var-
ious substances can be detected in this way, and complicated
mixtures can be analyzed. New compounds have been discovered
by this method in extracts of animal and plant tissues. This happen-
ed in several cases when unexpected new spots appeared after
development of the sheet, and the spots could not be identified
with any of the known substances.
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6. Adsorption and Ion Exchange

In chromatographic adsorption on columns the substances are
bound to the adsorbent by very weak forces. This is indicated by
the fact that usually they can be eluted easily by means of neutral
organic solvents or water. However, in some instances chemical
reactions may occur on the surface of the adsorbent. This happens
when both the adsorbent and adsorbed substance contain reactive
groups, such as carboxyl groups in the adsorbent and some basic
groups in the molecules of the adsorbed substance. In such cases
the substance may be chemically bound to the material of the
column. Another possibility is the exchange of micromolecular ions.
Sulfonated polystyrene is an example of a synthetic cation ex-
changer. Space polymers of organic amines on the other hand are
able to bind and exchange anions!®. The following exchange reac-
tions may occur:

Cation exchange:
R-SOgH +4Cat.+=R-SO,Cat +H+*
R:'SO;Na +Cat.*=R-S0,Cat +Na*
R:COOH +Cat.t+=R-COOCat+H+
R-:COONa+Cat.+=R-COOCat+ Na+*

Anion exchange:
R-NH, +H,0 =R-NH,0H
R:NH;-OH+ An.—-=R-NH,;-An+OH~-
R-NH,;-Cl +An.-=R-NHz-An+4Cl~

The ion exchange resins thus are able to bind ions from the solution,
thereby releasing other ions into the solution. Of practical import-
ance are the cation exchange reactions used for removing the
cations of calcium and other heavy metals from hard water.
Dowex 50 and the Nalcites are examples of cation exchange
resins which are commercially available. Dowex 50 is a sulfonated
and cross-linked copolymer of styrene and divinylbenzene. Amber-
lite ICR-50 is an example of a carboxylic cation exchange resin;
it is prepared by copolymerization of methacrylic acid and divinyl-
benzene, the latter again being responsible for the cross linking of
the chains and the formation of a space polymer. These space
polymers all have a very loose network so that small molecules
penetrate inside the porous solid and react in many places with
the active groups of the polymer. Dowex 2 is an example of an
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anion exchange resin. The exchange with this space polymer occurs
at the benzyl-dimethyl-ethanolammonium ion.

7. Monomolecular Films on the Surfaces of Liquids

The spreading of oily materials on the surface of water was observed
long ago. Benjamin Franklin was probably the first who tried to
estimate the thickness of the oily layer (in 1765). He spread olive
oil on water and estimated the film thickness to be only one ten-
millionth of an inch, or about 25 A. More detailed studies about
such films were made only in the first decades of this century.
Langmuir, Harkins, Adam, Sir Eric Rideal, and many others
developed this branch, and showed the usefulness of such studies
for the clarification of numerous problems in colloid science. Several
comprehensive sources are available in the literature for a more

detailed study of this subject!!. ‘

Thin films on liquids are formed by many substances, when small
amounts are spread on the surface of liquids. One condition is that
the substance to be spread must be either insoluble (more exactly
—of very low solubility) or it must be very slowly soluble. Neither
glycerin nor sugar forms a film on water, but thin layers of soluble
proteins can be obtained. The most interesting and important
results, however, have been obtained with the films of hydrophobic
organic substances, especially those whose molecules are composed
of a large hydrocarbon radical and a polar group.

The spreading experiments are carried out mostly in a rectangular
flat trough (Fig. 16). It is filled with water to the brim, and the
surface can be swept with a movable glass slide (barrier). This
enables one to clean the surface, and also to exert pressure on the
film formed on the surface. The best way of spreading oily sub-
stances is to dissolve them first in a highly volatile solvent, such as
petroleum ether (proteins are dissolved in water-miscible solvents,
e.g. 609, propanol); this solution then is spread on the surface by
means of a micrometer syringe with a fine needle tip. The most
important condition is that the substance to be tested must spread
completely, and the solvent must either evaporate or dissolve in
the water. The spreading then is observed by means of a float
which moves because of the pressure exerted by the spreading
film. Various devices are used for accurate measurement of this
pressure and the film itself. Fig. 16 illustrates one of the most
commonly used instruments. The float is attached to a torsion wire,
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and the pressure exerted on the float is measured by compensating
the torsion by rotating the torsion head. (This torsion balance is
calibrated by putting weights on a pan attached to the wire.) This
is the Langmuir-Adam film balance; it was modificd and developed
further in various ways, e.g. a kymograph can be attached to the
torsion wire -in order to obtain continuous registration of the
spreading!. .

The chief variables measured in film spreading are: the film
pressure (force), and the area covered by the film. Suppose that
an extremely small amount of a film-forming substance is spread

FFig. 16. A surface balance.
(Manufactured by the Central Scientific Company, Chicago.)

on a relatively large surface. When the amount of the substance
is so small that it is not enough for even a monomolecular layer,
the pressure will not increase upon reducing the area, i.e. pushing
the movable slide toward the float. This is because in very large
areas the substance forms islands or patches which do not influence
the surface tension (and the surface pressure) appreciably. However,
the pressure is strongly increased (the surface tension decreased)
when the molecules are compressed by the moving slide to a mono-
molecular film which covers the entire surface area. The force
exerted on the float then increases strongly. This continues until
the film is compressed to a limit, when the molecules begin to pile
up into polymolecular layers, in which casc the pressurc changes
are small. This is illustrated by the curve of Iig. 17. On the abscissa
is plotted the area (per molecule) and on the ordinate the pressure
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(dyne/cm). In section 1 of the curve there is so little substance on
the surface that it does not suffice to form a film. At the point 4,
we have a rather loosely built (expanded) film which remains

a M

A A,
Fig. 17. A common force (F) — area (4) curve.

monomolecular up to the point M, when the molecules begin to

pile up. When the total area of the monomolecular layer is known,

the area occupied by one molecule can be calculated. Denoting

the total area by S, the area of a single molecule by 4, the volume

of the substance spread by V, and its density by 4, 4 is given by
A=SM/VNd,

where M is the molecular weight of the substance and N is Avo-

gadro’s number.
The fact that the surface area values for single molecules of

various aliphatic compounds are POLAR HEAD
practically the same isindeed remark-
able. In the expanded film (at point O————————— —HYDROCARBON TAIL

4,) this arca appears to be about 25

squareangstroms or 25-10~8cm? and

for the compressed films it is near

20.5 sq. angstroms. This is the same

area which was obtained for thecross

section of a hydrocarbon chain as

estimated by X-rayanalysisand other Flig-dIB- O;ie:tgﬁ?‘l: ffv long illllain
accurate methods. Consequently, one 0% 00 o er.
must assume that the molecules of

stearic acid, dodecyl alcohol, and similar compounds are all arranged
in the films with the hydrocarbon chains upward and the polar
‘heads’ immersed in the water. This is illustrated in Fig. 18.
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The study of monomolecular films has yielded information which
is of interest not only in colloid chemistry but also in clarifying
structural problems of several organic compounds. For example,
the tightly packed monolayers of cholesterol and other steroids
indicate that the cross section of a single molecule of these sub-
stances must be 37-44 square angstroms, whereas according to the
old structural formula about 54 sq. A could be expected. The
studies on monomolecular layers supported the now generally ac-
cepted formula.

Clowes has done very interesting studies on carcinogenic substances,
such as benzpyrene, methyl-benzanthracene, and others (l.c.1).
These polycyclic hydrocarbons did not form coherent films by
themselves on water, but they could be included in mixed films
with sterols and other cellular constituents. It was shown that the
carcinogenic agents interact with the steroids in mixed films in
two ways: first, the hydrocarbon is dissolved in the steroid, and,
second, molecular association between the hydrocarbon and the
steroid can occur. The strongest binding of the polycyclic hydro-
carbons was found in mixtures with certain sterols and certain
fatty acids and phosphatides, but the hydrocarbons did not combine
with proteins. Also of interest is the finding of Clowes that the
alkyl-benzanthracenes and other polycyclic hydrocarbons could be
protected from the photochemical influence of ultraviolet light, if
they were between sterol molecules in the films. They were affected
by the radiation when irradiated in a bulk suspension.

Very interesting studies with monolayers have been made by
Sir Eric Rideal, Schulman and their associates!®. For example, it
was found that the oxidation of oleic acid spread on a solution of
potassium permanganate in water occurs only when the acid is
floating in isolated patches, or when the film is not firmly com-
pressed. Upon compression to a tight monolayer the oxidation
stops. This is explained as follows. The double bond of oleic acid
is the part of the molecule which reacts with the permanganate,
and this bond is in the middle of the hydrocarbon chain. When the
oleic acid molecules lie loosely scattered on the surface, the double
bond can touch the aqueous surface and react with the perman-
ganate (Fig. 19). When the film is compressed, the hydrocarbon
radical is forced out of the surface.

Another example is the reaction of lecithin with snake venom
on an aqueous surface. Lecithin reacts only if it is spread loosely,
and the reaction is slowed down strongly upon compression of the
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film. It was also found that in some instances the molecules of the
film, reacting with some substances dissolved in the water, form a
‘complex film’. An example of this kind is the interaction of choles-
terol spread on solutions of sodium cetyl sulfate and digitoninl4.

So far only the spreading of micromolecular compounds was
mentioned. However, monomolecular films of large molecules also
are known. Protein monolayers have been known for some time,
and a wealth of information has been collected on this subject?!s.
The interpretation of these observations, however, is not as un-
equivocal as in the case of fatty acids and other simpler substances.

DOUBLE BOND

- POLAR HEAD
o

- o o—

Fig. 19. Orientation of oleic acid molecules on the surface of water in
(1) a compressed film (a), and in (2) a loosely scattered film (b).

The protein molecules seem to be flattened out on the surface in
most cases, their flexibility is increased, and the unique configura-
tion of the native spheroproteins is changed to a considerable degree.
These changes vary from.protein to protein, and they also depend
to a great extent on the pH of the aqueous solution on which the
protein is spread.

The films of simpler polymers are also of considerable interest.
Rosano showed in a recent publication!® that the surface area
occupied by one molecule of a semicolloidal polyester molecule
depends on the spreading solvent. This indicates that the polyester
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molecules are solvated on the aqueous surface to various degrees,
depending on the solvent. The molecular weight of the polymer
appeared to be the same on the surface film as in solutions, and it
was independent of the solvents used for spreading.

It is interesting that surface monolayers at great dilution can
be considered as surface gases, and the gas law PV = RT can be
applied. Instead of pressure P the film pressure F is taken and
instead of volume V the surface S, so FS = RT (for one mole).
Such a ‘surface gas’ cannot be ideal and corrections in analogy
to those of the Van der Waals factors must be taken into account,
especially the volume or surface of the spread molecules themselves.
According to Rosano then

F(S—b) = RT  for one mole, or
F(S —b) = RT/M for 1 gram, M being the molecular weight.

In these equations & is the cosurface of the molecules, and it can
be evaluated if the concentration of the molecules is known. Since
the other values also are known (R is the gas constant, T the
absolute temperature), the molecular weight M can be calculated.
The molecular weight obtained by this method agrees with values
obtained by other methods?”.

Monomolecular films can be produced not only on water but on
other liquids as well. The chief condition is that the substance to
be spread must not be soluble in the liquid on which it is placed,
although other factors also are involved. Monolayers can also be
formed between two liquids, e.g. between oil and water. Of course,
it is impossible to use the common technique of movable barriers
for the study of such films; the pressure of the film is simply changed
by introducing more of the substance between the layers. It is
interesting that the cohesion between the hydrophobic parts of the
spreading molecules is eliminated in such spreading, since the hydro-
phobic radicals will be solvated by the oil. Consequently, the
flexibility of various macromolecules at a water-oil interface is
usually greater than at a water-air interfaces.
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CHAPTER 7

The Size and Shape of Macromolecules and Micelles

Determination of the size and shape of colloidal particles is one
of the chief objectives of colloid science. A variety of methods have
been elaborated during the last few decades, and many of these
methodsare applicable to the study of organic colloids. The methods
can be divided into two groups: (I) accurate quantitative methods,
. and (2) qualitative or semiquantitative methods, for approximate
evaluation of size and shape. Although the accurate methods are
usually preferred, the semiquantitative methods are much simpler
and sometimes adequate for practical purposes. The following
quantitative methods will be discussed in this chapter: (1) sedimen-
tation in the ultracentrifuge, (2) diffusion, (3) osmotic pressure,
(4) light scattering, (5) double refraction of flow, (6) electron
microscopy, and (7) the chemical methods. The viscosimetric me-
thod, which will be discussed in Chapter 9, is also very important
for the study of organic colloids. The surface balance technique
was mentioned in the previous chapter.The most important qualita-
tive and semiquantitative methods are: qualitative optical examina-
tion, dialysis, ultrafiltration, and precipitation titration. Some of
the classical methods of molecular weight determination, such as
the freezing temperature depression, are not sensitive enough for
colloids, and have rendered erroneous results.

1. Ultrafiltration, Dialysis, and other Semiquantitative Methods

A rough estimate of the particle size of a colloid is sometimes
possible by gross observation. If a solution appears turbid, the
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particles are relatively coarse. Their dimensions may be around
0.00I mm. A closer estimate is possible by learning to distinguish
simple reflection turbidity from opalescence. The reflection tur-
bidity of colorless dispersions is white, whereas opalescent systems
appear to be bluish by their reflected light, and yellow or orange
when viewed against the light source. This is explained as follows:
In the case of ‘white turbidity’ the particles are so large that all
the waves of visible light are reflected and scattered from the
surfaces of the particles. Since many kinds of waves are affected,
the system appears white from all directions. In opalescent colloids,

VIOLET

BLUE

Fig. 20. Opalescence of a colorless colloid. The long-wave red and yellow light passes
almost undisturbed through the solution, whereas the short-wave blue and violet
light is strongly scattered,

however, the particles are so small that only the short waves are
scattered, whereas the long waves of yellow, orange, and red pass
through the colloid undisturbed. Consequently, the colloid appears
bluish by its reflected light and orange against the light source.
(see Fig. 20). The size range of the particles in opalescent colloids
is about 500-5000 A. If a solution is clear and shows no opalescence,
the particles must be smaller than 500 A. Whether a particular
system is colloidal or not can be answered by means of the following
simple experiments. The solution is poured into a cellophane tube,
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which is then placed in a container of pure solvent. Cellophane is
a semipermeable membrane composed of regenerated cellulose. The
pores and cracks between the solid cellulose fibers are so small
that colloidal particles are unable to penetrate the membrane. After
a certain period of time the initially pure solvent can be tested
chemically for the presence of the solute. Since only micromolecular
solutes may pass through cellophane, the colloid will remain inside
the tube. This method is called dialysis. (Fig. 21). It is a very
useful and important technique, especially
for the purification of colloids, which, by this
means, can be liberated from all micro-
molecular impurities, such as inorganic salts,
alcohol, or glucose.

Anothersimple test for a semiquantitative

ey

- — —[:z—=—| estimation of particle size is ultrafiltration.
——[i*]-——| Colloidal particles will pass through the pores
i s]z=—=| ofordinaryfilter paper, as well as through the
TP T — | finest (UF) sintered glass filters. However,
- “_Qy._““ ——| the semipermeable membranes used in ultra-

e filtration will retain colloidal particles. Cello-
phane or nitrocellulose filters are used for
this purpose, and a sintered glass support
is used for filtration under pressure. Cel-
Fig. 21. Dialysis. Colloidal  lulose may also be used as supporting ma-
particles remaininsidethe  terjg] e.g. the extraction socks. Ultrafilters
tube, whereas micromole- . .
cular ions and molecules Of Vvarious pore size can be prepared by
diffuse through the semi- jmpregnating these socks with a solution
{’}f’me"‘b‘? membraneinto o - pitrocellulose, and drying to various
e solution (or pure sol- ? A N
vent). degrees. The ordinary collodion, a solution
of nitrocellulose, in an alcohol-ether mix-
ture, is suitable for this purpose. These solvents evaporate easily,
and the more the remaining film dries out, the smaller the pores
will be. Colloids of known particle size can then be used for the
estimation of the pore size. By filtering an unknown solution through
a series of ultrafilters with various pore diameters, and testing the
filtrate, the particle size can be roughly estimated.

The ultrafiltration phenomena and penetration of particles
through semipermeable membranes was thoroughly investigated by
Bechhold (1907), Elford!, Ferry?, and others. Elford studied the
virus proteins by this method, and pointed out some of its limita-
tions. The colloidal material may be adsorbed at the surfaces of
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the capillaries. Because of this clogging effect, the colloidal particles
may appear smaller than they really are. According to Elford,
only in the case of coarse ultrafilters is the maximum diameter of
the passing particles the same as the average pore diameter. It
should also be pointed out that the pore size in a membrane is
not uniform. Such a membrane must be considered, not as a punched
sieve with holes of equal diameter, but rather as a meshwork of
fibers (see Chapter 15).

The choice of a membrane for the purpose of dialysis or ultra-
filtration depends on the properties of the solvent. Cellulose mem-
branes can be used for practically all solvents, whereas nitrocellulose
cannot be used for acetone or several other organic solvents.
Defatted animal membranes also are very useful for dialysis and
ultrafiltration, since they are composed chiefly of fibrous proteins
which are insoluble in water and organic solvents.

Another simple method for semiquantitative estimation of particle
size is the precipitation titration. This method is used only for the
comparison of polymers of similar constitution, i.e. of polymer-
homologs®. For example, the degree of polymerization of a series
of nitrocellulose fractions, or the approximate degree of hydrolytic
decomposition of gelatin samples may be determined by this tech-
nique. A known volume of the colloid is titrated with a liquid
which is miscible with the colloid but will cause aggregation of the
particles. For example, a nitrocellulose solution in acetone can be
titrated with water, or better, with a water-acetone mixture ;agelatin
solution can be titrated with alcohol. The amount of precipitant
added will depend on the molecular weight (particle size) of the high
polymer; the smaller the molecules the more of a precipitant is
required to produce aggregation. This relation is based on the fact
that the solubility of high polymers having the same constitution
depends on the molecular weight of the polymer (see Chapter 12).

The simplest method for obtaining information concerning the
particle shape is viscometry. A diluted collgid” (about 1%) which
shows a high resistance to How has metric particles. The
methods for a quantitative measurement of viscosity will be de-
scribed in Chapter qg.

2. Sedimentation in the Ultracentrifuge

Coarse, filterable particles may be separated by centrifugation in
the usual laboratory centrifuges which attain speeds of approxi-
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mately 4000-6000 revolutions per minute, Colloidal particles cannot
be sedimented at such low speeds. Being very small and light they
are pushed about by the thermal motion of the solvent molecules
and their motion is little influenced by gravitation. The smaller
the particles or macromolecules the more like ordinary small mole-
cules they become, and the more powerful gravitational force is
required in order to displace them.

T. Svedberg and his associates (1920-1935 in Uppsala, Sweden
and in the University of Wisconsin, U.S.A.) developed the first
analytical ultracentrifuges by means of which the sedimentation
of colloids could be studied. Many difficult problems were involved
in the development of these instruments, especially in the construc-
tion of suitable rotors and cells, as well as in adapting suitable
optical means for measuring particle displacement. The first ultra-
centrifuges rotated at a speed of about 15,000 r.p.m., and later
this speed was increased to 80,000 r.p.m. and higher. The classical
ultracentrifuges of the Svedberg type are driven by oil turbines.
The cell is placed in a rotor built of the highest quality steel, and it
revolves in an atmosphere of cooled hydrogen at low pressure.
The displacement of large molecules in the cell is observed during
centrifugation through quartz windows by suitable optical methods?,
Due to the expense and complexity of construction only a few
such instruments are in use.

Fig. 22. The rotor and cells of the ultracentrifuge.
(Courtesy Spinco Division, Beckman Corp., Belmont, Calif.).

Ultracentnfuges of different desxgm,aWere developed later in the
U.S.A. and in Germany; several of “these are now availible com-
mercially. Pickels has designed an electrically driven ultracentrifuge
which is now a standard tool in many laboratoriess. This instrument
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has many advantages over the Svedberg type machines since it is
less expensive, more compact, easily operated, and the accuracy
of its results is at least comparable with the oil turbine centrifuge.
The rotor is fashioned of aluminum alloy, and the cell resembles
that of the Svedberg ultracentrifuge (Fig. 22). The rotor is attached

Fig 23 The Spinco ultracentrifuge. Placement of the rotor in the chamber.

to the drive by a vertical flexible shaft which makes the rotor
self-balancing, and minimizes the danger of rotor disintegration
(Fig. 23). The rotor spins in a high vacuum, and the chamber may
be cooled by refrigeration. The displacement of the colloid is
followed by an optical system which permits accurate photographic
registration of the boundary during the run.

By following the boundary shift, the sedimentation method makes
it possible, not only to estimate molecular weight but also to
determine the relative homogeneity of the system with respect to
the molecular weight. By means of the cylindrical lens system, the
different mass species will appear as peaks, the position of which
can be accurately measured. When #wo peaks appear in the sedimen-
tation diagram, the colloid contains at least two different species of
macromolecules (or other kind of particles )(Fig. 24).

The molecular weight of macromolecular substances may be
determined by means of an ultracentrifuge in two ways. Most
important is the sedimentation velocity method. It is based on the
fact that the sedimentation velocity depends upon the molecular
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Fig. 24. A sedimentation diagram: Ultracentrifugation of commercially prepared
gamma-globulin (1%). (Courtesy Spinco Div., Beckman Corporation )

weight and shape of the sedimenting entities. The centrifugal force
acting on a mole of particles at a distance x from the axis of rotation
equals the difference between the centrifugal weight

. Mzw?
and the buoyancy exerted by the displaced liquid
MxVdw?, 1e.
Mxo® — MxVdwd, or M(1 — dV)xw?

In this expression M is the molecular weight, d the density of the
solution, ¥ the partial specific volume of the particles (inversely
proportional to the density of the particles), and w is the angular
velocity (radians per sec). In a steady state of sedimentation this
centrifugal force must be equal to a resisting force f-dx/d¢, where
[ is the frictional force per mole. Hence,

M(1 — dV)xw? = f-dx/dt (1)

From this equation the unknown M can be calculated, if the other
variables are known. Density and partial specific volume may be
determined by pycnometric methods, and the angular velocity can
also be measured with suitable devices. There then remain the
parameters ¥, dx/d#, and f. According to Svedberg, it is advanta-
geous to consider, instead of the sedimentation velocity dx/df, the
sedimentation constant s, the latter being defined as follows:

s = .d: a/) ?t or (in integrated form)

Inx,/ )
s=@%’g§;?, (2)
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The sedimentation constant is defined as the sedimentation velocity
per unit centrifugal force, and the absolute unit for it is the second.
It is obvious that the sedimentation constant can be calculated, if
the positions of the moving boundary #; and %, can be measured
at the time intervals ¢, and £,. A colloid is characterized to a reason-
able degree if its sedimentation constant is known (providing it
contains only one sedimenting component). The sedimentation
constants of colloids usually vary between 2-10~13 and 150-1071%
second. The factor 10-13 ordinarily is omitted, and the constants
are stated in S units (called svedbergs). For example, the sedimenta-
tion constant of serum albumin is found to be 4.0-4.6 S.

A precise evaluation of the molecular weight M is more difficult
since one more unknown is involved—the frictional force f. The
latter can be calculated, if the diffusion coefficient D of the material
is known, as f = RT'/D (where R is the gas constant and T absolute
temperature). Combining equations (1) and (2), and replacing f by
RT/D the following expression for M is obtained:

RTInx,/x,

M= D V) (1, — e W

Detailed information concerning the calculation of sedimentation
constants and molecular weights can be found in the previously
mentioned book of Svedberg and Pedersen, and from other sources®.

The molecular weight of macromolecular substances can also be
determined by the ultracentrifuge without knowing the diffusion
constants. The solution is centrifuged at a relatively low speed
(15,000~30,000 r.p.m.) until equilibrium between sedimentation and
diffusion is reached. The concéntration of the colloid is then deter-
mined by optical means in several levels of the cell. The molecular
weight may be calculated from

2RT In c,/cy
M= T e, e N
¢, and ¢, being the concentrations at %, and x;. The chief disad-
vantage of this method is that a long time is required in order to
achieve the equilibrium. ’

It should be pointed out that the above mentioned relations are
valid only for more or less idealized cases. The degree of dilution
is very important. Equation (4) is valid only for very dilute solu-
tions, and for mqre concentrated solutions certain corrections must
be made’. The same is true for the sedimentation constants. These

References p. 121-123



94 SIZE AND SHAPE OF MACROMOLECULES AND MICELLES 7

are usually determined for a series of concentrations, the s values
are plotted versus concentration and extrapolated to zero concentra-
tion. Moreover, the s values are recalculated for conditions at 20° C,
in pure water and such reduced s values are denoted by s°,,.

he best sedimentation results have been achieved with the

erocolloids, especially with the proteins. The molecular weights,
as determined by the sedimentation velocity method agree well
with those obtained by the sedimentation equilibrium metho
shown in Table 11. Noteworthy is the fact that many prot€ins
appeared to be homogeneous in respect to the molecular size.
Results with the linear polymers, however, have been less satis-
factory, since these substances are polymolecular (chains of various
length). The frictional force is also much greater than in sphero-
colloids, causing the molecules to sediment slowly, and making
evaluation of the boundary shifts difficult®.

TABLE 11

THE MOLECULAR WEIGHT OF SEVERAL PROTEINS FOUND BY THE SEDIMENTATION
VELOCITY AND BY THE SEDIMENTATION EQUILIBRIUM METHODS

M from sedimenta- M from sedimenta-

Protein

tion velocity tion equilibrium
Myoglobin (from muscle) 16,900 17,500
Pepsin (from stomach juice) 35,500 39,000
Insulin (from pancreas) 41,000 35,000
Lactoglobulin (from milk) 41,500 38,000
Ovalbumin (from eggs) 44,000 .40,500
Serum albumin (horse blood serum) 70,000 68,000
Amandin (from almonds) 330,000 330,000

There have been important contributions to the field of sedimen-
tation recently. Beams and colleagues have developed a new,
magnetically suspended equilibrium ultracentrifuge®. This in-
strument has certain unique features. The rotor is accelerated to
operating speed by an air turbine seated below the vacuum chamber.
A thin, flexible shaft passing through vacuum-tight oil glands
connects the turbine to the rotor during the acceleration period
but is disconnected during the operating period. The rotor coasts
freely during the observation of the sedimentation in the vacuum
chamber. It has been estimated that the rotor loses only one
revolution per second per three days when running at a speed of
18,000 r.p.m. The sedimentation in the cell during the run is
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observed by means of an interferometer which gives accurate in-
formation about the concentrations of the sedimenting substance
in different levels of the cell.

Air driven and air floated rotors have been developed in various
ways. Ford and associates!® have demonstrated recently a relatively
inexpensive and efficient instrument which could be used in any
laboratory. The rotor is constructed with opposed radial holes in
which glass capillary tubes are inserted. The rotor is driven by
compressed air, and it floats steadily, rotating with a reasonably
constant speed. The sedimentation in-this simple instrument can
not be observed during the rotation, but the centrifuge is stopped
at appropriate time intervals and the capillaries are examined under
a microscope. The results were shown to be satisfactory when
compared with those obtained from more accurate instruments.
This instrument is especially important for its use as a micromethod.

Recently, there has been important progress in the improvement
of cell construction and evaluation of the boundary shift. Kegeles
has developed a new type of boundary forming cell by means of
which the molecular weights and sedimentation constants can be
evaluated at the same time, even for relatively low-molecular sub-
stances!l.

3. Molecular Size and Diffusion

Diffusion is the spreading of the solute into the solvent. If a dense
and concentrated solution is carefully layered with the solvent,
the solute diffuses, and after a certain time the solvent will be
distributed evenly throughout the solution. Diffusion of colloidal
particles or macromolecules is due to the Brownian movement. The
diffusion rate, however, is much less than the velocity of oscillations
in the Brownian movement; the particles in the spreading layer
collide, moving in various directions.!lMoreover, the movement is
“statistical”’, i.e. the boundary of the spreading substance is not
absolutely sharp but some particles, by mere chance, will spread
farther, even if they are of exactly the same size. Diffusion occurs
as illustrated in Fig. 25. This behavior of the particles is due to
the chaotic nature of thermal motion. Some particles are out of the
boundary, not because the original boundary was imperfect or had
been disturbed by external shocks or thermal convection, but
because these particles have received extremely strong, uneven
impacts.

References p. 121-123



96 SIZE AND SHAPE OF MACROMOLECULES AND MICELLES 7

Diffusion is characterized by the diffusion coefficient or diffusion
constant which is the amount of solute passing in one second across
a plane of one cm? when the concentration gradient is unity. If the
cross section of a diffusion cell is I cm?, and it contains a one molar
solution in the bottom, the diffusion constant is the quantity of
solute which has spread in 1 second 1 cm deep into the pure solvent
layered on top of the solution. The dimensions of the diffusion
constant are cm?/sec, and the values for various organic colloids
range from 10~% to 10-8, whereas micromolecular substances, e.g.
urea, have diffusion coefficients of 105 and higher.

[ de/ dx
ce=f(x) dc/dx = f(x)

Fig. 25. Diffusion of a monodisperse colloid across the boundary B into pure solvent.

The concentration (¢) of the particles decreases with increasing distance (x). The

change of the concentration (its first derivative dc/d#) has its maximum at the
boundary B. (After H. P. Lundgren.)

There are two basic approaches in determining diffusion coeffi-
cients: (1) free boundary spreading, and (2) diffusion through porous
plates. The first method uses rectangular cells, like those presented
in Fig. 26. Such cells were originally designed by Tiselius and were
first used for quantitative studies in electrophoresis. They are also
useful for free boundary diffusion studies, since a sharp boundary
can be easily formed by using a sliding joint to superimpose the
solvent on the solution. The boundary spreading is observed by
optical means, e.g.refraction changes at certain levels (x) at definite
time intervals ()12, A simpler means is the porous disc method of
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Northrop and Anson!?. The boundary is formed in a porous disc
of sintered glass which separates the solution from the solvent.
The amount diffused is determined by taking specimens from the
solvent compartment and testing them for the amount of solute.

e e

Fiz. 260. Rectangular cells used in diffusion and electrophoresis experiments.

The diffusion coefficients are evaluated from the experimental data
according to the law of Fick (1855), which states that the diffusing
amount dm which travels in direction x (sce Fig. 25) in a time d¢
across an area ¢ is proportional to the concentration gradient dc/dx:

dm = —Dgq-dc/dx - dt.

D in this equation is the diffusion coefficient, which is simply a
proportionality constant. This differential equation which expresses
Fick’s law may be solved for certain limited cases. Introducing the
experimentally found values of x, ¢, and ¢ in the integrated equa-
tion the constant D can be evaluated.

The larger a particle the more slowly it will diffuse. Hence the
diffusion coefficient can be used as a measure of particle size. The
theorctical relations appear rather simple in cases where the parti-
cles are spherical, non-solvated, and relatively much larger than
the molecules of the solvent. According to Stokes and Einstein,
the following relation then holds between the diffusion constant D
and particle radius 7:

D = RT/6nNv,
where R is the gas constant, T absolute temperature, 7 absolute
viscosity, and N the Avogadro number. For molecular colloids the
molecular weight M can then be evaluated from 7, as

M = 4/3nNv3d,
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where 4 is the density of the spherical molecules. The diffusion
constants are also of considerable importance for estimating the
molecular weights by sedimentation velocity measurements. '

The determination of particle shape by diffusion or sedimentation
measurement is more difficult than the evaluation of particle size.
The theory predicts that the molar frictional force, f, will increase
with increased molecular asymmetry. Asymmetric, fibrous molecules
diffuse more slowly, and also sediment more slowly than spherical
particles. According to Stokes, the frictional force f, for one mole
of spherical particles will be:

fo = 6aN(3MV/4aN)i.

TABLE 12

DIFFUSION AND SEDIMENTATION CONSTANTS AND FRICTIONAL RATIOS
OF VARIOUS PROTEINS*

Protein Diffusion constant Sedimentation const. Frictional ratio
D (at 20°C) Sgo 1/,

Lysozyme (egg white) 8.6:1077 1.8:10~13 1.58
Myoglobin (muscle) 11.3 2.0 I.I1
Lactalbumin (milk) 10.6 1.9 1.16
Crotoxin

(snake venom) 8.6 3.1 1.22
Oxytocin (hormone) 8.5 2.6 1.15
Pepsin

(stomach juice) 9.0 3.3 1.08
p-Lactoglobulin

(milk) 7.3 3.1 1.26
Insulin

(pancreas horm.) 8.2 3.5 1.13
Ovalbumin

(egg white) 7.7 3.5 1.16
Hemoglobin (blood) 6.3 4.4 1.24
Albumin

(human blood) 6.1 4.6 1.28
Globulin fract. (serum) 3.5 7.6 1.56
Catalase (enzyme) 4.1 11.3 1.25
Amandin (almonds) 3.4 12.5 1.28
Urease (enzyme) 3.4 18.6 1.19
Thyroglobulin (hog) 2.6 ’ 19.2 1.43
Hemocyanin (crabs) 2.7 22.6 1.27
Virus

(tobacco mosaic) 0.3 174 3.12

* From Lundgren-Ward, l.c. ref. 6.
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This would be the molar fractional force for non-solvated spheres.
The actual frictional force f is always greater, since the molecules
are solvated and more or less asymmetric. The quantity f can be
determined either from

f=RT/D,

or from the sedimentation equations (1) and (2) (p. 92). The ratio
flfo is called the molar frictional ratio. In Table 12 are presented
some representative data for the frictional ratios, diffusion constants
and sedimentation constants for some proteins.

The first proteins in the Table have molecular weights near
15,000, and those at the bottom have very high molecular weights.
The frictional ratios in most cases are close to unity, which means
that the macromolecules are not much hydrated, and that their
shape is nearly spherical. The frictional ratio does not represent
the molecular axial ratio which is much greater than f|f,. This has
been confirmed in several instances by other methods, such as
electron microscopy. The particles of tobacco mosaic virus appear
in the electron microscope as long rods, although the frictional
ratio is only 3.12.

Efforts have been made to calculate the influence of molecular
asymmetry upon diffusion. Equations for prolate and oblate ellip-
soids of revolution have been proposed!4.

4. Determination of Molecular Weight by
Osmotic Pressure Measurement

The sedimentation and diffusion methods have been successfully
applied chiefly to proteins and similar organic spherocolloids. The
osmotic pressure method is applicable to both sphero- and linear
colloids having molecular weights between 10,000 and about
500,000.

The method is based on Van ’t Hoff’s law, according to which
the osmotic pressure p depends on molar concentration of the solute
¢/M, and on temperature:

p = RTc/M.
This equation is valid for very dilute solutions in which the mole-
cules of the solute do not interact mutually. For the same amount

of dissolved material ¢ (at a constant temperature) the osmotic
pressure is inversely proportional to the molecular weight M.
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Osmotic pressure is a colligative property which depends upon the
number of acting entities.

According to Van 't Hoff’s law, the reduced osmotic pressure p|c
should not change with concentration (if T is constant) since R and
M are constant values. In fact, however, the reduced osmotic
pressure in many cases increases with increasing the amount of the
substance dissolved. This indicates that other factors are also in-

P/C R
) /*
//1
x
..
ez ¥ 3"/ ° ° —0

Tig. 27. The dependence of the reduced osmotic pressure p/c on
concentration (¢) for three different colloids.

volved. For moderately concentrated solutions of polymers the
reduced osmotic pressure p/c depends on concentration as follows15:

plc = RT/M 4- Bc + Cc? + ......

The third virial coefficient C can usually be neglected, if the con-
centrations are not too high. However, the coefficient B must be
taken into account in osmotic pressure for linear colloids. The above
equation then is reduced to the following:

ple = RT/M + Be,

which is an equation for a straight line. Figure 27 shows plots of
p/c against concentration ¢. The RT/M value is the intercept on
the ordinate, and B is the slope of the line. From the intercept,
obtained by extrapolating the p/c to zero concentration, the mo-
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lecular weight M is calculated, since R (gas constant) is known, and
the temperature can easily be measured. Such evaluation of molec-
ular weight, of course, implies the necessity of determining the
osmotic pressure for a series of concentrations at a constant tem-
perature.

The determination of osmotic pressure is based on the phenom-
enon of osmosis. Suppose a solution is separated from a pure solvent
by a semipermeable membrane (Fig. 28), the latter having the
property that only the solvent, and not the solute, can pass through
it. The solvent will diffuse into the solution through the membrane,
as there is a concentration difference on cither side of the membrane,
and there is a tendency to equalize the difference. Since the solute
is unable to pass the membrane, the cqualizing can occur only in
diluting the solution, i.e. increasing its volume. Consequently, the
liquid rises in the tube exerting a pressure. The greater the number
of particles of the solute the higher the diluted solution rises in the
tube. The rise continues.slowly till the osmotic pressure is balanced
by the hydrostatic pressure of the column of liquid. Hence the
osmotic pressure may be determined by an accuratc measurement
of this rise.

Considerable difficulties had to be overcome in developing this
method. The greatest difficulty in the application of this method
to low molecular substances and semicolloids is the finding of
suitable semipermeable membranes. Cellulose, nitrocellulose, or
animal membranes are not suitable, because small and medium
size (M = 1000-10,000) molecules of the solute will penetrate them.
Hence the observed pressures will be too low. For macromolecular
substances the finding of a suitable membrane is not too difficult,
but other problems arise. The osmotic pressure, as mentioned before,
is inversely proportional to the molecular weight, i.e. a 19, solution
of a high polymer of M = 500,000 will produce a lower pressure
than a 19 solution of a polymer of M = 20,000. For the same
weight of solute, the number of particles will be inversely propor-
tional to the molecular weight. Hence the pressures observed for
solutions of very large molecules are quite low. The errors involved
in any measurement, however, increase as the quantity to be
measured decreases.

Various devices have been proposed for the measurement of
osmotic pressure. Some investigators have used bag-shaped mem-
branes, and a simple device would then be similar to that presented
in Fig. 28. More common nowadays are flat membranes which are
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fastened between perforated plates. The osmometer of Schulz (Fig.
20) has such a design. A flat membrane rests on a perforated disc,
and is fastened tightly to the housing by screws. The solution is
added and a glass capillary with ground joint is inserted into the
neck of the housing. The cell is then placed in a glass cylinder
containing the solvent, and the whole device is put into a constant
temperature bath. Usually a whole series of such osmometers is
used, the osmosis of the same colloid being observed at various
degrees of dilution. Equilibrium is reached after several days. When

T

=
[

25 ¢cm

\/
C T
L————- 6cm ——————l
Fig. 28. Schematic sketch of Fig. 29. Osmometer according
an osmotic cell. to G.V. Schulz.

no further rise is noticeable, the height of the capillary columns is
measured, and correction is made for the capillary rise of the liquid.
Detailed descriptions of other osmometers can be found in hand-
books?8, ]

Osmotic pressure can be measured also using different principles.
According to the dynamic equilibrium method, the osmotic pressure
is compensated by external pressure, and the rate of flow of the
liquid thereby is altered'”. Osmometers of this type usually are
equipped with sensitive devices for measuring the flow rate of the
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liquid. A cell is divided in half through the membrane, and either
pressure or suction can be applied to both sides. The flow rate
(from the solvent compartment into the solution compartment)
depends on the pressure applied. The flow rate is plotted against
pressure, and the osmotic pressure is equal to that counterpressure
at which the rate of flow is zero. This method is suitable in cases
where the osmotic pressure changes with time, i.e. the particles
either disaggregate or associate themselves into larger units. In the
first instance the osmotic pressure will increase with time, if the
process is slow enough to be observable. Aggregation is more
common, in which case the osmotic pressure will decrease. However,
it must be pointed out that it is impossible in this manner to follow
the aggregation processes in coarse dispersions. In this instance the
osmotic effect produced by the particles is too small, and is distorted
by the osmotic activity of electrolytes and other small molecules
which are always present in solutions. The osmotic effect produced
by the droplets of an emulsion (diameter of droplets about 0.001—
0.0001 mm), even if highly concentrated, is too small to be measured
conveniently. The upper limit for high polymers is M, approximately
500,000. Calculation shows that for a one per cent solution of a
polymer of M = 350,000 the osmotic pressure should be only 0.7
cm of water. With even larger molecules the errors of measurement
become too great.

Several improvements in the methods have been achieved re-
cently. Noteworthy is the method of Jullander and Enoksson in
which the osmotic pressure is measured by weighing?®. The osmotic
cell, resembling that of the Schulz type, is hung on one beam of a
sensitive balance, and the lower part of the cell is immersed in the
solvent. The movement of the solvent is registered by the increase
in weight of the cell (Fig. 30). Very convenient osmometers have
been designed recently by Hellfritz!®, employing a combination of
the Schulz type and Fuoss-Mead osmometers. This instrument is
commercially available, is simple in construction, and has the
advantage over the Schulz osmometer in that the equilibrium is
reached in 3-5 hours.

The results obtained by the osmotic pressure method will be
discussed in detail later but, generally speaking, there is a difference
in osmotic behavior between the spherocolloids and linear colloids,
as pointed out by Staudinger®. The reduced osmotic pressure for
the spherocolloids is independent of concentration, i.e. the inter-
action constant B is zero, even in relatively concentrated solutions.
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Fig. 30. Diagrammatic sketch of the osmotic balance after Svedberg,
Jullander and Enoksson.

TABLE 13

THE OSMOTIC PRESSURE FOR GLYCOGEN AND FOR OVALBUMIN

Reduced osmotic

Colloid Concentration ¢

. 10%
(g in hiler) Pressure p - 10

pressure L
c

Glycogen 5 0.43 0.086

(in water) 10 0.88 0.088

M = 283,000 20 1.74 0.087
30 2.58 0.086
50 . 4.15 0.083

Egg albumin

(according to 111.7 39.0 0.349

Serensen), 173.8 59.8 0.342

M = 70,000 238.5 82.2 0.345
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This is illustrated for glycogen and ovalbumin in Table 13. The
reduced osmotic pressure of linear colloids, however, rises with
rising concentration in most cases, as illustrated earlier in Fig. 27.
This is due to increasing interaction between the fibrous particles
themselves and between the particles and solvent, as the concentra-
tion increases.

5. Molecular Weight Determination by Light Scattering

The basic principle of this method is simple: the light scattered by
colloidal particles is determined (among other things) by the size of
the particles. A light wave is associated with an electromagnetic
field. When such energy of radiation strikes a particle, the electrons
of the particle are made to vibrate, and will oscillate in unison
with the incident wave, thus becoming sources of the scattered
light. It was shown by Lord Rayleigh in 1870 that the intensity of
scattered light depends upon the following factors: (1) intensity
of the incident beam, (2) the wave length of the incident beam,
(3) the difference between the refractive indexes of the particle and
the medium, (4) the number of the particles which scatter, and,
(5) the volume of the particles. Moreover, the intensity in certain
cases may depend on the angle under which the scattered light is
measured.

So far we have mentioned the importance of the wave length in
scattering only when describing the phenomenon of opalescence.
The short waves (blue and violet) are scattered much more than
the long waves (yellow, orange, red). According to Lord Rayleigh,
the scattering is inversely proportional to the fourth power of the wave
length.

This theory of scattering was developed by Rayleigh for specific
cases only, namely, for spherical molecules which are much smaller
than the wave length of light, and which are in a highly diluted
state (gas, a very diluted solution). Mie later (19o8) elaborated a
theory for the scattering by larger particles. In spite of these theo-
retical developments, little progress occurred in the application of
the theory to experimental determination of particle size. The
classical work of Putzeys and Bros’ceamx21 is the most important
one in organic colloid chemistry.

The work of Debye, Doty, Zimm, and others (1944-1949) gave
new impetus to the development of this method, especw.lly after
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the simple light scattering instrument of Brice?? became available.
Debye extended the theory to non-ideal solutions of polymers, and
arrived at the following equation which correlates the molecular
weight M to the intensity of scattered light?3:

H-c/t = 1/M + 2Bc. (5)

In this expression, ¢ is the concentration (grams per ml), ¢ the
turbidity (representing the intensity of scattered light),and H and B
are constants. Here B is the interaction constant which, as in the
osmotic pressure measurement, depends upon the degree of non-
ideality of the solution. H is a complicated function, which is
constant for any given system (solute-solvent) investigated with
light of the same wave length:

3270%n4° [(n — mp) /¢]?

H= 3Nt

In this expression #, is the refractive index of the solvent, # the
refractive index of the solution, N the Avogadro number, and A the
wave length. The value (n — no)/c is the specific refractive incre-
ment which must be accurately determined for various dilutions
by means of a high precision differential refractometer.

It is important that the equation (5) is that of a straight line. If
Hclt is plotted against concentration ¢, the intercept is 1/M, and
the molecular weight is the reciprocal of this. The constant B can
be evaluated from the slope. Fig. 31 illustrates such a plot. In the
case of ovalbumin the line is parallel the abscissa, i.e. the constant
B is zero. (It is noteworthy that the same was found by means of
osmotic pressure measurement.)

The measurement of the scattered light can be made by a variety
of instruments; the Brice photoelectric light scattering photometer
is the most popular one (.c. ref. 22). An improved recent model is
presented in Figs. 32—-34. Green or blue light, produced by a mercury
lamp, enters the chamber through a series of filters by means of
which the intensity of the beam can be conveniently varied. The
light strikes the cell containing the solution, and the scattered
light is detected by a photoelectric cell. The current produced is
measured with a sensitive galvanometer. By rotating the stand
holding the cell, the turbidity may be observed at various angles.
Devices for checking the polarization of the scattered light can also
be included in the path. It is interesting that the light scattered
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Fig. 31. The dependence of the intensity of scattered light on the concentration for
several proteins (according to Halwer, Nutting and Brice,
J. Amer. Chem. Soc., 73 (1951) 2786).

Fig. 32. The Brice-Phoenix light scattering photometer.
(Courtesy Phoenix Precision Instrument Company, Philadelphia.)

»
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Fig. 33. Cross section of the scattering chamber of the Brice-Phoenix light scattering
photometer. L - the light source (mercury lamp); PT — photomultiplier tube.

Fig. 34. Photo of the light scattering chamber of the Brice-Phoenix instrument,
top and one side removed. In the center is seen the hexagonal cell.
{Courtesy Phoenix Precision Instrument Company, Phila.d&hia.)
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by very small nearly spherical particles (mol. weight about 10,000~
200,000) is polarized, and its intensity at different angles is nearly
the same. When the particles are large or fibrous, the scattermg
phenomena become very complex. The scattering changes with the
angle of observation, and the scattered light is less completely
polarized. The intensity distribution, depending on the angle (form-
ed with the incident beam), is called scattering dissymmetry. Com-
monly this is the ratio of intensity found at 45° to that at 135°
This is found using hexagonal cells for the determinations.

5.0

SPHERE]

. T 3.0
4&/1‘35. /

oiL

05 L/A—m= 1.0

Fig. 35. The theoretical dependence of the light scattering dlssymmetry on the

particle shape for spherical, rod-shaped, and coiled units. On the abscissa is plotted

the ratio of the length (L) or diameter and the wave length (1), /4, on the ordinate
the ratio of the scattering intensities at two different angles (45" and 135°).

One important advantage of the method is that it makes possible
a study of the particle shape. Theoretical relations between the
dissymmetry and particle shape have been developed and tested.
Especially important are the most common cases for spheres, coils,
and rods. In Fig. 35 are shown the theoretically obtained depend-
encies for these three most common shapes; the scattering dis-
symmetry is plotted against the ratio of the molecular length to
the wave length employed. (The molecular “length” in the instance
of spheres being the diameter of the sphere, and in cases of coiled
fibrous moleccules it is the mean diameter of the coil.)

One of the most convincing tests for the accuracy of the light
scattering method was the study of tobacco mosaic virus, since the
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size and shape were known from direct observations in the electron
microscope. Oster, Doty and Zimm measured the light scattered
by the solutions of this colloid at the angles of 42.5° and 137.5°
as a function of the virus concentration. The scattering dissymmetry
values then were plotted against concentration of the virus, and
the intrinsic dissymmetry, i.e. dissymmetry at zero concentration
was obtained. From this figure, which was 1.94, and the theoretical
curve (Fig. 35 for rods), the length of the particles was calculated.
In this way, the length of the virus particles was found to be
2700 A (or 0.00027 mm), in excellent agreement with the electron
microscopy and other data2,

Stein and Doty? in 1945 had already made thorough studies on
the molecular size and shape of cellulose acetate fractions, and
found that the light scattering method gives reliable results for the
molecular weights. Dissymmetry studies on the same specimens
showed that the molecules in high molecular fractions of M =
160,000 exhibit loop or loosely coiled shape, whereas in the lower
molecular fractions (M = 50,000) they are like extended rods. Later
studies on high molecular weight samples of polystyrene?® and poly-
methylmethacrylate?” have shown that these very long molecules
(M about 1,000,000) exist as kinked coils. Reasonably good agree-
ment was reported between the light scattering and other methods.

Thelight scattering method is useful also for investigating changes
in colloidal solutions. If aggregation occurs, the intensity of the
scattered light increases considerably (Z.c. ref. 28). Reversible asso-
ciation between two colloidal components can also be studied
conveniently with this method?. One of the greatest experimental
difficulties of the method is that the solutions employed must be
carefully cleared of dust, bubbles, and other coarse material, since a
few large particles may greatly affect the scattering. For this reason,
the solution must be clarified either by means of centrifugation at
10,000-25,000 r.p.m. or by filtration through ultrafine filters. This
imposes a limit to the study of relatively coarse systems by this
method, since some of the material might be removed by the proce-
dures of clarification.

Quite interesting results have been obtained recently by studying
the scattering of X rays in colloidal solutions. The wave length of
the X rays is very small; and contrary to the short waves of the
visible light, they are little influenced by the molecules of liquids
and colloidal particles of organic substances. The scattering effects
of X rays in organic colloids are observed at very small angles. The
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analysis of these low angle X ray scaitering curves has rendered useful
information regarding the size and shape of colloidal particles and
macromolecules in solutions?.

6. The Streaming Birefringence and Particle Shape

Streaming birefringence or double refraction of flow is a phenom-
enon exhibited by linear colloids. In a lesser

amount it can be observed also with mod- — T
erately asymmetric particles. Assume that
a colloid possessing rodlike particles is ob-
served in a rectangular tube between two

crossed Nicol prisms. The field of vision will
be dark initially, but will lighten when the
colloid is forced to flow in the tube. This
is explained as a result of orientation of the
particles along the stream lines. The colloid
thus oriented becomes like an uniaxial
crystal, i.e. its refraction index is different
depending upon the direction. The bright-
ness can be measured by a photoelectric
cell, and will give values for the double
refraction of flow. Lauffer and Stanley
studied the tobacco mosaic virus®, in this
manner.

The effects produced in this way depend
chiefly on two factors (1) the asymmetry
of the particles, and (2) the orienting
force. Ordinarily even the most assym-
metric particles will be oscillating and /
rotating chaotically because of the Brown- Fig. 16. Observation of b
ian movement. However, they become Ao retraction of o in
oriented along the stream lines, when the the gap between two con-
liquid flows. It is obvious that the degree centric cylinders.
of orientation must depend on the orienting
force. Coiled linear molecules may be stretched out considerably
under the influence of this force.

Streaming birefringence is usually studied with an instrument
composed of two coaxial cylinders (Figs. 36-38). The colloid is in the
larger cylinder, and the orientation is achieved by rotating one of
the cylinders. Asymmetric particles then become oriented along the
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stream lines, and this orientation is observed by means of crossed
Nicol prisms. The field of vision lightens, leaving only a cross-
shaped shadow (Fig. 39). The position of the arms of the cross
change, as the speed of rotation of the cylinder is increased. It
appears that the position of these arms is related quantitatively
to the speed of rotation (orienting force) and to the asymmetry of
the oriented particles. In Fig. 39, the crossed shadow (the so-called

Fig. 37. General view of flow birefringence apparatus of Dr. J. I'. Foster
(Purdue University, Lafayette, Indiana).

cross of isocline) is shown at angle X with respect to the plane of
polarization, and this angle is equal to the angle formed between
the oriented rod-like particle (a) and the stream lines. The angle
varies between o and 45°. In the case of complete orientation it is
zero, and it is close to 45° when there is little orientation.
Extensive studies on streaming birefringence have been conducted
by Edsall, Signer, Peterlin, Sadron, Tsvetkov, and many others3.,
Double refraction of flow has been studied on many fibrous proteins,



6 STREAMING BIREFRINGENCE II13

such as myosin of muscle, fibrinogen of blood plasma, and gelatin.
Reasonable agreement was found between the estimates made from
streaming birefringence data and molecular length obtained by

Fig. 38. Stator (left), rotor (center) and top cover (right) of the flow
birefringence apparatus of Dr. J. F. Foster.

Py

Fig. 39. Schematic illustration of the cross-shaped shadow indicating orientation of
rod-shaped particles along the stream lines.

means of other methods. Many linear polymers also have been
investigated by this method. Fig. 40 shows the results of Signer
and Gross with nitrocellulose. The graph shows the dependence of
References p. 121-123
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the extinction angle X, on the velocity gradient (G) for the various
fractions. For the relatively low molecular fractions the angle X is
close to 45° since it is difficult to orientate short chains, even at
high velocity gradient (orienting force); the longer the chains the
more easily they become oriented.

It is interesting that the long molecules of cellulose and its
derivatives are comparatively stiff, as indicated before in the case
of cellulose acetate (see p. 110). This was confirmed for nitrocellulose
by streaming birefringence studies. Mosimann?® compared the cal-
culated length for straight rods (knowing the length of a single
radical and the number of radicals, from molecular weight deter-

204
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Fig. 40. The dependence of the extinction angle X on the velocity gradient for
several specimens of fractionated nitrocellulose.

minations) with the length obtained by streaming birefringence
and other methods. According to these data the molecules are very
long and thin. The molecules of the lower molecular fractions
(M = 6000-30,000) are nearly extended rods, whereas the molecules
of the very high polymeric fractions (M = 80,000-600,000) are
gently coiled into loops and spirals (see sect. 15, Chapter ).

There are more flexible linear molecules which show a somewhat
different behavior at high streaming velocity. The molecules of
polystyrene, polyisobutylene, and many other vinyl polymers ap-
pear to be kinked strings in solution. All of these exhibit streaming
birefringence, which can be explained in these cases by assuming
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that the “strings’ are stretched out under the influence of the
shearing force33,

Accurate estimation of molecular shape and size from streaming
birefringence studies is, however, possible only in some limited
cases. The theory is very complicated, and it is far from being
settled on all points. Very disturbing in accurate evaluations is the
polydispersity (polymolecularity) of linear colloids.

7. Colloidal Particles in Electron Microscope

The simplest and most straightforward way to study the size and
shape of colloidal particles would be to make them visible in a
suitable microscope. This is impossible by means of the ordinary
light microscope, since the colloidal particles are smaller than the
wave length of visible light. A considerable achievement in this
direction was the wltramicroscope of Siedentopf and Zsigmondy
(1903). In this instrument particles are strongly illuminated and
observed on a dark background. Colloidal particles act as scattering
centers, which are detectable and can be counted. However, not the
particles themselves but the diffraction patterns around them are
visible. Hence, the size can be determined only indirectly, and the
shape cannot be studied at all. Moreover, only a substance with
refractive index differing greatly from that of the dispersion medium
is well suited for such studies. The ultramicroscope served well
for the study of inorganic colloids (gold and silver sols), but it was
of much less use in the study of organic colloids.

Electron microscopy is based on the fact that electron beams
exhibit the properties of short waves. The wave length of the
electron rays can be conveniently altered by changing the voltage.
According to de Broglie,

A= 12.247- V¥ 108 cm.

In this equation A is the wave length, and V the voltage. For
example, if V' = 15,000 volts, the wave length of the electron rays
will be about 0.1 A. Such waves penetrate thin layers of matter,
and would be sufficiently short for resolving the colloidal patterns
in great detail. Since even higher voltages are obtainable, the method
has great potentialities in resolving molecular structure and even
showing single atoms.

The glass or quartz lenses of ordinary light microscopy are
replaced in the ‘electron microscope by electrostatic or electro-
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magnetic coils which act as lenses. The electron source is an incandes-
cent tungsten filament, and the electrons travel through the coils
(acting as lenses) in vacuum. The colloidal preparation to be ob-
served is in a very thin layer, and in a solid state, since liquids would
evaporate under vacuum. Many difficulties have had to be over-
come in the construction of the instrument, as well as in elaborating
the methods for the preparation of specimens. The first electron

&

Fig. 41. The electron microscope of the Radio Corporation of America. The ipstrument

is in use in the Virus Laboratory of the University of Texas M. D:‘Anderson

Hospital and Tumor Institute, and is under the supervision of Dr. Lzf#fiochovski
: (at the instrument). eyt

microscopes were ’\:ilt in Germany in the early thirties by Ruska,
von Borries, von Ardenne and others3, and independently they
were developed in the U.S.A., England and other countries. Con-
veniently usable instruments are now offered by several companies.
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Although the potentialities in magnification power are very great,
the best pictures are obtained in the magnification ranges of about
5000 to 20,000 times. Photographic enlargements up to 200,000 are
still good. Hence, a particle with a diameter of 10 A or 0.000,00I mm
will appear as 0.2 mm large spot. An instrument produced by the:
Radio Corporation of America (RCA) is shown in Fig. 41.

The contrasts of the electron microscopic images depend on the
mass and density differences of the specimen through which the
electrons have to pass. The particles to be investigated usually are
placed in a very thin layer on a supporting substrate, e.g. a col-

Fig. 42. Electron micrograph of the surface of a crystal of the protein edestin,
showing spherical molecules having a molecular weight of 300,000. Magnification
200,000 times. (Courtesy Dr. C. E. Hall, Massachusetts Institute of Technology.)

lodion film. (The supporting substrate does not interfere with the
picture, as the nitrocellulose molecules do not affect much the elec-
tron beam.) If a drop of a colloidal solution is placed on the sup-
porting film, and the specimen placed in the instrument, the solvent
will evaporate, and the particles remain on the film. Very high
dilutions, of course, must be used, so that individual particles will
be distinguishable. Ingenious methods have been developed in order
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to enhance the sharpness of the images, e.g. collodion replicas from
the surfaces are obtained, and the replica pictures can be sharpened
by shadowing them with metal vapor.

A variety of organic material has been studied by means of
electron microscopy. Important information regarding the structural
details of microbes, viruses, and bacteriophages have been obtained.
Single large molecules of proteins have been photographed (Fig. 42).
Hall has obtained very revealing pictures of edestin (molecular
weight 300,000) and catalase molecules (molecular weight 250,000)
by means of this method®. In both cases the molecules appear as
small beads. The tobacco mosaic virus particles appear like rods
of various lengths. The particles of fibrinogen appear fibrous, and
it seems that they are built of smaller spherical subunits. One of
the first carbohydrate molecules made visible was that of iodoben-
zoyl-glycogen3® which also appeared to be spherical, as predicted
earlier by Staudinger and his associates. The long and thin mole-
cules of cellulose derivatives or rubber are still too thin for the
electron microscope. The images obtained with various kinds of
fibrous materials show bundles of many linear molecules.

8. Determination of Molecular Weight by Chemical Methods

Chemical methods are important for the molecular weight deter-
mination of macromolecular compounds. There are two possible
ways to do this. The first possibility is to determine chemically the
end groups of linear macromolecules. A classical example is the
work of Carothers and associates®” on polyesters. The polymers
have the following constitution:

HO—CH,CH,...CH,— C0—(0—CH,CH,...CH,C0) ,—0—CH,CH,...CH,-COOH .

The macromolecules of such polyesters have the OH group at the
one end and the carboxyl group COOH at the other end. The latter
can be determined simply by acidimetric titration. It is obvious
that the number of equivalents used for titration is inversely pro-
portional to the molecular weight of the polymeric acid. The OH
groups also can be determined, e.g. by means of acetylation. Reason-
able agreement between the chemical method and other methods
of molecular weight determination was achieved with relatively low
molecular material. The upper limit is about M = 25,000. For very
large molecules the end group content becomes vanishingly small,
and the accuracy of the method becomes toolow, to be of great value.
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In some cases it was possible to establish the branching of chains
by means of the end group determination. Kern and associates
polymerized styrene in the presence of bromobenzoyl-peroxide and
found, according to the amounts of bromine detected in the polymer,
that each molecule contains three to four atoms of bromine3. With
another catalyst, polystyrene samples containing hydroxyls as end -
groups were prepared ; the high-molecular alcohol was then treated
with 3,4-dichlorophenyl-isocyanate, and the end groups of the latter
were determined by analyzing for chlorine. The amount of chlorine
found indicates that 2.2-2.4 end groups are present in these chains,
hence they are only slightly branched®. The molecular weight of
this specimen was estimated to be 17,300. The following reaction
with the isocyanate occurs at the chain ends:

..... CH,—CH—OH + O0=C=N—CH,Cl, —
CeHs
..... CH,—CH—0—CO—NH—C,H,Cl,.
CoH,

The presence of the respective end groups in the polystyrene samples
was ascertained also by means of infrared spectroscopy.

Another possibility of applying the chemical method is indepen-
dent of structural assumptions, the only prerequisite being the
presence of a unique structural unit in small amount. For example,
a protein molecule may contain just one atom of iron. If 4 is the
atomic weight of this trace element, and a its analytically deter-
mined percentage, the molecular weight

M = 1004/a.

The smaller the percentage, a, the higher the molecular weight. For
example, it was found that the hemoglobins from mammalian blood
contain 0.335 % of iron, hence the molecular weight of hemoglobin
would be 100-55.85/0.335 = 16,700. This is the minimum molecular
weight calculated with the assumption that only one atom of iron
is present in the molecules. The molecular weight cannot be smaller
than this but it certainly may be some multiple of this minimum,
since more than one atom of iron can be present in the molecule.
Other metals present in certain enzymes have also been analyzed,
and minimum molecular weights have been determined for various
proteins. Furthermore, the amino acids present in small amounts,
the sulfur content, and the amount of other specific constituents
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can be determined. For example, careful analytical comparisons for
B-lactoglobulin suggested a minimum molecular weight of 42,000%.
In this case the chemical molecular weight agrees reasonably with
that obtained by physical chemical methods, and this is the best
evidence that it is the correct molecular weight. In the case of
hemoglobin the chemical molecular weight is smaller than the
physico-chemical (see Chapter 26).

9. The Terms ‘Molecule’ and ‘Molecular Weight’

The terms ‘molecule’ and ‘molecular weight’ are used differently by
various authors, thus causing some confusion. The term ‘molecular
weight’ for colloidal particles should be used only for macromole-
cules, not for micelles or macromolecular aggregates. For example,
the particle weight found for colloidal solutions of soaps is micellar
weight, as the soap particles are aggregates of many small molecules
of soap. Soap micelles cannot be called molecules. This is not
because they are unstable, or because the soap colloids are poly-
disperse, but because a micelle is held together by Van der Waals
forces (cohesion). It must be pointed out that polydispersity or
polymolecularity is not a criterion of the micellar structure. All poly-
mers are polymolecular, but the particles in these colloids usually
are macromolecules of various sizes, not micelles. The only criterion
in distinguishing true macromolecules from micelles is the structure.
In a macromolecule the atoms are linked by true primary bonds
throughout the whole molecule. The molecular weight is the sum of the
weights of the atoms which are linked in the particle by primary valency
bonds®l. There is no limit to the size of such particles. Moreover, it
does not matter that very long molecules, such as isolated molecules
of cellulose, are relatively unstable, and can be cleaved easily
under ordinary chemical handling at room temperatures. And,
finally, it does not matter that all macromolecules of a polymer in
a solution are not of the same size.

It was repeatedly admitted by Staudinger and others that such
criteria do not solve all the difficulties in classification. Most
difficult are the proteins. In the papers of Svedberg and many other
authors all particle weights of proteins determined by means of the
ultracentrifuge were called molecular weights. In many cases, how-
ever, these ‘molecular weights’ changed depending upon the solvent.
For example, the particle weights of hemocyanin and other re-
spiratory blood proteins of lower animals became smaller in weakly
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alkaline or weakly acid solutions. The ‘molecules’ of the tobacco

mosaic virus also dissociate reversibly into smaller units. The molec-

ular weight of insulin determined by ultracentrifugation or by os-

mometry was found to be 12,000, 36,000 or 48,000, whereas by the

chemical method 12,000 or even 6,000 was found (Chap. 26). The
problem of the chemical constitution of insulin is close to its final

solution, and it seems that 6,000 will be the true molecular weight

for this protein. The subunits of 6,000 apparently are joined by

secondary bonds into the larger particles of the relative weight

12,000, 36,000 or 48,000. If the definition given for the molecular

weight of macromolecules should be applied strictly, the protein

‘molecules’ which reversibly dissociate into small subunits ought to

be called micelles. However, a distinction between the various

types of micelles also could be made. It seems to be useful to

distinguish the soap type micelle from the protein subunit associate.

Only the former is a true micelle, whereas the latter resembles a

chemical complex. A frue micelle is an aggregate of many small

molecules, whereas the reversibly dissociable protein particle is

composed of a small number of large subunits. In true micelles the

chief binding force is cohesion, in “micellar” proteins hydrogen

bonding is involved in addition to cohesion and possibly some other

not yet quite clarified linking. Especially in the cases where the
number of subunits is small, the entities can be called molecules
rather than micelles. An insulin particle of mol. weight 48,000
could be called associate of subumits or associated macromolecule. A
much larger particle, e.g. appearing in a state of flocculation, how-
ever, is an aggregate.

Many more problems arise in evaluating the results of molecular
weight determinations for macromolecular substances, especially
when the results obtained with different methods are compared.
These problems will be discussed in the next chapter.
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CHAPTER 8

Fractionation and Molecular Size Distribution

1. The Various Molecular Weight Averages

In the previous chapter a comparison of the molecular weights
obtained by different methods was avoided. The reason is simple:
the results obtained with polydisperse (polymolecular) systems are
not expected to be the same, if different methods are employed.
One exception is Table 11 (p. 94) where the molecular weights of
some proteins obtained by sedimentation velocity are compared
with those obtained by means of the sedimentation equilibrium
method. In this instance the agreement is reasonably good because
the proteins mentioned are relatively monodisperse. Many of the
natural and all of the synthetic polymers, however, are polymolec-
ular mixtures of polymer homologs. The molecular weight deter-
mined by any method for a specimen of rubber, polystyrene, or
nylon is an average value. 1t appears that the various molecular
weight averages, e.g. those obtained for the same specimen of a
polymer by osmotic pressure and light scattering, are not the same.
This is not due to errors involved in measurement but fo inherent
effects of molecular size distribution on the values of average molecular
weights.

The ordinary molecular weight as found by the osmotic methods
or chemical analysis is the number-average molecular weight Mp. 1t
is the ratio of the total mass m to the total number of moles #,
i.e. m/n. This number-average molecular weight M, is obtained by
methods which measure the effects caused by the number of mole-
cules, In a polymer which contains many similar molecules of
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various sizes this value will depend on the molecular weights M,
M,, M,.... of each species, and number of moles #,, #y, 73 ....
of these species as follows:

_ mMy + ngMy + nsMy + ...  ZmiMy

M,
" ny + g + 0y + ... Zng

When the molecular weight of each species is known, and the
number of moles also is known, the number-average molecular
weight can be calculated by multiplying the number of moles of
each species by its molecular weight, adding the individual results,
and dividing this sum by the total number of moles. Suppose one
has a polymer composed of 10 moles with M = 10,000, of 80 moles
with M = 50,000, and of 10 moles with M = 100,000. The number-
average molecular weight then will be:
10-10,000) 4 (80- 50,000) + (10 - 100,000)

_ .
My = 00 2 .= 51,000.

(This is just an example for illustration. The polymers usually are
composed of a large number of molecular species which are similar,
hence a complete analysis of the number and size of each species
is impossible.)

The important fact is that the molecular weight of this mixture,
as determined by sedimentation or light scattering studies, would
never approximate the same 51,000. In these latter methods the
effects produced by the larger molecules will strongly overshadow
the effects produced by the smaller molecules. Light scattering or
sedimentation velocity measurement gives the weight average molec-
ular weight My, It is defined as follows:

My = mMy + meMy + mgMy + ... . ZmMd
my + my, + my + ... 2nMy
where m,, m,, m, are the masses of each species. (Each value of m
is obtained by multiplying » by M. Thus the molecular weight
appears in denominator and as its square in the numerator.) For
our previous example with the three kinds of molecules then

(10 - 10,0002) -+ (80 - 50,0002) + (10 - 100,0002)

Mw = “15710,000) + (80~ 50,000) + (10~ 100,000)

= 59,019.

Hence the average molecular weight calculated as weight average
is nearly 169, larger in this example than the number average
weight My,

References p. 132
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There are several other molecular weight averages. One of the
most important ones is the viscosity-average molecular weight, as
obtained by viscosity measurements (see the next chapter). The
viscosity molecular weight average M, is calculated as follows:

1

ZniM,a+1\a
(Bt
In certain cases the constant « is unity, and the viscosity average
then equals the weight average. If the linear molecules are stretched
out, the longer components affect the viscosity much more than
the shorter ones. In polydisperse spherocolloids however the larger
molecules do not greatly affect the viscosity.

The z-average molecular weight is obtained by the sedimentation
equilibrium method. The value of M; is larger than My, and is
given by:

ZniM 2

Ms = St

Similar problems of polydispersity arise in cases of micellar col-
loids and dispersions. For coarse systems the size distribution is
directly observable in the light microscope or the electron micro-
scope.

The various molecular weight averages have been compared for
the same polymer specimen in several instances. The molecular
weight of a polystyrene sample was determined by osmometry and
sedimentation methods. The solvent was the same in all experiments
(carbon tetrachloride), and the determinations were made at several
concentrations of the polymer. By osmotic pressure methods, a
number average molecular weight of 50,000 was obtained. The
weight average by sedimentation was found to be 104,000 and the
M, average was 148,000'. Hence, the ratio is approximately 1:2:3.

Smaller differences were found for three fractionated specimens
of methyl esters of polymethacrylic acid?. The results obtained by
osmometry (My), sedimentation and diffusion (M) are presented
in Table 14.

The light scattering method has given weight averages which do
not differ greatly from the number averages in Table 14. For
example, a molecular weight of 172,000 was found with the osmotic
method and 191,000 With the light scattering, or 223,000 and
256,000 respectivelys.

The molecular weight averages obtained with various methods
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TABLE 14
NUMBER AND WEIGHT AVERAGE MOLECULAR WEIGHTS FOR
THREE SPECIMENS OF METHYL ESTERS OF POLYMETH-
ACRYLIC ACIDS (after Meyerhoff and Schulz)

Specimen My My,
Fraction A 61,000 77,000
Fraction B 128,000 148,000
Fraction C 201,000 306,000

depend considerably on the degree of homogeneity or monodispersity.
The less homogeneous a specimen the greater the differences will
be in the average molecular weights obtained by various methods.
The differences are small for the proteins, and for an absolutely
monodisperse colloid the various molecular weight averages should
be the same, i.e. M, = My = M, = M,.

A recent report* compares data obtained in different laboratories
with a high molecular specimen of polystyrene, using various
methods of molecular weight determination. The weight average as
obtained by light scattering varied within the limits 485,000-
590,000; the number averages calculated from osmotic pressurc
were 270,000-640,000, the average being 455,000 4 100,000; the
molecular weight as found for this sample by sedimentation velocity
and diffusion was 450,000 (or 840,000 using a diffusion constant
obtained differently). The data show that the degree of accuracy
in these determinations is relatively low if results of various authors
are compared.

2. The Size Distribution Curves and Degree of Polydispersity

The degree of polydispersity or polymolecularity is expressed by
means of the size distribution curves. On the abscissa is plotted the
molecular weight, on the ordinate the amount of the particular
species of molecules. For example, the amount of each fraction in
grams can be plotted against the weight average molecular weight
My, or against the degree of polymerization P. In Fig. 43 the
distribution of the M,, is presented for a relatively monodisperse
protein and for a very polydisperse polymer.

Several experimental methods are available for the study of
molecular weight distribution. The most straightforward one would
be measurement of the particles under the microscope or electron

Refercnces p. 132
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microscope, and a count of the number of the various sizes appear-
ing in the specimens. This method, of course, would be applicable
only to relatively coarse systems, and even then there would be
serious limitations; moreover, it would be very time consuming.

Another method to consider would be sedimentation in the an-
alytical ultracentrifuge. This method is capable of revealing the
presence of different components present in a mixture of a colloidal
material. For instance, upon centrifuging blood plasma several
sedimenting boundaries appear in the pictures. However, this me-
thod, too, has serious limitations, the greatest of which is its lack
of sensitivity. Each of the protein components appearing in the

Fig. 43. The distribution curves of a relatively monodisperse protein (A), and of a
polydisperse polymer (B). On the abscissa is plotted the molecular weight, on the
ordinate the amount of a certain component.

sedimentation diagrams of blood plasma as homogenous is known
to consist of several components. The number of the components
is greater than the number of boundaries or peaks.

Fractionations by means of centrifugation or ultracentrifugation
are successful only if a component which is much heavier than the
other components has to be removed, e.g. cells or cell fragments
from a protein solution. Hence, separation by fractional preparative
ultracentrifugation is not feasible, if, for example, a mixture with
molecular weights of 32,000, 34,000, 38,000, 45,000 and 50,000 must
be separated quantitatively.
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3. Fractionation of Polymers

The size or molecular weight distribution data can be obtained by
fractional precipitation. The classical procedure of preparative frac-
tionation is carried out by gradually adding a precipitant to the.
solution of a polymer. This precipitant usually is a liquid, miscible
with the original solvent of the polymer but a non-solvent for the
polymer under study. For example, a solution of nitrocellulose in
acetone can be fractionated by gradually adding water (or better
—a water-acetone mixture) with stirring. The higher molecular
components precipitate first, i.e. when the concentration of added
water is very low. This first fraction is removed by centrifugation,
and more water is added to the remainder of the solution until a
second fraction precipitates. This is removed like the first fraction,
and the precipitation is continued by adding more of the precipitant
and removing one after another the subsequent fractions. Usually
about 6-12 fractions are obtained from a specimen of a polymer.
The average molecular weight is the largest for the first removed
fraction, and the last is usually semicolloidal, i.e. of relatively low
molecular weight. None of the fractions, however, is absolutely
homogeneous but they all are polymolecular. The distribution curves
of the fractions are steeper than the curves of the original polymer,
i.e. the fractions are more homogeneous than the original sample,
but it is impossible to obtain completely homogeneous fractions.
Some improvement in the homogeneity is obtained by dissolving
and refractionating each of the fractions. Nevertheless, even several
times refractionated specimens of polymers are mixtures of similar
molecules, although the size distribution range may be rather small,
e.g. between M = 60,000 and 70,000 for 989, of the whole fraction.

A sample fractionation of acetyl celluloseis presented in Table 15,°.
The original sample of cellulose acetate was dissolved in an acetone-
water mixture, and the fractions were precipitated by the addition
of water.

Several other methods are available for preparative fractionation.
A polymer may be fractionated by cooling the solution. The higher
molecular components usually are less soluble at a lower temperature
than the smaller molecules, so that these higher molecular com-
ponents precipitate on cooling. Another method is extraction of the
lower molecular components from the solid polymer by a suitable
solvent. The older literature on this subject has been compiled by
Cragg and Hammerschlag®.
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TABLE 15
FRACTIONATION OF CELLULOSE ACETATE, M (average) = 52,000

Number
Fraction % ;:;Zg; f Moleculay
polymerisa- weight
tion, P
At 5.31
Az 8.75 420 110,000
A3 8.81 375 99,000
Ad 9.0r1 328 86,500
A 5 8.56 278 73,500
A6 7-92 260 68,000
Ay 10.10 245 64,500
AR 7.86 205 54,500
Ao 19 65 185 48,500
A 10 6.10 150 39,000
Ax 5.20 02

A2 2.73 50

All of these fractionation procedures are based on the observations
of Staudinger and his colleagues? that the higher molecular weight
specimens of the same polymer are less soluble in certain solvents
than lower molecular specimens. Hence, a smaller amount of a
precipitant is needed for the former than for the latter. This was
predicted theoretically by Bronstedt®, and the applications were
further developed by Schulz®. Denoting by v, the original volume
of a solution of a polymer, and by v the volume of a precipitant,
necessary to cause the appearance of turbidity, the precipitability
y can be expressed as follows:

Yy =v/(vo+v).

According to Schulz, the precipitability  is inversely proportional
to the degree of polymerization P or molecular weight:

y = a + b/Pm, (1)

where @, b, and m are constants which differ from polymer to
polymer and also vary with the solvent and precipitant used.
Equation (1) is that of a straight line if m = 1, which is the case
for linear polymers.

This approach can be exploited not only for molecular weight
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determinations (if the constants 2 and & are known) but it proved
to be even more important in the study of size distribution of
polymers. This application was introduced into the field of polymers
by Morey and Tamblyni. The precipitant is added slowly, with
uniform stirring, and the amount of precipitated material is mea-
sured by estimating the turbidity with a photocell. Of course, the
method must be calibrated with well defined fractions of known
molecular weight. This method is simpler and less time consuming
than the preparative fractionation, and it is used in some industrial
laboratories for the determination of the degree of homogeneity of
polymers. Some improvements in this method have been suggested
recentlyl,

Several other methods have been proposed for the determination
of molecular size distribution. A colloid can be fractionated by
filtration through ultrafilters of various pore diameters. This method
proved to be of some value for relatively coarse dispersions, such
as bacteria and the viruses. However, it is of little use for linear
polymers. An interesting idea was put forward by Odén about
40 years ago: the pan of a sensitive balance was hung near the
bottom of the container in which particles precipitate, and the
amount of precipitate was weighed directly without removing the
fraction. This method might be feasible for polymers precipitated
by non solvents, and some success has been achieved recently by
Hengstenberg12,

According to Boyer, the molecular weight distribution of heter-
ogeneous polymers can be obtained by measuring the volume of
precip.tate which corresponds toincreasing the amount of non-solvent
to a dilute solution!®. The gel-like precipitates of polystyrenes have
been investigated so far.

A more accurate determination of the molecular weight distribu-
tion was proposed by Schulz®. According to this procedure, only
the very high molecular and the lowest molecular fractions must
be separated, and their amount and average molecular weight must
be determined. Moreover, the average molecular weight (or degree
of polymerization) of the whole sample must be known.

The degree of tnhomogeneity was defined by Schulz!® as the ratio
of the weight average molecular weight to the number average
molecular weight, or more exactly:

U= MyMp—1,or

U = Pw /Pn -_— I,
References p. 122
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U being the degree of inhomogeneity, and Py and P, weight and
number average degrees of polymerization respectively. For mono-
disperse systems Py, = P,, and U = o. The broader (more flat)
the distribution curve the greater is U. Hence differences in the
weight and number average molecular weight values obtained by
exact methods give information about the degree of inhomogeneity
of a particular specimen of a macromolecular substance.

w N
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CHAPTER 9

The Viscosity of Organic Colloids

1. Basic Terms!

Viscosity characterizes resistance to flow. Glycerin is an example
of a viscous liquid, whereas ether has a low viscosity. Glycerin
flows slowly from a bottle, water moves faster, and ether even faster
than water. The viscosity of solutions depends on the properties
of both the solvent and the solute. Water is the most common
solvent or dispersion medium of a moderately high viscosity.
Aqueous solutions of micromolecular substances, e.g. sugar, sulfuric
acid, sodium hydroxide, have a higher viscosity than pure water.
The viscosity becomes greater the higher the concentration.

The viscosity is a very important property of colloids, as has
been indicated in the previous chapters. First, viscosity of colloidal
solutions depends on the molecular shape and size of the macro-
molecules or micelles. The usefulness of any polymer for certain
industrial purposes is evaluated partly from the viscosity data.
Viscosity is important also for the characterization of protein and
polysaccharide solutions in clinical research, and in the food product
industry. Second, viscosity can be easily measured with a high
degree of precision.

The resistance to flow in liquids is caused by the attractive forces
acting between the molecules. The molecules in highly viscous
liquids are polar, e.g. water, sulfuric acid, formamide. These mole-
cules, according to Debye, are dipoles, the positive and negative
charges being distributed asymmetrically. Consequently, the mole-
cules tend to associate.

References p. 159~160
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This mutual aggregation of water molecules can be explained
also as hydrogen bonding between the H atoms of one molecule
with the O atoms of another molecule. It is obvious that such H
bonded liquid must have a higher resistance to flow than another
one in which the attractive forces are less pronounced, e.g. ether,
benzene. The Van der Waals attraction between non-polar molecules
is much weaker than the hydrogen bonds.

Viscosity of liquids, however, does not depend solely on the
polarity of the molecules, but also on the molecular size and shape.
Mineral oil, for instance, is more viscous than water. The hydro-
carbon molecules in the oil are non-polar but they are relatively
large and long. The high resistance to flow in such oil is caused by
the entanglement of the long, wormlike molecules.

The boiling point of viscous liquids is higher than the boiling
point of non-viscous liquids. The same can be said about the heat
of evaporation.

For a quantitative treatment of the viscosity of liquids it is
useful to consider two layers of molecules moving one over another.
Viscosity characterizes the friction between these layers. This fric-
tional force, f, according to Newton, increases with the area 4 of
the gliding layers and with the difference in velocities of their
movement. If v, is the velocity of the one layer, and v that of the
other (and if v, > v), the frictional force f will be proportional to the
difference v;—v. Furthermore, this frictional force for different
liquids will depend on the specific molecular attraction indicated
above. This is usually denoted by the viscosity contant 7. The
greater this attraction the greater will be the frictional force f, if
A and v,—v are constant; hence:

S =nA{v,—v).

A flowing liquid can be considered as composed of an infinite
number of layers gliding one over another with various velocities.
The frictional force depends on the velocity gradient dv/dx in the
direction x, perpendicular to the flow lines, therefore:

f=nAdv/dx.

The wviscosity coefficient n characterizes the internal friction for
different systems, when 4 and dv/dx are unity. If 4 = 1, and
dv/dx = 1, f = #. The unit of absolute viscosity is the force acting
on 1 cm? area, and forcing adjacent layers to glide with a speed
of 1 cm/sec. This unit is called poise, after Poiseuille, who made
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important discoveries concerning the flow of liquids in capillaries.
0.01 of a poise is centipoise, and 0.001 poise is known as millipoise.
The dimensions of % are dyne cm-2 sec. The absolute viscosities of
various liquids are recorded in Table 16.

TABLE 16
VISCOSITIES OF PURE LIQUIDS (at 20° C) IN CENTIPOISES

‘Water 1.008 Benzene 0.647
Methyl alcohol 0.593 Chlorobenzene 0.800
Ethyl alcohol 1.200 Nitrobenzene 2.013
Acctic acid 1.220 Chloroform 0.563
Acetone 0.329 Glycerin, approx. 800

The reciprocal of the absolute viscosity 1/5 is called fluidity. The
ratio of the absolute viscosity to the density of the liquid is known
as kinematic viscosity.

2. The Flow Through Capillaries

The viscosity of a liquid or solution can be measured either by
moving a solid body through the liquid or by allowing the liquid
to flow through a capillary. The flow through narrow capillaries
was thoroughly studied by Poiseuille more than a hundred years
ago. He found that the volume V of a liquid which flows through
a capillary is directly proportional to the flow time ¢, the driving
pressure p, and the fourth power of the capillary radius 74; moreover,
the volume V is inversely proportional to the length of the capillary
/, and to the viscosity 7. According to Poiseuille:

V = ntrip/8iy. (1)

From this equation, which is known as the law of Poiseuille, the
absolute viscosity of a liquid can be calculated, if V, ¢, 7, p, and J
are known.

The absolute viscosities, however, are seldom used in the char-
acterization of colloidal solutions. Much more useful for this pur-
pose are the relative viscosities, the specific viscosities, and other
terms which correlate the viscosity and concentration.

It is important for our purposes to know to what extent the
viscosity of a solvent is changed by the presence of colloidal particles
or macromolecules. For this purpose the flow times of a colloidal
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solution and solvent are determined and compared. If the same
volumes of the solution and the solvent will drain through the same
capillary, the values of ¥, /, and » will be constant. Together with
n/8 they can be joined in a constant K, and equation (1) then can
be simplified as follows:

n = Kpt. @)

The pressure p depends on the level of the flowing liquid in the
tube. If the starting level is kept the same for the solution and
solvent, p will depend only on the difference in densities. Usually
these density differences are so small that they do not influence the
result significantly. Hence p can be included in the constant X.
Consequently, the only value to be determined accurately is the
flow time. If a fixed volume (e.g. 2.0 ml) of a solution flows ¢
seconds, and the same volume of the solvent #, seconds, the ratio
t,/t, expresses the relative viscosity of the colloid. Since the solution
is more viscous than the solvent, the relative viscosity #re1 >1I.
When the density of the solution 4 and solvent d, is also taken
into account, the relative viscosity

_ ha
rel = fodo.

The term specific viscosity, which is even more useful than the
-relative viscosity in colloid science, is defined as the rise in viscosity
of the solvent produced by the dissolved substance :)

Nep = (b —lo)/to = Mrer—1.

The specific viscosities of moderately concentrated spherocolloids
are less than unity, usually about 0.03 to 0.1. The specific viscosities
of linear colloids are much higher.

3. Reduced Viscosity. Intrinsic Viscosity

Since relative and specific viscosities both depend on the concentra-
tion of the solute, the particular values must be supplemented
with data on concentration. For this reason the term reduced specific
viscosity or simply reduced viscosity nsp/c was introduced. When the
specific viscosity is divided by the concentration ¢ of the colloid,
the frictional properties of the system are better characterized.
The most common way of expressing the concentration of colloids
is in grams per 100 ml of solution. Unfortunately different authors
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express ¢ differently. Professor Staudinger, and most of his asso-
ciates, calculate ¢ in grams per liter?, the resulting values of reduced
viscosities thus becoming 10 times less. For polymers of known
constitution Staudinger used also ‘“base-molar”’ or ‘‘radical-molar”
concentrations, for which the concentration was expressed in terms
of the radical weight of the repeating unit per liter of solution.
Forinstance, one ‘‘base-mole” perliter of a polymethylene....(CHy)x....
would be 14 grams per liter. Other authors have suggested that
concentration be expressed in grams per milliliter. We shall use,
in further discussions about viscosity, the most common conven-
tion, i.e. ¢ in grams per 100 ml.
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Fig. 44. Extrapolation of the reduced specific viscogity #gp/c to infinite dilution.
The graph represents three examples of abnormal globulins isolated from human
blood serum. The intrinsic viscosity (intercept on the ordinate) for two of the
proteins is the same—approximately o.11.
QO ““Fraction G”’ No. 135
@ ‘‘Fraction G’ No. 205
A “Lraction G’ No. 208.

The reduced viscosity of linear colloids increases considerably
with concentration. Hence, for the characterization of a linear
colloid the function reduced viscosity versus concentration must be
studied. It is customary to present such functions graphically. The
intrinsic viscosity then is obtained by graphical extrapolation of the
reduced viscosity to zero concentration (see Fig. 44). This is denoted
most frequently by |5|. Many other proposals have been made for
expressing the internal friction of linear colloids?. »
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Methods of Measurement
4. The Capillary Viscometer of Wilhelm Ostwald

The flow time through a capillary can be measured most con-
veniently using the viscometer of Ostwald (Fig. 45). It is a U-shaped
tube, one arm of which contains the capillary. The liquid is intro-
duced into the wider arm and is pulled by means of suction through
the capillary into the upper bulb of the other arm, just a little
— over the upper mark. The liquid then is
allowed to flow, and the flow time is deter-
" mined by means of a stopwatch. The knob
of the stopwatch is pressed at the moment
the level of the liquid passes the upper mark,
and the watch is stopped when the level passes
) the lower mark. The time measured is the
flow time ¢, It is determined with an accuracy
of at least 0.1 second.

All viscosity measurements should be made
at constant temperature. Viscosity decreases
K considerably with increasing temperature, and
vice versa. This is quite comprehensible, if
one considers that the motion of any kinetic
units increases with temperature. Itis obvious
that the molecular attraction and internal
friction must decrease when the intensity of
the motion increases. Therefore the viscometer
must be kept in a constant temperature bath,
and sufficient time should be allowed for the

Fig. 45. The capillary  solution to attain the temperature of the bath
Viscometer of Wilhelm  which should be kept constant within the
stwald. ..
limits of at least 4 0.03° C.

The choice of the proper capillary is the most important con-
sideration in the construction and application of the Ostwald visco-
meter. The evaluation of the results is based on the law of Poiseuille.
This law was derived on the assumption that the flow in the capil-
lary is “laminar” or “streamlined”. The layer of liquid at the wall
of the capillary can be considered as stationary, and the next
adjacent one presumably remains parallel on gliding. In order to
achieve such laminar flow, the rate of flow must be very low. If
the flow rate is high, turbulence will result, and the Poiseuille law
becomes invalid. The radius of the capillary is especially important
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since the flow rate increases with the fourth power of the radius.
According to G. V. Schulz?, the most suitable capillaries for high
precision measurements are those with 7 of 0.14 to 0.24 mm. The
length of the capillary / is not very important, because with increas-
ing length of the capillary / the pressure p also increases. (See
equation 2.) For a flow time of 100 seconds the volume of the upper
bulb must be about 0.5-1.0 ml. According to Schulz, the flow is
essentially laminar, and no hydrodynamic corrections are needed,
if the ratio of the volume V to flow time ¢, i.e. V¢ is about 0.01~
0.005. One must, however, realize that the volume of the liquid
introduced into the tube is greater than that of the upper bulb.
It is impossible to use only 1.0 ml of a liquid for a viscometer with
an upper bulb of 1.0 ml volume, due to air bubbles formed in the
capillary limb upon suction. Five ml of liquid are often pipetted
into the tube, whereby V,i.e. the volume between the marks of the
upper bulb, is only about 1 to 2 ml. If V is 0.5-1.0 ml, a smaller
volume than 5.0 ml is sufficient. Flow times of 100 to 300 seconds
are the most common in precise viscosity measurements.

Moreover, drainage errors and surface tension effects must be
taken into account in certain cases®. It is also obvious that the
capillary must be perfectly clean. It should be clamped vertically
in the constant temperature bath. The solutions to be used must
be free of any solid particles, such as filter paper fibers. Gas bubbles
and frothing should also be avoided®.

Many changes and improvements in the design of the Ostwald
capillary viscometer have been proposed during the last 40 years.
The viscometers of Bingham, of Ubbelohde, and of Hess are the
most important modifications of the original Ostwald viscometer?.

5. Rotating Cylinder Viscometers

In 1890, M. Couette proposed measuring internal friction by rotating
a cylindrical container filled with liquid. A smaller coaxial cylinder
is then rotated (Fig. 46). Theliquid will also move, and this movement
will be transmitted to the smaller cylinder. The higher the viscosity
of the liquid the greater will be the torque produced on the hanging
cylinder. This torque effect can be measured in various ways, for
instance by a mirror attached to the wire, reflecting a light beam
onto a scale. Another factor which determines the amount of
torque is the angular velocity @ of the outer cylinder. If 4 is the
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angle of rotation of the suspended cylinder, and # the viscosity of

-

Fig. 46. The rotating cylinder
viscometer of Couette.

the liquid,

a = Kwy.

In this equation K is a constant deter-
mined by the dimensions of the in-
strument*; i.e. the clearance between
the cylinders, the height of the cylinders,
and the properties of the wire. The
angular velocity w of the container
produces the shear stress in the liquid,
which corresponds to the pressure
in the capillary viscometer.

The chief advantage of the rotating
cylinder viscometer is the ease with
which the shear stress can be varied.
Therefore thesc instruments are par-
ticularly suitable for highly viscous
colloids. It will be shown later that the
viscosity of many highly viscous sy-
stems, especially of the linear colloids,
is not constant but varies with the shear
stress, or with the velocity gradient
dv/dx produced by the shear stress®.

The disadvantages of this type of
instruments are (1) the temperature
control is not satisfactory, and (2) more

of the test substance is required than for the capillary viscometer.

6. Other Types of Viscometers

Viscosity can be studied also by determining the sinking rate of
solid bodies, or by watching gas bubbles ascending to the top. The
rate w of a falling ball with the radius » and density 4 is inversely
proportional to the viscosity of the medium #. According to Stokes:

w = 2/9- 9813 d —dg)/,

where d, denotes the density of the liquid. The sinking rate w is
determined by watching the ball passing between two marks in a
cylinder filled with the colloid to be studied. The time required to

* This K has nothing in common with the K of equation (2).
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cover this distance between the marks is determined by means of
a stopwatch as in the case
offlowrate measurements.
The falling ball visco-
meter of Hoeppler was
designed for such pur-
poses. The cylinder is fas-
tened in a slanting posi-
tion to retard the sinking.
The temperature control
is maintained by placing
the cylinder inside an-
other one in which water
is circulating from a con-
stant temperature bath
(see Fig. 47). The shear
stress and velocity gra-
dient in this instrument A
can be changed by using
balls which have different ¥iig. 47. The falling ball viscometer of Hoeppler.

densities.

The Viscosity of Spherocolloids
7. Viscosity and Concentration

The viscosity of any colloidal solution increases with increasing
concentration of the dispersed phase. A solution which contains
10%, albumin is more viscous than a 29, solution. The quantitative
relationship existing between viscosity and concentration was de-
rived theoretically by Einstein in 1906. He came to the conclusion
that viscosity should increase linearly with the volume fraction ¢
occupied by the particles:

fire1— 1 = Ko = 2.5¢.

Einstein’s equation was derived with the assumption that the
dispersed particles are rigid spheres, and that they are much larger
than the molecules of the liquid in which they are dispersed.
Experiments with suspensions of various kinds have proven the
validity of Einstein’s equation. For example, the viscosity of yeast
cell suspensions increases linearly with the concentration of the
cells®. The same was found by Staudinger and associates for rubber
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milk (latex). Staudinger also proposed changing Einstein’s equation
to a more convenient form. If ¢ is the concentration of the dispersed
substance (grams per 1oo ml), and 4 its density:

Nep* dfc = K, = 0.025.
The variations of viscosity with concentration are presented in
Table 17.

TABLE 17
THE INCREASE OF VISCOSITY WITH CONCENTRATION OF RUBBER MILK

c grams

per 100 mi "lsp Map/© Ke
0.96 0.023 0.024 0.021
1.93 0.052 0.027 0.024
2.82 0.072 0.026 0.023
3.93 0.109 0.028 0.025
4.82 0.141 0.029 0.026
6.80 0.24 0.035 0.032
13.6 0.58 0.043 0.039

From Table 17 it may be seen that specific viscosity increases
linearly up to a concentration of about 59%,. In this low concentra-
tion region the values of the reduced viscosities are constant, and
the constant K, is 0.025, or very nearly so. When the concentration
is increased above 5%, K, is no longer constant, but is increasing.
This means that Einstein’s equation becomes invalid when the
concentration of a suspension is very high.

Extensive experimental studies by several authors have shown
that the magnitude of K, may differ from 0.025 (or 2.5 in the
original equation of Einstein) even in diluted spherocolloids. The
magnitude of K, for hemoglobin solutions in water is 0.033, and
for glycogen in water it is 0.13. There are several reasons for these
differences. First, K, depends on the shape and compactness of the
particles. Glycogen molecules are not very compact but have a
rather loose, meshy structure. Second, K, depends upon the degree
of solvation, i.e. attachment of the solvent to the particles. Strongly
hydrophilic substances, such as proteins or polysaccharides, are
more solvated than rubber particles in latex.

The increase of reduced viscosity, in highly concentrated disper-
sions is caused by mutual attraction of the particles when they
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are packed very closely. It is obvious that the internal friction of
such systems must thereby increase.

Certain spherocolloids, such as serum albumin, show a slight
increase of the reduced specific viscosity 7sp/c with concentration c.
This relation is linear (up to ¢ approximately 89%), and it can be
expressed by the equation:

nep/c = |n| + ke.

The constant % represents the slope of the straight line, if #gp/c is
plotted against ¢. The greater the slope constant & the more flexible
or asymmetric are the particles or macromolecules.

8. Viscosity and Particle Size

The viscosity of spherocolloids is independent of particle size as
confirmed by numerous experimental measurements. For example,
Table 18 contains data concerning the viscosity of glycogen solu-
tions.1t
TABLE 18
THE VISCOSITY OF GLYCOGEN FRACTIONS OF
DIFFERENT MEAN MOLECULAR WEIGHTS
IN 0 1 N CALCIUM CHLORIDE

Molecular Reduced

weight viscosity Ke
20,300 0.081 o012
52,000 0.086 0.13
135,000 0.088 0.13
450,000 0.085 0.13
930,00 0.081 0.12
1,530,000 0.078 0.12

The same was found for solutions of glycogen acetate in chloro-
form. The reduced viscosity of solutions with smaller glycogen
acetate molecules was practically the same as that which contained
very large molecules. The constant K, in this case had the value
of 0.15. The viscosities of each fraction were also measured at
different concentrations. It was found that K, remains constant if
the concentration does not exceed 3%. In a 109, solution of a high
molecular glycogen acetate the reduced viscosity was found to be
0.278, and K, had the value of 0.42.
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The independence of the viscosity from particle size indicates
that the smaller particles of a particular substance have the same
spherical shape as the larger ones. The larger glycogen molecules
have been seen and photographed under the electron microscope
in which they appeared as spherical objects. It may be concluded
from the viscosity data that the smaller molecules (e.g. of molecular
weight 20,000), which are invisible in the clectron microscope, also
have a spherical form.

9. The Influence of Electrolytes on the Viscosity

A great deal of thought has been devoted to the problem of how
electrical charges on the particles might influence the viscosity!2,
The equations derived, however, could not be verified satisfactorily
by the experiments.

If the particles of a dispersion are charged, the viscosity of the
dispersion decreases upon addition of a neutral salt. For example,
the reduced viscosity of serum albumin (dissolved in water, pH 5.1)
is 0.039, and it decreases to 0.031 upon addition of sodium bromide
(0.5 M per liter). This decrease of viscosity is even more pronounced
when weakly alkaline solutions of the spheroproteins are investi-
gated. The reduced viscosity of glycogen xanthate, which carries
the ionogenic groups

—O—C—S-Nat

I
S

also is decreased by added electrolytes. According to Staudinger,
the reduced viscosity of this colloidal electrolyte in water is 0.660;
this value is reduced to 0.048 upon addition of sodium chloride
(0.1 M per liter of solution).

The failure of the theoretical explanations which treated these
“electro-viscous effects’ seems to be due to the fact that the particle
shape was completely disregarded. The studies which have been
carried out recently on linear polyelectrolytes, however, indicate
that variation of the charge produces considerable change in the
shape and volume of the molecules (see sect. 1z of this chapter).

Variations in net charge produce changes in the shape and con-
figuration even of globular macromolecules. Serum albumin, for
instance, is a spheroprotein; the viscosity of its solutions increases
when they are acidified or when alkali is added to the aqueous
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solution. It is known that the net charge of the albumin molecules
in acidic solution (and also in alkaline solution) is greater than at
the isoelectric point. It was believed that the surplus net charge
on the surface of the rigid molecules was causing the viscosity rise.
Recent experiments on the viscosity, optical rotation, and other
properties have shown that the molecules of this spheroprotein are
not rigid, but expand in acidic solutions!3. It is obvious that the
swollen molecules occupy a larger volume than unswollen units.
Water is immobilized in the swollen particles. The more the
solvent becomes immobilized the greater will be the viscosity of
the solution.

The molecules of spheroproteins, glycogen xanthates, and similar
spherocolloids possess a certain degree of flexibility. The viscosity
changes of their solutions upon addition of electrolytes are due
chiefly to the changes in molecular volume and shape. Repulsion
of equally charged parts of the same molecule may cause expansion.
Upon addition of neutral salts this net charge is diminished, the
molecules contract, and the viscosity decreases?4,

In concentrated colloids, of course, the conditions are much more
complex, especially if the concentration of the micromolecular
electrolyte is also high.

Viscosity of Linear Colloids

The viscosity of linear colloids is much Aigher than the viscosity
of spherocolloids. While the reduced viscosity of the latter is about
0.03-0.08 in most cases, thelinear colloids have values approximately
of 0.5-2 and higher, even in diluted solutions. Einstein’s equation
is not valid for linear colloids. Furthermore, the viscosity of linear
colloids depends on the molecular weight of the polymer, when the
concentrations are the same. For spherocolloids, the viscosity is
practically independent of molecular weight, as was shown in section
8 of this chapter.
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Fig. 48. Sphero- and linear colloids. The linear (fibrous) colloids are very viscous.
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According to the vast experimental and theoretical evidence
which has been accumulated in the last three decades, the chief
factor determining the viscosity is particle shape. When the particles
in the solution are corpuscular, the viscosity is low; when the
particles are fibrous, the viscosity is high.

10. Viscosity and Concentration of Linear Colloids

The reduced viscosity of linear colloids increases with concentration.
Data concerning fractionated nitrocellulose in butyl acetate solu-
tions are presented in Table 19. The increase of the specific viscosity
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Fig. 49. The dependence of the reduced specific viscosity on concentration (¢ in
grams per 100 ml) for three specimens of nitrocellulose. The viscosity of the high
molecular nitrocellulose (mol. weight 260,000 and 800,000) increases sharply with
concentration (¢), whereas the reduced viscosity of a lower molecular nitrocellulose
(mol. weight 63,000) does not change much with ¢. (Data of H. Staudinger.)

is more striking, even in diluted solutions (third column of the
Table). It is noteworthy that for the relatively low molecular frac-
tions (mean molecular weight 63,000) the increase of viscosity with
concentration is less pronounced than for the higher molecular
fractions. This is illustrated in Fig. 49. For the lower molecular
fraction of nitrocellulose, the reduced viscosity increases linearly
with ¢. In the case of a high molecular fraction (mean mol. weight
260,000) the curve turns upwards sharply.
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TABLE 19
THE VISCOSITY OF NITROCELLULOSE SOLUTIONS IN BUTYL ACETATE
T =20°C
(According to Staudinger and Sorkin)

Mol. weight of Specific viscosity Reduced viscosity

c grams in 100 ml

the fraction Nsp Nsp/C
63,000 0.188 0.670 3.56
0.375 1.593 425
0.750 4.575 6.09

1.50 17.85 11.9

3.0 104.2 34.7

260,000 0.0315 0.444 14.1

0.0630 1.060 16.8

0.125 2.858 22.8

0.250 10.80 43.4

0.500 68.0 136 0

800,000 0.0063 0.265 42.0

0.0126 0.585 46.4

o.10 26.9 266.3

Great variation has been observed in the viscosity behavior of
linear colloids. Endeavors at theoretical correlation of the viscosity
and concentration have been only moderately successful. Huggins
derived the following equation:

nsp/¢ = |n| + E|nl*-c.

This relation proved to be valid for linear colloids in dilute solutions?5.
In this equation ¢ is the concentration of the colloid, [5| is the
intrinsic viscosity, and % is a constant. The constant £ is different
for various colloids. For instance, it is 0.38 for polystyrene dissolved
in benzene or toluene. Cellulose acetate, according to Bartovics
and Mark, has a % value of 0.701. The magnitude of % increases
with increasing heterogeneity (polymolecularity) of the solutel?. It
depends also on temperature, but appears to be independent of the
molecular weight of polymer-homologous fractions of the same sub-
stance when the solvent is the same. The Huggins’ constant is
high (2.5-5, or greater) if the fibrous particles are electrically
charged?8.

Other equations have been proposed, and the following seem to
be reasonably valid for linear colloids even at relatively high con-
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centrations. According to Bungenberg de Jong, Kruyt and Lens!®:

Innre) = ac + be? (2 and b being constants).

Bredee and De Booys? introduced a third term, and a third
constant C:
nep = ac + Bc? + Cc3.

More popular, however, is the equation of Fikentscher:
log nreifc = 0.75 K?/(1 + 1.5 Kc) + K.

The Fikentscher constant K is different for each colloid, and is
often used for the characterization of colloidal solutions.
The linear equation
nsp/c = |n| + ke

is valid for some linear colloids at low concentrations ¢. This is the
same equation which expresses the dependence of the viscosity on
concentration for spherocolloids with flexible particles (p. 143).

11. Dependence of the Viscosity on Molecular Weight

The pioneering work in this important branch was done by H. Stau-
dinger in 1925-1935, as mentioned in Chap. 2. It was shown that
the intrinsic viscosity of linear molecular colloids increases linearly
with the degree of polymerization P (or the molecular weight). A
.very simple and convenient method for the estimation of the degree
of polymerization or length of linear macromolecules thereby was
available. The original equation of Staudinger,
roje = K-

rendered reliable results especially under the following conditions.
First, the polymer should be dissolved in a good solvent in which
the macromolecules do not associate. Second, the viscosity must
be determined at very high dilutions. (Even at moderate concentra-
tions of 0.5-1%, the fibrous molecules may become entangled and
abnormally high viscosities will be obtained.) Third, the molecules
must be truly linear, not branched or tightly coiled. And finally,
the molecules must not be extremely long. Good agreement between
the molecular weights obtained viscosimetrically and by means of
sedimentation in the ultracentrifuge was found in cases where the
above mentioned conditions have been realized. The weight-average



II DEPENDENCE ON MOLECULAR WEIGHT 149

molecular weights are obtained with these methods. Some examples
are presented in Table 2o0.

TABLE 20

MOLECULAR WEIGHT OF METHYL CELLULOSE AND
NITROCELLULOSE DETERMINED BY MEANS OF VISCOMETRY

Molecular weight by

Ultracentri- . ,
fugation Viscosity

Methyl cellulose I* 14,100 12,300
Methyl cellulose II 24,300 25,000
Methyl cellulose III 38,100 38,000
Nitrocellulose 122 10,000 11,600
Nitrocellulose I1 18,700 21,300
Nitrocellulose III 23,300 22,500

Mark, Kuhn, Houwink, Flory and other authors have shown that
moreaccurate values for the viscosimetrically determined molecular
weights can be obtained, if Staudinger’s equation is modified as
follows:

5] = Km+Pn, or |g =K-Mso. 3)

In this equation, a is another constant which has a definite value
for each polymer-solvent combination as has the other constant K*.
Equation (3) holds for a wider range of molecular weights than the
original Staudinger’s rule. By means of this equation (3), good
agreement has been obtained between molecular weights determined
by viscometry and other methods.

The viscosimetric method of molecular weight determination is
very convenient, and gives sufficiently accurate results if the con-
stants K and a4 are known. In order to determine these constants,
samples of known molecular weight M should be used. (M should
be determined by several other precise methods.) Unfortunately,
the properties of a single polymer (e.g. rubber, nylon) may vary
with the method of preparation, and the constants K and a are
hardly reproducible. Some of them are compiled in Table 21.

The constants K and & depend also on the method by means of
which the molecular weights were determined. For example, the
* This constant K, of course, is different from the constants denoted by the same symbol
in the previous sections.
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TABLE 21

THE CONSTANTS K AND @ FOR VARIOUS LINEAR COLLOIDS (from P. J. Flory,
Principles of Polymer Chemistry, Cornell University Press, 1953, p. 312).

Polymer Solvent T°C Mol. we1g}i K- 10t a
range - 10
1. Polystyrene Benzene 25 32 - 1,300 1.03 0.74
2. Polystyrene Methyl ethyl
ketone 25 2.5-1,700 3.9 0.58

3. Polyisobutylene Diisobutylene 20 6 ~ 1,300 3.6 0.64
4. Polyisobutylene Cyclohexane 30 6 - 3,150 2.6 0.70
5. Polyisobutylene Benzene 24 I - 3,150 8.3 0.50
6. Polyisobutylene Benzene 60 6 - 1,300 2.6 0.66
7. Natural rubber Toluene 25 40 — 1,500 5.0 0.67
8. Poly-(methyl

methacrylate) Benzene 20 77 = 7,440 0.84 0.73
9. Poly-(vinyl

acetate) Acetone 25 65 — 1,500 1.76 0.68

measurements on the polystyrene 3 1 were made from osmotic
pressure data which render the number average molecular weights,
while in the polystyrene # 2 the molecular weights were determined
by light scattering. This is the chief reason that the constants are
so different in these two cases. For the polyisobutylene (4 3-6)
and rubber the reference method was the osmotic method. For the
case 3 8 the reference method was sedimentation, and for case
# g it was again the osmotic method.

12. The Viscosity of Ionized Linear Colloids

Ionized linear colloids show several anomalies of viscosity. One of
the simplest and best investigated examples is polyacrylic acid and
its salts which have the following constitution:

..... CH—CH,—CH—CH,—CH—CH,—CH—CH,.....
00-Na+ COO-Na+ COO-Na* (l,oo—Na+.

The viscosity of aqueous solutions of polyacrylic acid varies with
concentration in very intricate fashion, depending upon the degree
of ionization. The reduced viscosity is high at low concentrations of
the colloid. It decreases with rising concentration, becomes constant,
and then rises again. The anomalies disappear if neutral salts are
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added to the solutions. According to recent extensive studies on
polyacrylic acid®® and other ionized linear colloids?, the viscosity
of these colloids decreases upon addition of neutral salts. The reason
for this decrease is a change of the molecular shape?®. 24,25, At high
degrees of ionization the molecules are stretched out, as the equally
charged segments repel each other. At low degrees of ionization
the fibrous molecules coil up. Added electrolytes decrease the elec-
trostatic repulsion between segments, and the molecule becomes
less asymmetric.

The molecular weight of ionized linear colloids can be determined
from viscosity measurement if the following precautions are taken
into account. The constants K and a of equation (3) depend on the
degree of ionization, and on the presence of neutral salts. At very
low degrees of ionization of the macromolecules, a is close to 0.5,
and the molecules are coiled up. At maximum ionization the molec-
ular fibres stretch out, and « increases. The influence of added salts
on the intrinsic viscosity of polyelectrolytes was thoroughly inves-
tigated by Fuoss?. He proposed the following equation:

ln| = D + 4/(1 + BCY).

A, B, and D are constants, and C is the salt concentration.

The dependence of the viscosity on concentration of a linear
polyelectrolyte has been studied by several authors. Eirich et al.??
studied solutions of polyvinyl-pyridinium bromide, a linear vinyl
polymer with pyridinium rings at the sides. The nitrogen of these
pyridinium radicals carries positive charges. Viscosity, streaming
birefringence, sedimentation, diffusion and electrophoretic mobility
measurements were made. The concentration of the colloid was
varied, and the Huggins constant £ was found to be very high

(2.7-5.2)%8.

13. Viscosity and Axial Ratio of Asymmetric, Rigid Particles

Theoretical considerations, based on the laws of hydrodynamics,
have shown that the greater the asymmetry the higher must be the
viscosity. This was proved to be true in experiments with macro-
scopic models of glass rods®.

L
— ey L
DI

i

Fig. 50. The axial ratio L/D for rod-shaped particles.

References p. 159~160



152 VISCOSITY OF ORGANIC COLLOIDS 9

Further experimental evidence was obtained by the study of tobacco
mosaic virus. Electron microscopic studies have shown that this
virus possesses long, rodlike particles®. The viscosity of its solutions
is high and when the long rods are broken down into shorter ones,
the viscosity decreases.

Several authors have tried to correlate viscosity with the axial
ratio of the rodlike particles. If L is the length of the rod, and D its
diameter (short axis), the axial ratio will be L/D. Simha3! derived
the following equation:

- (L/D)? (L/D)* 14
"1e0/® = {8liog 2L/D — 3/2) ' B(log 2L/D —3) ' 15’

where @ is the volume fraction occupied by the particles.

Reasonably good agreement between the axial ratio L/D cal-
culated from this equation and the axial ratio obtained by means
of other methods has been found?2.

14. Flexible Linear Macromolecules in Different Solvents

Molecular colloids can be dissolved directly only in solvents which
are chemically similar to the solute. The solvent molecules pene-
trate into the bulk of the solid polymer because they have a certain
affinity for the macromolecules. The latter become solvated, and
by virtue of thermal motion they are separated from the bulk and
go into solution. It is obvious that the adhering layer of solvent
molecules protects the macromolecules from mutual association.
Moreover, this layer must also influence the flexibility of the fibrous
particles. When this layer is thin and loose, and when it has holes,
the flexibility will not be much impaired. In this case the molecules
will coil and aggregate easily. If, however, the protective envelope
is thick and compact, the macromolecules will be well protected
from mutual association, but their flexibility will be much impaired.
Consequently, the particle shape may vary when a certain molecular
colloid is dissolved in various solvents. Since viscosity depends on
this shape, it is obvious, that the viscosity must be different in
various solvents.

All the possible solvents which are available for a linear polymer
can be classified into two groups: good amd poor solvents. The
intrinsic viscosities in the former are higher than in the latter. This
is quite understandable on the basis of the above outlined solvation
phenomena. In a good solvent the macromolecules are stretched
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out. In a poor solvent they are coiled up in more or less compact,
globular units. Fig. 51 illustrates this.

fin 5, ®

& &

Fig. 51. Linear colloids in a good (left) and in a poor (right) solvent.

For example, a polystyrene in aromatic solvents has the intrinsic
viscosity of 1.20-1.30 (at 25° C), whereas in aliphatic solvents it is
only 0.65-0.75%. The former are much better solvents for poly-
styrene, because of the similarity in constitution.

The degree of coiling can be estimated by determining the con-
stant a (equat. 3, also Table 21). The smaller the value of & the
more coiled are the linear macromolecules.

Flory and Fox3 have presented a thorough theoretical treatment
of this subject. The interaction of the solute with the solvent
(solvation) is characterized by a constant a. The following equation
was developed for highly flexible, uncharged linear macromolecules

|n| = KMias, (4)

in which M is the molecular weight. It was shown that the interac-
tion constant a varies with the solvent and the polymer, and
methods were developed to determine this constant. Conditions can
be found when a is unity, in which case equation (4) becomes

|n| = KM*.

Important in this is the temperature at which the viscosity is
measured. This must be done at the extrapolated critical miscibility
temperature @ for the polymer with a poor solvent, and it is
determined in the following way. First, the precipitation tempera-
tures of solutions of polymers must be determined. These tem-
peratures T are determined for a series of fractions of the same
polymer, and the T, values are plotted against the reciprocal of the
square root of the molecular weight M-*. These plots give straight
lines, and extrapolation to the ordinate renders the desired tem-
perature ©. In order to simplify the nomenclature and avoid con-
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fusion, Fuoss has suggested naming this @ value the Flory point,
and the constant K the Flory constant.

Cragg ef al.%® suggested that the molecular weights of flexible
linear polymers be determined in poor solvents instead of good ones.
When the viscosities are measured at the Flory point of a particular
solute-solvent system, the relation |y| = KM? holds. Cyclohexane
is a poor solvent for polystyrene, and the Flory point for this-
system is 34.3° C. The flexible macromolecules in such a poor solvent
are strongly coiled. The interactions between the solute and solvent
are minimal. It was shown by Cragg and associates that the system
thenis something like a spherocolloid. The reduced viscosity depends
very little on shear, and also very little on concentration. Generally,
such a system is more “ideal” than if a good solvent were used.
The only hazard would be the possibility of association in such
poor solvents. Slight association among spherical molecules, how-
ever, does not affect the viscosity appreciably.

Flory and Fox showed that the constant K in equation (4) depends
on the molecular weight of the linear polymer, and on the mean
distance L between the ends of the kinked cbain molecule:

K = F(L¥/M)3’2, (5)

In this equation (5) F represents a constant which is the same for
all linear polymers in any solvent.

F =21-10%,

When the molecular weight M and the intrinsic viscosity are known,
and the interaction constant a is also determined, the values of L
can be calculated from (4) and (5). Flory and Fox 3¢ have presented
such calculations for polystyrene and polyisobutylene (see Chap. 17).

Polyvinyl pyrrolidone is another linear polymer which has been
studied by means of viscosity, light scattering and other methods.
It was concluded3® that the molecules of this polymer in solution
are randomly kinked chains encompassing immobilized liquid. For
a sample of M = 249,000 the mean diameter of the molecules was
found to be 360 A; for a higher molecular fraction of M about a
million, the diameter was 930 A.

15. Flexibility and Length of Linear Macromolecules

It was found that the flexibility of dissolved linear macromolecules
depends also on their original length, i.e. on the molecular weight.
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Solutions of nitrocellulose and of methylcellulose have been thor-
oughly studied in this respect. Mosimann investigated various frac-
tions of nitrocellulose dissolved in acetone?’. Viscosity, streaming
birefringence, and sedimentation in the ultracentrifuge were studied
for very high molecular (M = 613,000) and low molecular (down to
M = 6,200) fractions. The results are presented in Table 22.

TABLE 22

FLEXIBILITY OF NITROCELLULOSE MOLECULES IN ACETONE.
LENGTH IN ANGSTROMS

Length,
calculated ~ Length from Length from
for sedimentation Length from  streaming
Sample M completely in ultra- viscosity bive-
stretched centrifuge fringence
molecule
I 613,000 1190 435 560 365
II 199,000 386 224 306 198
Iix 80,000 153 138 148 105
v 30,000 58 54 75
\' 6,200 13 14 15

The length for the completely stretched chains was calculated from
X ray data. The actual length in acetone was calculated from
viscosity data according to a theoretical relation developed by
Burgers®, It is noteworthy that the viscosimetric method gave
nearly the same values for length as the ultracentrifuge and stream-
ing birefringence. Moreover, it is remarkable that for the very
large molecules (M = 613,000) the experimentally obtained length
is smaller than that which was calculated for the completely stretch-
ed chain. This indicates that the long molecules are not like
straight rods but that they may resemble loops or spirals in solu-
tion. In the case of the relatively shorter molecules, however, the
stretching seems to be complete. These shorter molecules can be
visualized as having the shape of a bristle hair.

Hydrodynamic theories correlating the viscosity, diffusion and
streaming birefringence with the flexibility and coiling of linear
macromolecules have been developed by Huggins, Brinkman??, Debye
and Bueche®, Kirkwood and Riseman4, Kuhn??, and Peterlin.

References p. 159—160
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Anomalous Flow Properties of Colloidal Solutions
16. Non-Newtonian Systems. The Influence of the Temperature

It was observed long ago that many colloidal solutions do not follow
the law of Poiseuille (see equations 1 and 2). According to this law
the flow time should decrease proportionally if the pressure is raised.
In many instances this is not the case. The viscosities of moderately
concentrated solutions of linear colloids will appear different when
measured at different pressures in a capillary viscometer. Similar
differences will show up also if the viscosity of such systems is
measured in a rotating cylinder viscometer at different speeds of
rotation. Such systems are called non-Newtonian because they do
not behave in accord with the Newtonian concept that viscosity is
independent of shear stress. For the characterization of such anom-
alous systems it is expedient to determine the viscosities at various
stresses.

The flow properties of linear colloids depend on temperature,
concentration, and on otber variables. The solutions of linear col-
loids become Newtonian if the temperature is sufficiently high. The
anomalies in flow properties disappear when the temperature is
raised to about 50-60° C. This indicates that the anomalies are
caused by orientation (and even association) of the asymmetric
particles, since thermal motion counteracts against such orientation
(and association).

The anomalies also depend on the concentration of the colloid.
They appear even in spherocolloids if the concentration is raised
over 3-5%, and if the temperature is moderate (such as room
temperature). Linear colloids show these anomalies in much lower
concentrations of about 0.5 or even 0.1%, depending upon tem-
perature. Moreover, the appearance of flow anomalies depends upon
the length of the macromolecules. The higher the molecular weight
of linear particles the more likely that anomalies will show up,
even at very low concentrations of the colloid.

Fig. 52 shows how the specific viscosity changes with the shear
stress (velocity gradient). A polystyrene of molecular weight 600,000
was used. It was dissolved in tetralin, and the viscosity was meas-
ured at 20° C. It is obvious that there was little change of viscosity
with stress only when the concentration of the colloid was very
low (0.01-0.05%). At a concentration of 0.29%, the curve turned up,
when the stress was decreased. At a high shear stress (high pressure
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in a capillary viscometer) the viscosity appeared lower than at a
low stress.

The dependence of the deformation on stress applied has been
studied not only with diluted linear colloids but also with more
concentrated systems. Even gels, oils, greases, and pastes are studied
by this approach, as the data appear to be important for the
characterization of such systems. The branch of colloid science
including such studies is called rkeology.

1000 2000
VELOCITY GRADIENT

Fig. 52. The dependence of the specific viscosity on the velocity gradient at 20° C

for polystyrene in tetralin (after H. Staudinger). The various curves represent the

polymer of various concentrations; curves 1, 0.40%; 2, 0.20%; 3, 0.10%; 4, 0.05%
5, 0.01%.

The decrease of viscosity exhibited by increased shear stress is
caused by orientation along stream lines only, if the particles are
rodlike. Matted coils can be oriented only after they are first stretch-
ed out. This seems to happen to a certain degree at very high shear
stresses¥. For example, polyisobutylene (dissolved in petroleum
ether) was subjected to very high shear stresses, and it was shown
by streaming birefringence studies that a certain stretching does
indeed take place. The molecules then are oriented along the stream
lines to a certain degree.

References p. 159-160
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17. Gelation Phenomena. Thixotropy

The viscosity anomalies of relatively concentrated colloids are caused
not only by orientation phenomena, but by the association of
particles in clusters. The more asymmetric the particles the more
likely that they will meet each other and eventually become linked.
The solution thereby may even set. The conditions for such associa-
tion and formation of structures throughout the solution are favor-
able if the temperature is sufficiently low, and if the system is not
mechanically disturbed. The viscosity increases enormously upon
such internal structuration of a solution. Such aggregates, however,
are not stable, and the structures may be destroyed by a slight

b

/

RATE OF FLOW——————

STRESS—

Fig. 53. The dependence of the flow rate on the driving pressure (stress)
for three different systems.

increase in temperature, or by shaking. H. Freundlich was one of
the first who investigated these phenomena. It was observed that
many colloidal solutions set when left undisturbed, and that the
jelly can be liquified again upon vigorous shaking. Such reversible
sol-gel transformations were called thixotropic, and the phenomenon
itself thixotropy.

Since the viscosity in these instances is not constant, instead of
viscosity the terms consistency or apparent viscosity were proposed.
The consistency usually decreases with increasing shear stress. Non-
Newtonian systems are characterized by measuring this consistency
at various stresses, e.g. measuring the flow rate at various pressures.
If flow rate is plotted against stress, the following dependencies
may result in various cases (Fig. 53). For Newtonian liquids the
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flow rate will increase linearly with the stress (case A), and the line
will run through the origin of the coordinates. In the casesofnon-
Newtonian systems (curve B), however, the rate will be very low
at low stresses, and will increase strongly when the stress is raised.
Thixotropic systems show such behavior, since high stress causes
disruption of the weak structures, the consistency decreases, and
the flow rate increases. Finally, case C illustrates the so called
plastic ﬂow It may happen that there will be no flow at all if the
stress is low, and the consistency will then decrease only upon
applying a certain minimum stress. The minimum stress required to
produce such plastic flow is called the yield valuets.
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CHAPTER 10

Organic Colloids in Electrical Field

With respect to electrical properties, all organic colloids can be
classified into two main groups: non-conducting colloids, and
colloidal electrolytes. In non-conducting colloids the solvent (dis-
persion medium) is a nonpolar lipophilic liquid, such as hexane,
benzene, or chloroform. Solutions of rubber or polystyrene in
benzene are typical examples of such colloids. Well purified non-
polar colloidal solutions do not conduct electricity, and they will
not be treated in this chapter.

1. Classification of Colloidal Electrolytes

The colloidal electrolytes can be classified, first, into micellar and
molecular colloidal electrolytes. The molecular colloidal electrolytes
themselves can be divided further into anionic macromolecules,
cationic macromolecules, and amphoteric colloids, as illustrated in
the following chart.

Colloidal Electrolytes

. I
Micellar Colloidal . Molecular Colloidal Electrolytes

Electrolytes. | T ]

Examples: soap, Anionic Macromol. Cationic Macromol. Amphoteric

lecithin. Examples: poly- Example: polyvi- Macromol.
acrylic acid, nylpyridinium Examples:
the pectins. bromide. proteins.

As any classification, this is not complete. Low conductivity values
haveall dispersions in aqueous, alcoholic or similar ionizing media.
Moreover, electrical properties, though not very pronounced, can
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be observed with many molecular colloids which are not genuine
colloidal electrolytes, such as glycogen, nitrocellulose, or polyvinyl-
pyrrolidone. The weak conductivity observed in these cases may
be due either to some impurities or to a few dissociable (ionogenic)
groups of these macromolecules. In the case of synthetic linear
polymers, such as polyvinyl-pyrrolidone or polyvinyl alcohol these
may be the end groups. This is certainly true for the polyesters
which have an ionogenic carboxyl group at one end of each molecule.
At moderate or high degrees of polymerization, however, the
influence exhibited by these end groups is very weak, therefore,
these macromolecules are not included in the class of colloidal
electrolytes. The conductivity and other electrical properties in
these cases, as well as in the true colloidal electrolytes, depend very
much on the properties of the solvent. The higher the dielectric
constant of a liquid the greater its ionizing power for any ionogenic
molecules introduced. Hence in aqueous colloids the electrical
properties will be more pronounced than in such solvents as alcohol,
acetone or ether.

All the colloidal electrolytes mentioned in this chapter will be
colloidal polyelectrolytes, i.e. each micelle or macromolecule carries
many ionogenic groups.

2. Conductivity

Conductivity (or conductance) of solutions is measured by using
low intensity alternating current of high frequency, and comparing
the unknown resistance of the solution with a known resistance.
Specific conductivity, k, is the reciprocal of the specific resistance
and is expressed in reciprocal ohms or mhos. (The specific resistance
is the resistance in ohms of a column of substance I centimeter
deep and 1 cm? in cross section'.) Equivalent conductivity

A = 1000%/c,

where ¢ denotes the concentration of an electrolyte in gram equiv-
alents per liter.

It was found experimentally that the conductivity of various
colloidal solutions varies widely, depending on the degree of purity
as well as on the kind of dispersed phase. For example, well dialyzed
solutions of starch or proteins had a lower conductivity than
undialyzed solutions. It was realized long ago that low-molecular
electrolytes, which are present as impurities in practically all
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hydrosols, contribute greatly to the conductivity. When they are
removed by dialysis, the conductivity decreases considerably. For
this reason, the conductivity measurement is a very important
means of lesting the purity of colloidal solutions. Of course, only the
presence of extraneous electrolytes can be determined by this
method, since the presence of non-electrolytes, such as alcohol, will
not affect the conductivity.

Very important was the observation that in some hydrosols the
conductivity could be brought to low values upon continued dialysis,
while in some other cases the most highly purified colloids still
conducted well. Examples of the first type are solutions of glycogen,
starch, and polyvinyl alcohol. The conductivity of these colloids,
if they are well dialyzed, is close to that of distilled water. The
soap colloids, on the other hand exhibit considerable conductivity,
even if they are well dialyzed. This proved that the colloidal particles
themselves ave charged and contribute significantly to the conductivity.

Soaps, synthetic detergents, and other micellar colloids were
studied extensively by McBain and his associates, Lottermoser,
and others?, The equivalent conductivity was measured at various
concentrations, and the following interesting observations were
made. When the equivalent conductance is plotted against concen-
tration, it is almost constant at low concentrations. At these low
concentrations the soap behaves as a strong electrolyte which,
according to the modern concept of Debye, Hiickel and Onsager,
is fully dissociated3. In this very low concentration region, the
conductivity decreases linearly with concentration, this decrease
being cxpressed by the linear equation of Debye, Hiickel and
Onsager:

do—A = (4 + Big)ct,

where Ao is the equivalent conductivity at infinite dilution, and
A and B are constants. There are no particular anomalies at these
concentrations, and it can be assumed that any of the compounds
investigated, e.g. dodecyl sulfonic acid, is present under these
circumstances in the form of simple small ions. Upon further
increase in concentration, however, the conductivity drops abruptly
(Fig. 54). This is the critical concentration (see p. 60) of micelle
formation. This critical concentration decreases, as the hydrophobic
chain is lengthened. At still higher concentrations the equivalent
conductivity passes through a minimum and then remains approxi-
mately constant. The specific conductivity is rising with increasing
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concentration, and at very low concentrations the conductivity
of all the electrolytes, regardless of chain length, approaches a com-
mon value (Fig. 55).

400,

Fig. 54. The change of the equivalent conductivity with concentration, according
to McBain. On the abscissa is plotted the square root of concentration (M[i).
(From McBain, Colloid Science, D. C. Heath Publ., Boston, 1950, p. 243.)

Conductivity measurements have been very important in the
study of micellar colloids. Important also was the observation that
the osmotic activity of the solute decreased at the critical point of micelle
formation to a much greater extent than the conductivity. This is
illustrated in Fig. 56 for the solutions of sodium desoxycholate, a
sodium salt of one of the bile acids. This is the best kind of evidence
that at a certain concentration the molecules of the desoxycholate
are associated into micelles. The anions actually are the associating
entities, as the sodium cations remain free regardless of whether
the anions are associated or not. Hence the decrease of osmotic
activity far below the decrease of equivalent conductivity is ex-
plained simply by the association of the anions. The same is true
for all other colloidal electrolytes of this type. In the case of cationic
detergents, such as tetradecyl-trimethyl-ammonium bromide, the
tetradecyl-trimethyl-ammonium cations are “‘pushed out” of the
solution at a certain critical concentration, e.g. they cling together
forming micelles; the bromine anions remain free. The osmotic
activity again decreases more than the conductivity. This indicates
that the number of particles (on which the osmotic activity depends)
has decreased more than the number of charges. Hence, the charged
sites of the associating ions must remain on the outside of the
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micelle. This is in agreement with the concept of the structure of
micelles as outlined in Chapter 5 (see also Chapter 34).

It might be worthwhile to consider the situation in a dilute
solution of soap before and after micelle formation. Before the
micelle formation the anions R-COO- and cations Na+ are distrib-
uted at random, each anion tending to hold several cations in its
vicinity, and vice versa. After the micelles are formed, the anions
of the soap lie in ordered structures, thelipophilic ‘tails’ turned
inside the micelle, and the polar ‘heads’ being turned outward
toward the water. The sodium ‘counter ions’ (gegenions) will now
stick in the vicinity of these polar ‘heads’ which are the carboxyl
ions. Hence the whole system becomes more organized, i.e. its
entropy decreases. The charge density is very high on the surface
of the micelle, is low in the spaces between the micelles, and is
zero inside them.

The macromolecular polyelectrolytes resemble micellar colloids to
a certain degree. The conductivity of macromolecular polyelectro-
lytes was studied by Fuoss and colleagues?, and some of their
results are presented in Fig. 57. On the abscissa is plotted the
square root of the concentration, on the ordinate the equivalent
conductivity of sodium polyacrylate and polyvinyl-N-butylpyri- -
dinium bromide. There is no abrupt decrease in equivalent conduc-
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ductivity on concentration, according to cholate according to McBain and
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tivity at any given concentration, hence no micelles are formed in
the solutions of these polymers. Generally the conductance curves
of such polyelectrolytes resemble those of strong electrolytes in
solvents of low dielectric constant. These polyelectrolytes also differ
considerably from micellar electrolytes in the distribution of the

NaBr
(A)
£Q. COND
Na - POLYACRYL
POLYBROMIDE
02 04 08

Vo
Fig. 57. The dependence of the equivalent conductivity on the square root of
concentration of sodium bromide, sodium polyacrylate, and polyvinyl-N-butyl-
pyridinium bromide (according to Fuoss and associates).

charges. The molecules or polyions of these substances have the
following structure:

....CHy—CH—CH,—CH—CH,—CH—CH,—CH—.. .

COO-Na+ éOO“Na*' COO-Nat COO-Na*
Sodium polyacrylate

v CHy—CH————CH,—CH—— ~CH;—CH.
CH,N—C,H, ésH‘N—C‘H, CyH,N—C,H,
+ 4 +

Br- Br- Br-
Poly-(4-vinyl-N-z-butylpyridinium) bromide

Relatively short molecules of such polymers (mol. weight 5000~
20,000) will be stretched out, but very long chains will coil up to a
certain degree, especially when the ionization is decreased. The
charges in these cases are distributed evenly over the whole mole-
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cule, but when coiling occurs a certain fraction of the counter ions
will be trapped inside the coil.

This, according to Fuoss, explains the conductivity resemblance
of these polyelectrolytes to ordinary weak electrolytes. The gegen-
ions are not as free as in micromolecular electrolytes. Because of
the relative immobility of the macro-ions, the small gegenions will
not be able to move quite as freely about in the solution, but will
be held close (or even inside) the large macro-ions by electrostatic
attraction. This was confirmed by Wall and associates® who measur-
ed the rate at which counter ions in the bulk of a solution exchange
with added radioactive ions. It was found that the counter ions
can be divided into two categories: those belonging -to the ionic
atmosphere around the polyacrylate ion which exchange very
rapidly, and those trapped inside the coiled polyion which exchange
slowly.

It is also worthy of mention that the osmotic activity of sodium
polyacrylate in salt-free solution is determined to a close approxima-
tion by the sodium ions only. The macromolecular anions contributé
practically nothing to the osmotic pressure. This explains the fact
that the osmotic pressure of sodium polyacrylate is independent
of the molecular weight of the polymers. Moreover, the osmotic
activity of the sodium ions is lower than expected, because the
freedom of the sodium ions is restricted by the large polyvalent
anions.

3. Electrophoretic Phenomena

The movement of small particles under the influence of direct
current was observed more than hundred years ago by Reuss. This
phenomenon, electrophoresis, is important in the study of electrically
charged organic colloids, especially the proteins. A colloidal solution
as a whole is electrically neutral, like any solution of an electrolyte.
The number of charge units carried by the particles is equal to the
number of opposite sign charges carried by the counter ions.

The simplest method of studying electrophoresis is to introduce
the colloid into a U-shaped tube, immerse electrodes into the
solution, and connect the device into a direct current circuit (Fig.
58). If the particles are colored, their movement can be observed
easily. The concentration of the particles increases at the one
electrode and decreases at the other electrode. Many qualitative
and semiquantitative observations with various colloids were made
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in the 19th century and in the beginning of this century by Quincke,
Picton, Linder, Burton, Svedberg, and others. It was found that
most natural colloids move to the anode, hence
the particles must be negatively charged. A very
important discovery was made by Hardy in 1899.
He noticed that the particles of proteins may
be either negatively or positively charged

o) 71| depending on the acidity of the solution. One of
s —| the first improvements in the techniques was to
Bl | — | connect the colloid with the electrodes by means
s —| of asalt solution. Attempts were made to measure
= — -] the migration at different voltages.

-] - Substantial experimental improvements in

electrophoretic technics were introduced by

= - —| Svedberg and Tiselius in 1926. In order to detect
— o] —_ | Detter the migration of the colorless proteins,
—- — they introduced fluorescence photography. The
- & — — fluorescence was caused by irradiation with ultra-

violet light, and the intensity of fluorescence was
measured at different points of the electro-
phoresis cell. The position of the moving boundary
thus could be established with greater precision
Fig. 58. Electro-  than before. Improvements in the construction
phoresis of nega-  of the cell were also made. One of the most difficult
e e bl to find a suitabl f producin
particles. problems was to find a suitable way of producing
a sharp initial boundary between the protein
solution and the conducting buffer solution. Moreover, great
difficulty was experienced in avoiding disturbance of the boundary
by convection during electrophoresis. The development of the
method was continued and in 1937, Tiselius’ described a new
electrophoresis apparatus in which the electrophoretic mobility
of components in mixtures could be measured. The individual
boundaries were followed by Toepler schlieren method, which had
been used earlier by Lamm for diffusion measurements. Also, the
U tube was divided into compartments to allow the isolation of
the components separated by the electric field. Although more
improvements, especially in the optical method of precise measure-
ment of the boundary shift, were introduced later by Svensson,
Longsworth, and others, it is essentially in the form that the ap-
paratus was described in 1937 by Tiselius that it is used today.
The electrophoresis tube in the Tiselius apparatus is rectangular in
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cross section and is composed of several sections which can be
made to slide one over the other (Fig. 26), thus separating the
contents of the tube. The protein solution to be tested is first
dialyzed against a buffer of definite pH, in order to maintain the
ionization of the protein, and a certain ionic strength. The protein
then is poured into the lower compartment, and the buffer into the
upper. The cells are connected with the electrode compartments
which are large tubes containing a concentrated chloride solution
in which are immersed reversible silver-silver chloride electrodes.
The cell and the electrodes are immersed into a constant temperature
bath which is operated at the temperature of maximum density for
the buffer solution in order to minimize the disturbing effects of
convection. (The current causes heating in the solution, and the
heat exchange with the surrounding of the cell causes a certain
temperature gradient in the cell.)

The migration of the charged components is observed by means
of optical methods based on the measurement of refractive index
gradients. The schlieren scanning method according to Longsworth,
and the cylindrical lens schlieren system according to Philpot and
Svensson are the most common methods. A variety of instruments
have been designed by various companies; for example, the Klett-
Tiselius instrument has all the essential elements mounted on an
optical bench resting on concrete.

The basic features of the optical schlieren method, as applied to
the study of electrophoretic phenomena, may be illustrated with
the aid of the diagram shown in Fig. 59 taken with the following
explanations from the paper by Longsworth and MacInnes®.

“The image of the slit, S, illuminated by the lamp L and con-
denser C, is brought to focus in the plane P by the lens D. The

——b—
—ar-

o G

Fig. 59. Observation of boundaries with the schlieren method. L., 5-volt, 18 ampere

ribbon filament lamp; C, projection condenser; S, 0.3 X 15 mm horizontal slit;

D, Dallmeyer portrait lens 6 D, 4 in. diameter, 24 in. focal length; E. electrophoresis

cell; P, schlieren diaphragm; G, groundglass or photographic plate; O, Dallmeyer
R. R. lens, 3 in. diameter, 24 in. focal length.
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schlieren diaphragm, a screen with a sharp, horizontal upper edge,
is placed in the plane P and may be moved vertically, a micrometer
adjustment being used. The cell C, in which the electrophoresis is
carried out, is placed as near the lens D as the thermostat construc-
tion permits. The camera objective O, placed immediately behind
the schlieren diaphragm, is focussed on the cell and forms a fullsize
image on a ground-glass or photographic plate at G.”

“In the absence of refraction gradients in the electrophoresis cell
all of the light is brought to focus in the image of the illuminated
slit at P and enters the camera objective. If, however, a boundary
is present in the cell the refraction decreases with increasing height
through the boundary, and the pencils of light through this region
are deflected downward. These deflected pencils are intercepted by
the schlieren diaphragm and fail to reach the screen. Thus the
region at G conjugate to the boundary appears as a dark band on
a light background.” A more compact and refined instrument is
offered by the Beckman Corporation, Specialized Instruments Divi-
sion (Belmont, Calif.) (Figs. 60 and 61).

The Tiselius method proved to be one of the most valuable tools

Fig. 60. Spinco Model H.electrophoresis instrument.



3 ELECTROPHORESIS 171

Fig. 61. The interior of the electrophoresis compartment of the Spinco Model H
mstrument.

in the study of proteins and other colloidal electrolytes. Moreover,
the same instrument, without the application of current, has proven
quite suitable for the measurement of diffusion. By changing the
size and design of the cell, the instrument can also be adapted
easily for preparative purposes. Proteins usually are mixtures of
many components which have different mobilities, hence after a
sufficiently long period of migration the components can be separat-
ed more or less completely. A great variety of electrophoresis
instruments have been designed for preparative purposes by other
authors, They differ from the Tiselius device chiefly in that the cell
is composed of a greater number of compartments. For example,
the apparatus of H. Theorell (1934) has eight compartments on
each side of the U-tube; the compartments are short cylinders with
ground glass joints, and the contents of each compartment can be
separated by properly adjusted thin discs®.

The method of Tiselius is most important as an analytical tool,
especially for the characterization of closely related proteins. In many
cases proteins appearing homogeneous in the ultracentrifuge were
shown by electrophoresis to be composed of several components.
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The presence of electrophoretically different components is detected
by the cylindrical lens system in the form of several peaks represent-
ing the refractive index gradients of each component. There are,
for instance, more globulin peaks in the electrophoresis pictures of
blood plasma than on the sedimentation pictures obtained by the
same optical method. This indicates that the globulins which appear
essentially homogeneous in sedimentation are not homogeneous in
electrophoresis. The molecules may be of the same size but some
of them carry higher net charge at a certain pH than others.

Fig. 62. Electrophoresis diagram obtained by means of the Tiselius method with
the Spinco Model H instrument. Human plasma (approx. 1.15% protein), the high
peak is that of albumin.

(Courtesy Spinco Division of Beckman Corporation, Belmont, Calif.)

Moreover, not only can the presence of different components be
demonstrated, but the amounts of each component can also be
estimated by measuring the areas under the peaks obtained by
photography. An example of an electrophoresis diagram of human
blood plasma is presented in Fig. 62.

The mobility of a protein molecule differs gzeatly dependmg on
the acidity of the solution, as noted by Hardy. This is due to the
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amphoteric nature of the proteins. The macromolecules of proteins
contain the acidic carboxyl groups and the alkaline amino groups
(together with other groups of lesser acidic or alkaline nature),
and the net charge of the molecule will depend, primarily, on the
chemical composition of the protein. Proteins composed predomi-
nantly of the dicarboxylic acids will be more acidic, as they will
contain more carboxyl groups than amino groups. Likewise, those
having an excess of diamino acids will be basic (Chap. 25 and 26).
Those having an excess of free carboxyl groups, when dissolved in
water, will have a negative charge, whereas those with excessive
amino groups will be positive, as shown in Fig. 63. Most proteins
contain a slight excess of carboxyl groups, and hence carry a weak
negative net charge in neutral solutions. If a little alkali is added

cl- cr-
€oo. Q0" . €00~
NH, NH* NH,* NH,* NH,* NH,*
CO0™Na* CO0™No* OOH
COO™H* COOH 00H
NEGATIVE ISOELEGTRIC POSITIVE
PROTEIN PROTEIN PROTEIN

Fig. 63. Schematic presentation of negative, isoelectric, and positive protein particles.

to such a protein solution, the net charge increases, since the dis-
sociation of the carboxyls is increased (and the dissociation of the
amino groups is diminished):

COOH 00-Na*
RZNH,  + NaOH = Ri%m, + H,0.

Upon the addition of acid, however, the dissociation of the car-
boxyls will be suppressed and the dissociation of the amino groups
will be promoted:

HOOC—R—NH, + HCl = HOOC—R—NH,+ + CI-.

Consequently, the protein molecules in acidic solution will acquire
a positive net charge. As counter ions in this case are the anions
of the added acid, whereas in alkaline solution the counter ions are
the cations of the added alkali. It is conceivable that at a certain
definite pH or acidity a protein may have an equal number of
positive and negative charges on its molecules. This is the so-called
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isoelectric condition. As the number of plus charges equals the num-
ber of minus charges on each molecule, the net charge at the iso-
electric pount is zero. Hence, at a certain pH corresponding to the
isoelectric point the protein molecules will not move under the
influence of a direct current.

The number of free carboxyl groups and free amino groups in
the proteins is estimated indirectly by the amino acid analysis
(Chap. 25 and 26), and directly by potentiometric titration of a well
purified preparation which is dissolved in water. From the number
of equivalents of acid or alkali used the number of the free alkaline
and acidic groups can be estimated. If now the electrophoretic
mobility of proteins is compared at a certain pH, those possessing
a higher net charge will move faster, provided the molecular size
and shape are similar. An alkaline sodium barbital (veronal) buffer
of pH 8.6 is the most commonly used solvent in testing the electro-
phoretic mobility of proteins, and at this pH the albumin of blood
plasma has a considerably higher mobility than the other proteins
present (Fig. 62).

The electrophoretic mobility is defined as the velocity of the
particle in a potential gradient of one volt per cm. For most proteins
the mobilities are between 10- 1075 and —10-10~% cm?- volt—-sec™!
depending on the nature of the protein, the temperature, and on
the pH of the solution. For example, the mobility coefficients of all
plasma proteins at pH 8.6 are negative (the proteins move to the
positive pole), and their values are as follows: albumin 5.9. a;-
globulin 5.1, ay-globulin 4.1, B-globulin fraction 2.8, fibrinogen 2.1,
and the y-globulin fraction approximately 1.5, all these coefficients
being multiplied by 10-5. Attempts to correlate the mobility quan-
titatively with the net charge and molecular size and shape have
been moderately successful. The theory would be very simple, if
the protein molecules were rigid unsolvated spheres without the
atmosphere of counter ions around them. In such case the mobility
u would be proportional to the charge ¢ and inversely proportional
to the frictional force f. The frictional force f can be expressed
either as f= RT/D, where D is the diffusion constant, or as f = 6ary,
where 7 is the radius of the sphere and 7 the viscosity of the medium.
The charge g may be expressed in terms of the number of elementary
charges ¢ (the charge carried by one electron), the number of
chemical equivalents ¢ (e.g. equivalents of acid bound per gram of
protein) and molecular weight M : g = eMe. Introducing these
expressionsl? for f and for ¢, the following equation is obtained for
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the dependence of the mobility # (in a unit field) on the number
of net charge and molecular weight:

u = eMe/6rmry . (1)

This would be applicable to an idealized case where there is no
ionic atmosphere around the moving particles. As the latter really
exists, the equation (1) must be supplemented by further terms.
The ionic layer screens the particles from the external electric field,
and it also produces the movement of the liquid medium in the
direction opposite to that of the particles. Theoretical studies of
Debye, Hiickel, Henry and others showed that these effects can
be accounted for by introducing a factor %, which is the reciprocal
of the ““thickness” of the ionic layer, and a factor  (closest approach
of the counter ions to the particle). Moreover, Henry introduced
a function F(ka) which approximates unity when the product %-a
is small, but which approaches 3/z for large values of k-a. For
spherical molecules generally then:

u = eMe - F(ka)/6nry (1 4 ka) . (2)

Since the value of % and a cannot be measured by a reliable method,
equation (2) can- be applied only by making simplifying assump-
tions!!,

It is interesting that the particle size parameters M and 7 appear
in equations (1) and (2) in both numerator and denominator. This
indicates that for spherical particles the mobility should not depend
on particle size, if the charge density on the surface of the particles
remains the same. This was verified experimentally by observing
the mobility of large particles of glass, carbon, or silica coated with
a layer of protein!!, directly in a small cell under the microscope.
The mobilities calculated for these large particles were essentially
the same as those for the protein molecules at the same pH. The
molecular shape, however, has a definite influence on the electro-
phoretic mobility, as asymmetric particles have greater resistance
to flow than spherical particles.

4. Electrophoresis on Paper

The method of free boundary clectrophoresis is of great value for
the study of colloidal electrolytes, though it is a complicated and
expensive method. Moreover, using even the smallest cells, relatively
large amounts of material are needed. In the search for a suitable

References p. 154



176 ORGANIC COLLOIDS IN ELECTRICAL FIELD I0

micromethod, it was found that ordinary filter paper is a suitable
supporting material for electrophoresis on a micro scale. Only one
drop of a test solution of suitable concentration is needed for this
method. Since the migration occurs in a framework of fibers, no
precautions about the blurring of the boundary are required. More-
over, the method is rapid and inexpensive. It is now becoming a
standard procedure in all laboratories dealing with analytical test-
ing of proteins and similar substances!?. A strip of filter paper is
impregnated with a buffer solution and placed on a support of
glass or plastic. The ends of the paper are immersed into the buffer
which is connected with the electrode compartment. Between o.01
and 0.03 ml of a protein solution are placed on the paper at a
certain position marked in advance with pencil. Direct current is
applied across the length of the strip, and the electrophoresis is
continued 620 hours. The paper is then removed and dried, and
the positions of the proteins are revealed by developing the strip,
i.e. staining with a suitable dye. (This staining substance must of
course selectively stain the protein, not the whole strip.) After the
excessive dye has been washed out of the strip, the positions of the
proteins appear as colored spots. When an alkaline buffer is used,
all components of a certain protein mixture will either move to the
positive electrode or stay near the point of origin. Those with the
highest mobility will appear farthest from the origin, and the others
will show up in the order of their mobilities. The particular com-
ponents can then be recognized best by comparison with a standard
material run at the same time and under the same conditions.
Although this micromethod is less
accurate than the free boundary
method for the determination of mo-
bilities, it serves well for many pur-
poses as a semiquantitative method.
The amounts of the separated com-
ponents can be estimated either by
cutting the paper, extracting the
dye, and determining it colorimetri-
cally, or by direct measurement of
Fig. 64. Elegtrophoretic separation the color on the Strip by means of a
according to Grassmann. de nsitometer.

According to Grassmann!3, the paper electrophoresis method can
be used also for preparative purposes. A sheet of paper is stretched
in a vertical position between two vertical electrodes. The buffer
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and the sample are applied continously at the top and travel down
the sheet at the same time that the electrically charged components
are being pulled to one side by the current (Fig. 64). The lower
side of the sheet is serrated in a pattern which enables one to
collect the dripping fractions in tubes. The paths of electrically
charged dyes are directly visible on the sheet. The tracks of colorless
proteins can be made visible by staining, if so desired. Electrically
neutral components, of course, will descend vertically, and can be
collected in the middle tubes.

Very sharp separation of protein components can beaccomplished
using starch gels as supporting medial4.

5. Electro-osmosis and Related Phenomena

The atmosphere of counter ions around the particles confers charge
to the dispersion medium or solvent. The sign of this charge is
opposite that of the particles. Hence, as the particles move toward
the one pole the liquid tends to move toward the opposite pole.
This can be visualized best by means of an apparatus in which the
solid dispersed phase is held immobile, and the movement of the
liquid is carefully observed. This can be done by a device as illus-
trated in Fig. 65. A tube is plugged in the middle with a porous
material (wool, ion exchange resin), and filled with a dilute buffer
solution. The positive and negative electrodes are on either side of
the plug. As the current passes, the liquid will move toward one
of the electrodes. This can be observed best if the ends of the tubes
are drawn in the form of capil-
laries which can be calibrated in
order to measure the volume of
the liquid displaced. This phe-
nomenon of electro-osmosis was
observed long ago, and was
studied quantitatively. It was
found that the volume of the
displaced liquid is directly pro-

. . Fig. 65.
portional to the area of the dia-  The phenomenon of electro-osmosis.

phragm, to the applied potential

gradient, and to the dielectric constant of the liquid; it was
inversely proportional to the viscosity of the liquid, and to the
distance between the electrodes. Moreover, the volume was directly
proportional to the potential at the interface, diaphragm-liquid.
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This, so-called, zeta ({) potential depends on the charge at the surface.
It is conspicuous that the effect of electro-osmosis is due to the
same causes as electrophoresis: in a unit electrical field the electro-
osmotic effect is determined by the charge at the interface and the
resistance to flow.
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Fig. 66. The electrokinetic or zeta potential, and the electrothermodynamic potential.

Since the applied electrical force, dielectric constant, viscosity,
and volume of the displaced liquid can be measured easily, the zeta
potential can be estimated. It can be estimated likewise in electro-
phoresis, if the migration of the particles is measured. The zeta
potentials of many solid-liquid systems have thus been calculated.

It must be pointed out that the electrokinetic or zeta potential
must be distinguished from the electrothermodynamic potential.
The latter is developed between the solid surface of any particle
and the liquid, whereas the zeta potential is developed between the
liquid and the fixed layer of the surface, as illustrated in Fig. 6615,

The fixed layer is formed of the solvating liquid and ions which
either genuinely belong to the surface or are adsorbed from the
surroundings. This fixed layer moves with the particles in electro-
phoresis, and it stays with the solid plug in electro-osmosis. The
thickness of this tightly bound layer is considered monomolecular,
and it is considered part of the ‘double layer’. The diffuse part of
it extends into the liquid and contains the counter ions.
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Electro-osmosis is frequently applied in industry, for example in
facilitating the filtration of difficultly filterable slurries, pastes, and
similar products. The separation of liquid from the mass is facilitated
by applying direct current to a filter press.

There are several other quite interesting phenomena closely re-
lated to electrophoresis and electro-osmosis. Suppose that the direct
current source in the electro-osmosis apparatus (Fig. 65) is dis-
connected and replaced in the circuit by a galvanometer. It would
not show any current, if the liquid remains stationary in the tube.
However, if the liquid is forced to flow through the porous plug,
the galvanometer will indicate a current. This streaming potential
is due to the displacement of the charges equilibrated in the double
layer around the solid. The displacement of the liquid causes also
some displacement of the counter ions. In electro-osmosis outside
potential causes a movement of liquid; in forcing the liquid to
flow, the movement causes streaming potential. Similarly, one may
expect an opposite effect to electrophoresis: The movement of par-
ticles should cause a potential. This might be expected e.g. in
sedimentation in the ultracentrifuge, where charged particles are
displaced by an external force. This sedimentation potential is ex-
tremely difficult to measure, and so far very little investigation
has been carried out in regard to this phenomenon.

The phenomenon of electrodialysis is of much greater practical
importance than those just mentioned. It was found by Pauli,
Morse, Pierce and Dhéré (19o3-1915) that the dialysis of electrolytes
can be greatly facilitated by the application of a direct current.
For this purpose an apparatus as illustrated in Fig. 67 is used. The

Tig. 67. Electrodialysis according to Pauli.

colloid to be purified is introduced into the middle section which
is separated from the right and left sections by semipermeable
membranes. Distilled water is circulated on both sides of the colloid,
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and the removal of electrolytes is facilitated by direct current
applied by means of platinum electrodes. The latter are placed in
the water compartments near the membranes. Electrodialysis is
also applied for some industrial purposes. For instance, whey can
be liberated by this method from undesired salts. Such a method
is used in the Netherlands. Whey is a waste product of cheese and
casein factories, and its salt content would be too high for ordinary
uses. By liberating whey from salts a valuable food material con-
taining proteins and milk sugar is obtained!s.

An interesting modification of the electrodialysis technique is the
electrodecantation process developed by Paulil?. When the colloid
in the middle chamber of an electrodialysis apparatus is not stirred,
stratification in layers can be observed. A layer rich in colloid will
be found on the bottom, and a highly diluted layer on the top.
This stratification is due to the density gradient formed at one of
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Fig. 68. Stratification of a colloid on electrodialysis without stirring.

the membranes. The colloid, because of its charge, will be pulled
toward one of the membranes, hence the density near the membrane
increases, and the dense solution sinks to the bottom (Fig. 68).
According to Pauli, very pure and concentrated colloids can be
prepared in this way, and the apparatus can be made to work
continuously, by removing the dense lower layer and supplying
more solution. It is obvious that only colloids with electrically
charged particles will show this layer formation, as the particles
must be caused to move in the electrical field. It is also conceivable
that preparative separation of multi-component mixtures might be
feasible. This idea was developed by Kirkwood, Cann, and col-
leaguest® and isnow known as the method of electrophoresis convection.
A potential gradient is applied across a narrow vertical channel
(Fig. 69) containing the mixture to be fractionated. The compo-
nents with the highest mobility will reach the wall first, sink, and
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become concentrated in the bottom compartment. The less mobile
components will be enriched in the top container. Repeated runs
give increasingly pure preparations. It was possible by this method
to achieve the resolution of the gamma-globulins into many com-
ponents.

Further development of this method is due to Polson?® of Cape
Town, South Africa. He found that separation by electrophoresis
convection is accelerated in oblique channels. A multimembrane
electrodecantation apparatus was developed which can be used for
continuous separation of protein fractions. The supernatant from

é —:*_?_:j

Fig. 69. Elcctrophorcsis-convection cell according to Kirkwood and Cann.
T - top reservoir; Ch — channel; I3 - bottom reservoir; E—electrodes; M~membranes.

the first separation section is passed into the bottom of the second,
and the supernatant of this section is passed into the bottom of the
third channel. Various fractions of the plasma proteins have been
obtained in this way. Moreover, the method was successfully applied
for the separation of trypsin from pancreas, and for the concentra-
tion of poliomyelitis virus from mouse brain.
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6. Orientation in an Electrical Field

The polar character of large molecules and colloidal particles can
also be studied by measuring the dielectric constant of the solutions.
Water possesses a high dielectric constant due to the polar nature
and mutual orientation of the water molecules. The dielectric con-
stant of solutions containing large polar molecules, such as proteins,
is even higher than that of pure water. The determination is carried
out by measuring the capacitance of a condenser containing the
solution in question between the plates. The electrical field applied
leads to orientation of polar molecules, whereby the capacitance is
increased. Hence, the measurement gives information about the
molecular orientation of molecules.

The studies of this subject indicated that the response of the
molecules depends very much on the frequency of the alternating
field. Orientation is hindered by the frictional force which tends
to prevent the molecules from changing their positions, and by the
Brownian movement which tends to disorient them. In a low fre-
quency field both the large molecules and the water molecules will
become oriented, and a high dielectric constant will be measured.
If the frequency is increased over a certain limit, the large protein
molecules will be too sluggish to follow the orienting torque, the
measured dielectric constant will be smaller than that measured
with a lower frequency, and it will increase in time as the orientation
completes. Finally, at extremely high frequencies the large polar
molecules will not be oriented at all. The dependence of the dielectric
constant on the frequency is called dielectric dispersion. It was
shown by Oncley® that it is possible to correlate the dielectric
dispersion data with the molecular size, shape and hydration. The
quantitative theory is somewhat complex, but it should be clear
from the previous statements that the molecular orientation of the
large polar molecules will depend on the size, shape, and hydration.
Moreover, it must depend on the polarity which usually is expressed
by the dipole moment (see Table 23).

It is interesting to note that the axial ratios of several proteins
calculated from such data agree reasonably with the data obtained
by other methods. For example, for egg albumin, assuming that
the molecules are prolate ellipsoids of revolution the axial ratio
5:I was obtained, for serum albumin 6:1, and for beta-lactoglobulin
4:1. These should be the axial ratios when hydration of the protein
is neglected. Assuming a certain amount of hydration the axial
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ratios will be even closer to those obtained with other methods.
The dipole moments of proteins are very high, as they depend,
among other things, on the molecular weight. For example, the
dipole moment of myoglobin is 170 Debye units, and for serum
albumin it is 380.

TABLE 23

DIELECTRIC CONSTANTS AND DIPOLE MOMENTS OF
SOME COMPOUNDS

Dipole . .
Compound morﬁent, IZ;;I:Z;:::

debyes
‘Water 1.85 8o
Methyl alcohol 1.68 34
Ethyl alcohol 1.70 26
Methyl amine 1.3 10
Ethyl amine 1.3 63
Diethyl ether 1.1 4.3
Diethyl glycol 2.3 41
Acetone 2.8 21
Acetic acid 0.8 6.4
Methyl acetate 1.7 7.3
Formamide 3.2 84
HCN 2.6 95
Carbon tetrachloride 0.0 2.2
Chloroform 1.1 5.0
Benzene 0.0 2.3
n-Hexane 0.0 1.8

Dielectric constant measurements at very high frequencies have
provided important information about the hydration of proteins.
At very high frequencies, the dielectric constant values of the
protein solutions depend solely on the freedom of the solvent
molecules (water). It was shown by Buchanan et al.2! that a certain
amount of the water in such solutions behaves as if it were restricted
in its motion. About 0.4 gram of water per gram of protein appears
to be bound. Two thirds of this water has a partial freedom to
orientate, and one third seems to be tightly bound at the protein
surface.

. The evaluation of the dielectric measurements for ionized linear
polymers is much more complex, because of the polydispersity of
the polymers, and the flexibility of the chains?2.
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CHAPTER 11

The Structure of Colloidal Particles

1. Macromolecules and Micelles

A variety of structural aspects must be considered in discussing the
structure of colloidal particles. In order to simplify the picture, it
is useful to distinguish between two large groups: molecular and
micellar colloids. The particles in molecular colloids are large mole-
cules which are built according to the same structural principles as
the usual small molecules of organic compounds. All atoms in the
large molecules or macromolecules are linked by primary valency
bonds. In micellar colloids, on the contrary, the particles are ag-
gregates of many small molecules. In the micelles, the small molecules
are not linked by primary bonds but by Van der Waals forces
(cohesion). A more complex structure is observed in particles such
as the proteins; both primary and secondary bonds and Van der
Waals forces are all involved in the linking of the subunits. It was
suggested that such particles be called associated macromolecules.
Different structural aspects appear in the dispersions. In the emul-
sions of oils the molecules in the droplets stick together because of
cohesion. However, in a dispersion of a space polymer the particles
can be considered as giant molecules.

Micelles are ordinarily less stable than macromolecules. This is
especially true with respect to stability against the dissolving
influence of solvents. Micelles can be dissolved completely, i.e. dis-
integrated to the small constituting molecules by a suitable solvent,
e.g. when alcohol is added to a soap sol. Macromolecules are much
more stable to solvents. However, the chemical stability of macro-
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molecules is very different. It depends on both the chemical properties
of the macromolecule and the reagent as well. Moreover, it depends
on the constitution of the macromolecules. For example, the long,
thin molecules of cellulose are much more sensitive to oxidative
degradation than the corpuscular molecules of glycogen. This differ-
ence in stability may be likened to the ease with which a long
thread could be cleaved, as contrasted to a compact bead.

2. Physical Evidence about the Presence of Macromolecules

According to Staudinger, the following facts prove the existence of
macromolecules: (1) the identity of molecular weight values in
various solvents, (2) the identity of the physical and chemical
molecular weights, and (3) the identity in the degree of polymeriza-
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Fig. 70. Molecular (A) and micellar (B) colloids in two different solvents. The
macromolecules remain of the same size, the micelles may dissociate into separate
small molecules when the solvent is changed.

tion after chemical changes of polymers 1. The fact that the same
molecular weight is obtained for a specimen in various solvents is
well illustrated in Fig. 70. If the particles were micelles, it would
be most probable that different size micelles would be formed in
different solvents. The micelle formation, as outlined in Chapter 5,
is caused by solubility differences of the various parts of the solute
molecule. Micelles of soap in water are formed because of the insolu-
bility of the hydrocarbon part of the soap molecule, and because
of the solubility of the polar carboxyl ion. There is no reason
whatsoever for the formation of any polystyrene micelles in benzene.
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The identity of the chemical and physical molecular weights is
another important evidence for the existence of macromolecules.
The chemical end group determination was applied successfully for
several relatively low molecular polymers. The chemical method
has also given important results for the chemical molecular weights
of the proteins (Chap. 7). In none of the cases is the chemical
molecular weight of a protein below 1000 but it is usually in the
tens of thousands, e.g. about 16,000 for hemoglobin. In several
cases the chemical molecular weight of proteins is identical with
the physical molecular weight (see Chap. 26).

There is one more important physical evidence for the existence
of macromolecules—the relatively high heats of formation of large
molecules in polymerization reactions (see Table 4, p. 37). True
chemical bonds are involved in these reactions, and the mechanism
of activation and chain propagation is well investigated in many
cases (see Chap. 4). It is impossible to investigate in a similar way
the formation of the natural polymers, such as cellulose or rubber;
but there is no reason to assume that, because of some differences
in the conditions of synthesis, natural rubber might have a micellar
structure, contrary to the molecular structure of synthetic rubber.

3. Chemical Reactions with Macromolecules

The most convincing proof of the existence of macromolecules of
natural polymers is brought by Staudinger’s polymer-analogous
interconversions. The meaning of this monstrous term is quite simple:
it is possible to perform chemical reactions with large molecules
without destruction of the carbon backbone. Staudinger and his
associates have proved that various derivatives can be prepared
from starch, cellulose, rubber, and other natural polymers, and that
the degree of polymerization remains the same throughout the con-
version. In addition, the original polymer could be obtained again
on proper treatment of the derivative. It must be pointed out
that earlier work by other authors has yielded different results,
probably because not enough precaution was observed in avoiding
oxidative cleavage of the chains. If the cleavage is avoided, the
reactions with large molecules can generally be performed in the
same way as with simple micromolecular compounds. A macroradical
remains unchanged in the chemical conversions; it is the carbon
backbone in the polyvinyl derivatives and rubber, and the glucose-
ring chain in the cellulose. Various atomic groups can be hooked

References p. 204—206



188 STRUCTURE OF COLLOIDAL PARTICLES II

on and removed from the chain without splitting it. The molecular
weight, of course, is changed on these conversions but the degree
of polymerization remains the same. The following examples of
polymer-analogous reactions of Staudinger and associates illustrate
this important concept of organic colloid chemistry.

(1) Polyethylene to chlorinated polyethylene. Polyethylene can be
chlorinated without the cleavage of the carbon chain, if contact
with oxygen is carefully avoided. The results of osmotic determina-
tion of degree of polymerization are presented in Table 24. (The
degrees of polymerization or molecular weights are average values,
as the samples always are polymolecular.)

TABLE 24

THE CONSTANCY OF THE AVERAGE DEGREE OF POLY-
MERIZATION FOR POLYMER-ANALOGOUS CHLORIDES
OF POLYETHYLENE (after Staudinger)

Chlgrine, M P
Yo
Polyethylene (I) o 23,000 1650
Chlorinated I, a 47.2 44,000 1720
Chlorinated I, b 66.9 67,000 1660
Chlorinated I, ¢ 67.1 67,000 1660
Chlorinated I, d 71.6 80,000 1700

Upon the substitution of chlorine the macromolecules
become more bulky but the degree of polymerization
remains the same.

(2) Polyvinyl acetate to polyvinyl alcohol. Polyvinyl acetate is a
vinyl polymer having many exposed acetate groups. Staudinger and
Warth? have shown that the macromolecules can be saponified
without affecting the carbon backbone, if oxygen is excluded from
the system. The reaction occurs according to the following equation:

...—CH;—CH—— CH,—CH—CH,—CH e

|
-CO-CH, é)-CO-CHs 0-CO-CH,

Polyvinyl acetate chain
+ #H,0 — ....—CH,—CH—CH,—CH—CH,—CH—.... + #»CH,COOH.

o b bu
Polyvinyl alcohol chain
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The results of molecular weight determinations of three specimens
of the original polyvinyl acetate and the resulting polyvinyl alcohols
are presented in Table 25.

TABLE 25
Polyvinyl acetates Polyviny!l alcohols
o in acetone ) in water
M P M P
75,000 870 40,000 910
126,000 1450 64,000 1450

152,000 1770 77,000 1750

It must be pointed out that in this case the molecular weights of
the polymer derivative have been determined in another solvent
than in the case of the original polymer.

(3) Acetylation of starch and recovery of the original starch upon
saponification of the triacetate. This important polymer-analogous
conversion was accomplished by Staudinger and Husemann®. The
molecular weight of several well fractionated preparations of starch
was determined osmotically using formamide as solvent. The spec-
imens then were acetylated in the absence of oxygen by means of
acetic anhydride and pyridine. The acetates were isolated, and their
molecular weights were determined in acetone and in chloroform
solutions. The same degrees of polymerization were found as in the
starches before acetylation. The acetates finally were saponified
and reconverted into the original starches. The molecular weight
in formamide solutions again was determined, and molecular
weights very close to the original ones were obtained. The results of
these molecular weight determinations are presented in Table 26.

TABLE 26

POLYMER-ANALOGOUS INTERCONVERSIONS OF STARCH
(according to Staudinger and Husemann)

Starch recovered

Starch fractions Triacelates in Triacetates in h
formamiz{e solutions acetone chloroform {;Z"};::::ﬁi‘;
M P M P M r M P
30,000 185 54,000 190 53,000 190 30,000 185
62,000 380 122,000 390 110,000 390
91,000 560 155,000 540 155,000 540 93,000 570
153,000 940 275,000 960 275,000 9060 140,000 870
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Similar polymer-analogous acetylations and saponifications have
been done with glycogens of even higher degrees of polymerization
than the mentioned starches. The same values for the molecular
weights of the recovered glycogens were found as for the original
glycogens.

(4) Polymer-analogous conversions with cellulose. Various polymer-
analogous conversions have been made with cellulose and its deriv-
atives by Staudinger and his associates. It was found that even the
nitration of cellulose can be accomplished without appreciable
hydrolysis. If the nitration is performed with a mixture of nitric
and phosphoric acid, the nitration is very fast, and the nitrates
formed are relatively stable toward hydrolytic decomposition. The
degrees of polymerization in these cases were determined by the
viscosimetric method. Samples of cellulose were dissolved in copper
tetrammine hydroxide (Schweizer's reagent), and the respective
fractions of nitrocellulose were dissolved in acetone. A cellulose
specimen which had an average degree of polymerization of 716
gave a nitrate with the average degree of polymerization of 670;
another cellulose with the P of 1540 gave a nitrocellulose with the
P of 1350; figures of 2000 for the cellulose and 1800 for the corre-
sponding nitrocellulose, and 3400 and 3540 respectively for the very
large molecules were obtained?.

Specimens of cellulose were acetylated, the acetylated celluloses
were investigated, and the acetates were reconverted into cellulose.
It was found that the degree of polymerization remains the same
after these changes. For example, a sample of cellulose acetate in
m-cresol had a degree of polymerization of 1180, and the cellulose
recovered after saponification of the acetate had a degree of polymer-
ization of 1165. Another fraction of acetate had a P of 1660, and
the corresponding cellulose had a P of 1680°.

The saponification of the triacetate can be formulated as follows:

(CeH704) 1000(0-CO*CHy) 3909 + #nOH~ — (C¢H,04)1000(0H) 002
cellulose triacetate recovered cellulose

In this example an arbitrary degree of polymerization of 1000 was
chosen. Each radical in the cellulose has three OH groups; with
two additional end groups the number of hydroxyls and the
corresponding acetyls (in the case of complete acetylation) then
amounts to 3P + 2 = 3002.

Further data on cellulose and its derivatives will be presented
in Chapter 21.
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(5) Polymer-analogous reactions with unsaturated polyesters. In-
teresting polymer-homologous series of unsaturated polyesters have
been studied recently by Batzer ¢t al.® in Staudinger’s laboratory.
Polyesters of maleic, fumaric, and acetylenedicarboxylic acid and
hexanediol have been prepared, and the molecular weight of each
has been determined by various methods. By polymer-analogous
hydrogenation, the unsaturated polyesters then were transformed
into saturated polyesters, and the molecular weights of the latter
were determined. Some of the results are presented in Table 27.

TABLE 27

POLYMER-ANALOGOUS HYDROGENATION OF UNSATURATED POLYESTERS
(according to Batzer)

Before hydrogena- After hydrogena-
. tion 4
Material —_— ion
My (vis- Mp

cosimetry) (osmot.) My Mn

Polyesters from maleic
acid + hexanediol, MH6 28,600 29,900 28,100 29,800
ditto MHS8 30,300 32,000 28,000 30,000
ditto MHSIII 45,700 43,500 43,000 43,000
Polyester from fumaric
acid 4 hexanediol, FHis 26,800 25,200 27,000 25,600
ditto FH16 33,000 33,600 33,100 33,000
ditto FHi18 41,800 42,600 50,000 44,000
Polyester from acetylene-
dicarboxylic acid and
hexanediol 28AHS8 35,500 38,200 38,200 38,300

31Al1o 55,200 55,000 54,600 55,400

31AHII 63,900 64,500 64,200 65,200

It is obvious that the molecular weight does not change after
hydrogenation. Furthermore, it is remarkable that there is a close
agreement between the viscosimetric and osmotic molecular weights,
an indication that the particular fractions were relatively homo-
geneous. The linearity of the molecules in this case was confirmed
by chemical end group determinations. The chemically determined
molecular weights agreed closely with the osmotically and viscosi-
metrically determined values.

Chemical methods of step-wise degradation applied to various
macromolecular compounds, and their chemical derivatives, have
been of great importance in the clarification of the structure of
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starch, glycogen, the proteins, and other naturally occurring macro-
molecular substances. These methods will be mentioned in Chap.
21-28.

4. Structural Studies by Means of X-ray Analysis

The chemical constitution of molecules is studied chiefly by chem-
ical analysis and synthesis. The complete structure of thousands
of organic compounds had been established long before any of the
accurate physical methods were applied for the study of molecular
structure. However, the solution of structural problems of com-
plicated organic molecules was greatly facilitated by the modern
physical chemical methods. Much detailed information has also been
obtained by these methods regarding intra-atomic distances in
molecules, bond angles, and molecular size and shape.

Structural analysis by means of X-rays is the most important
single physical method in the study of organic macromolecules and
micelles. During the last three decades, the method has been applied
successfully in various ways, and it has helped greatly in establishing
the structure of cellulose, rubber, the synthetic polymers, proteins,
and many other colloids. There are three principal ways of applying
these techniques to the study of organic colloids:

(x) Structural analysis by the study of single crystals,

(2) Structural analysis by the study of fibrous material as a function
of the degree of deformation, and

(3) The study of solutions by means of low angle X-ray scattering.

The information provided by the first method, i.e. the study of
single crystals, is the most important one. By the study of simple
organic compounds, often in connection with other accurate methods,
it was possible to establish the actual configuration of the carbon
chains in various compounds, to determine the atomic distances
and bond angles, as well as the positions of the constituent atoms
in space.

The experiments are accomplished as follows”. The X-rays are
produced by bombarding a metal target (anti-cathode) with high
speed electrons in vacuum. Copper is one of the most common
anti-cathode materials. The X-rays produced by a copper target
have the wave lengths between 1.3 and 1.54 A, and they can be
made practically monochromatic by crystal monochromators or by
filtering through thin foil of nickel. A beam of the monochromatic
X-radiation then is directed toward the object to be investigated.
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When it strikes the object, the ray will be scattered. If the object
is quite amorphous, no definite diffraction pattern will be detectible.
When the object is made up of repeating units whose distances are
nearly the same as the wave length of the ray, a diffraction pattern
of the scattered X-rays will be observed (Fig. 71). This may be
detected by means of a photosensitive film placed behind or around
the object to be studied. The diffraction pictures revealed after
developing the film may be very different depending on the material.
Diffuse concentric rings are obtained from liquids, gels or unoriented
fibers. Such rings indicate the presence of some repeating units
which are not oriented in any way. Sharp concentric rings indicate
the presence of well defined repeating units which are not oriented

Fig. 71. Diffraction of X-rays. A —~ anticathode; B - collimating pinholes; R. S. the
X-ray beam; F - a fiber hit by the X-ray beam.

in crystalline arrays. Arcs and spots with rings indicate more or
less complete orientation of the repeating units. Finally, distinct
symmetrically arranged spots indicate crystalline structure.

These diffraction patterns are due to the atomic planes in the
crystal which act as a diffraction grating (Fig. 72) to reinforce the
waves which are in phase, and cancel others which are out of phase.
According to Bragg (1913), a simple relation exists between the
angle @ of reflection of the reinforced beam, the distance between
the reflecting planes (atomic layers) 4, and the wave length 1 of
the X-ray:

nA = 2d sin O,
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n being an integer. Hence, a series of reflections will be produced
depending on #(n = 1, 2, 3, 4. ..). For a constant value of 4, and
using the same wave length, a regular series of spots will be formed
at certain angles. Measuring these angles, and knowing the wave
length, the distance d between the atomic planes can be calculated.

Even the simplest organic substances have very complex struc-
tures, and many reflecting planes usually are present in the crystals.
Hence, several values for the atomic distances 4 will be revealed
by the X-ray diffraction patterns. The more complex the crystal the
more spots will appear in the X-ray spectrum. For example, fatty
acid crystals show three major spacings (4). The one distance is
greater than the others, and changes with the molecular weight of

Fig. 72. Atomic planes in a crystal. d - distance between planes; 6 — reflection angle.

the acid. This is the spacing exhibited by the long axes of the
molecules. The two smaller d-values are practically independent of
the molecular weight, as they depend on the cross-section of the
hydrocarbon chains and the carboxyl groups which are in all fatty
acids the same.

In this connection, the results obtained with concentrated soap
solutions are interesting®. Three diffraction rings are usually observ-
ed in addition to the diffuse water halo. The interpretation of the
spectrum shows that the soap molecules are arranged in rows, the
short spacing being 4.5 A. This is the same value as obtained with
the fatty acid crystals, and it represents the diameter (short axis)
of the hydrocarbon chain. The second spacing resembles that of the
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long spacing of the fatty acid crystals; it is about 40-60 A, depending
on the soap, and corresponds to approximately twice the length of
the soap molecule. This would indicate that the molecules are
arranged in bundles composed of two parts (Fig. 7, p. 61), the
heads of each bundle being turned toward the water. This spacing
is only slightly dependent on the dilution. The third spacing is
larger than the second, and it is increased with the degree of dilu-
tion, indicating that this spacing may represent the distance be-
tween the micelles. It was also found that the diffraction patterns
change quite appreciably with variation in the experimental condi-
tions. This is not suprising, if one considers the many possibilities
of micellar arrangement. Rod-shaped micelles, long needles, leaflets
and several other shapes have been considered. In concentrated
solutions, the colloid becomes more organized, as the asymmetric
micelles tend to arrange themselves in layers and other pseudo-
crystalline arrangements.

The study of colloidal solutions by means of low angle X-ray
scattering has also proved to be a fruitful approach. Schulman and
Riley® have studied by this method the potassium oleate micelles
in concentrated solutions (5 to 27%). They came to the conclusion
that the diameter of the micelles varies between the limits of 100-550
A depending on the concentration of the soap. The solutions of
many proteins also have been studied by this method. Beeman and
colleagues in a recent studyl® have investigated bovine serum
albumin, and a human serum albumin component—mercaptalbu-
min. They have come to the conclusion that either a right prism
or a rectangular parallelepiped is the most probable molecular
shape, the dimensions being 82.5, 27.5, and 63 A respectively (for
the assumed prism).

Macromolecular substances in X-ray studies may appear to be
either partly crystalline and partly amorphous, or completely
amorphous. However, even those which appear amorphous become
more or less completely oriented upon stretching the solid material.
A wealth of information has been collected by this method by
Astbury, Hermans, Katz, Mark, Meyer and many others on the
structure of macromolecular substances!!, It must be pointed out,
however, that the X-ray analysis of polymeric fibers and plastics
is incapable of establishing the molecular size.

Sponsler and Dore were the first to make a detailed study of the
structure of cellulose fibers by means of X-ray analysisi2. They
advanced the modern concept that the glucose residues are linked
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in chains arranged parallel to the fiber axis. The principle spacings
were also calculated. The dimensions of the unit cell, i.e. the smallest
volume that contains the three-dimensional array, were determined
very accurately by Meyer and Misch®, However, Meyer was unable
to determine the length of the molecular chains. He made the er-
roneous conclusion that cellulose is composed of relatively short
micelles. The molecular length can not be determined by the X-ray
analysis. The macromolecules extend through many unit cells along
the fiber. It was also discovered by X-ray analysis that cellulose
and other macromolecular substances are not built entirely of
crystalline material, but that some part of the substance is amor-
phous or incompletely oriented (Fig. 73). Hermans found that the
crystalline portion of solid polyethylene comprizes about 509, of
the total material®. The amount of the crystalline portion decreases
with increasing temperature.

9—0—&-‘—0—0-0—0—.—.—-—.
-N- (CHply=N~L = (CHy), &~
ey ey

Fig. 73. Amorphous and crystalline sections in a polymer (from Hess and Kiessig,
Z. physik. Chem., 193 (1944) 196).

Important discoveries about the structure of gelatin and collagen
were made by Katz and his associates!®. They studied the structure
as function of water content. It was found that some spacings
were dependent on the water content, and some were not. The
latter was identified as the peptide chain itself, whereas the water-
dependent spacings showed the distance between the chains. This
aspect has been developed further by subsequent investigators.
Certain data connected with the stretching of solid polymers has
been most illuminating. Rubber, polyvinyl alcohol, and similar
polymers appear in X-ray analysis to be amorphous, but the diffrac-
tion pattern changes on stretching the material. Instead of the
diffuse concentric rings, segments and spots appear under the
influence of tension (Fig. 74). This is explained by the orientation
of the fibrous molecules. In the undisturbed material the flexible
molecules are completely disoriented. A piece of such solid can be
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compared with a coil of entangled steel wires. When the, coil is
placed under tension, the wires stretch out, and become more
nearly parallel. Several spacings can be measured from the diffrac-
tion patterns of stretched linear polymers.

Fig. 74. Orientation of a hinear polymer on stretching (Drawing of fibers and photos
from Kruyt, Colloid Science, Vol. 11, Fig. 83, p. 619.)
X-ray photographs of (a) an isotropic, (b) a highly oniented artificial cellulose filament.

Astbury found that the fibrous proteins can be divided into
several configurational types. The collagen group of fibrous pro-
teins, as found in tendons and cartilage, show a different diffraction
pattern than hair or wool. The latter can be stretched on soaking
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in hot water, and the X-ray spectrum is thereby changed. The
distances of the repeating units have been determined, and impor-
tant information was gained about the structure of these proteins.
The stretching of proteins is usually accompanied by more complex
changes than simple orientation. It could be shown that the con-
Jiguration of the polypeptide chains may change on stretching. The
same phenomenon occurs upon denaturation of globular proteins,
in which case the unique pattern of the native protein is changed
into the pattern of a fibrous protein (see Chap. 25-27).

The most difficult and complex problem is the interpretation
and quantitative evaluation of the spot diagrams of single protein
crystals. Considerable progress has been achieved in this field in
the last decade. The names of Bernal, Bragg, Corey, Crowfoot,
Huggins, Low, Pauling, and Perutz might be mentioned in this
connection?é,

5. Atomic Distances and Bond Angles

It is possible to calculate the atomic distances and the spatial
positions of atoms in molecules on the basis of X-ray analysis,
electron diffraction, spectroscopy, and other experimental data. This
information is important for the elucidation of the structure of
macromolecules and micelles. It was found, for example, that the
aliphatic carbon chain is not linear but instead has a zig-zag con-
figuration. This chain has considerable flexibility, as indicated in
several previous sections. The situation occurring in the linear
arrangement of the glucose residues in cellulose is quite different
in this respect. The flexibility is restricted here for constitutional
reasons (and in solutions the stiffness is also due to a high degree
of solvation).

Some data on atomic distances are compiled in Table 28, and
X-ray identity periods of various linear polymers are presented
in Table 29.

The bond angle of the zig-zag aliphatic carbon chains —C—C—C—
is 111°. The angle is the same in the —C—O—C— linkage. In the
aliphatic double bonds the angles are larger. It has also been
established that the carbon atoms in benzene rings are arranged in
perfect flat hexagons. The valency angle between the hydrogen
atoms in water molecule appears to be 105°.

A certain correlation exists between the atomic distances (length
of the bond) and the strength of the bond. According to the data



TABLE 28

ATOMIC DISTANCES AND BOND ANGLES

ATOMIC DISTANCES OF LINKAGES IN MOLECULES!?

Atomic distance in

Linkage angstroms(A)

C—<C in aliphatic compounds 1.5
C—C in aromatic rings 1.4
C=C in olefins 1.3-1.35
C—H 1.0
C=N 1.3
c—O 1.4
C=0 1.13
N—H 1.0
O—H 1.0
O—H...O (hydrogen bridge) 2-3
Adsorbed layers (cohesive forces) 3-5

TABLE 29

X-RAY IDENTITY PERIODS OF SOME LINEAR POLYMERS
(from Schmidt-Marlies, Principles of High Polymer Theory and Practice,

199

1948, p. 169)

Pyobable

Fiber number

Polymer Mer Period, A of;’ :z’srs

period
Polyethylene —CHy— 2.53 2
Buna rubber —CH,CH=CHCH4— 5.0 1
Hevea rubber -——CH,C(CH,4) =CHCH,;— 8.2 2
Chloroprene rubber (neoprene) —CH,CCl=CHCH,— 4.8 b
Polyisobutylene —CH,C(CH,)y— 18.6 8
Polyvinyl alcohol —CH,CH(OH)— 2.52 1
Polyvinyl chloride —CH,CHCl— 5.0 2
Polyvinylidene chloride —CH,CClg— 4.7 2
Glycol-dibasic acid polyesters:
2-4 ester —O(CH,),00C(CH,) ,CO— 8.3 1
2-6 ester —O(CH,),00C(CH,) CO— 11.7 1
2-8 ester —O(CH,),00C(CH,) CO— 16.7 I
CH(OH)—CH(OH)
ped ~
Cellulose —CH CH—O— 10.3 2
\‘,H-—O/
éH,OH

Cellulose acetate as above, OH replaced 10.3 2
Cellulose nitrate " " 25.6 5
Nylon —HN(CH,),NHOC(CH,),CO—  17.4 I
Silk fibroin —HNCH(R)CO— 7.0 1
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of Table 28, the distances between the very strongly bound units,
such as C—C, C—H, or O—H are only 1.0-1.5 A ; the much weaker
hydrogen bridge is 2-3 A long,and in case of adsorption the distance
may be even 5 A. The primary bonds, like those of C—C or C—H
have high dissociation energies of about 100-150 k.cal. per mole.
The hydrogen bridge =O....H— is a weak bond, as the bond energy
is only 4-8 k.cal. per mole. Even weaker are the cohesive forces
(residual valency attraction); for example, the dissociation energy
between the ...—CH,CH,CH,—.... chains is only about 1 k.cal. per
mole, calculated for a chain distance of 5 A, and assuming that
each chain is surrounded by four others (see H. Mark and A. V.
Tobolsky, loc. cit. ref. 17).

6. Infrared Spectroscopy'®

Spectroscopy in the visible and ultraviolet regions is important in
the study of small molecules and atoms. Infrared spectroscopy is
capable of yielding extensive information on the structure of macro-
molecules and micelles. These relatively long waves have lengths
between 8000 A and some millimeters. They do not originate from
the vibrations of electrons but rather from the vibration of groups
of atoms. The rays are produced e.g. by tungsten lamps, reflected
by mirrors, and dispersed into a spectrum by prisms of sodium
chloride or other non-absorbing materials. The spectrum is then
analysed either photographically or by means of a thermocouple or
bolometer?®. Convenient instruments are offered by several com-
panies.

Infrared spectroscopy was applied for the clarification of various
structural problems of synthetic polymers and proteins. Forexample,
it was shown that polyethylene absorbs waves which have the
length of 0.0137 mm. This has been explained as being caused by
the rocking of the —CH,— groups of the chain®. Infrared spec-
troscopy has been helpful in the study of the structure, and degree
of branching, of polychloroprenc rubber?!. In proteins, typical ab-
sorption maxima have been found at wave lengths of 0.003 mm,
and 0.006 mm. The first maximum is due to the oscillations of the
—NH— groups, the second of the carbonyl groups =CO of the
peptide chains?2. These data substantiate the current concepts of
protein structure, and they disprove the contention of some authors
that enolized peptide bonds —-C(OH)=N— might be present in
proteins.
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7. The Optical Rotation of Natural Macromolecules

Proteins and polysaccharides are the most important naturally
occurring macromolecular substances which exhibit optical activity.
The experimental methods of measurement are very simple; how-
ever a quantitative correlation of the optical rotation data with the
structural data is still to be accomplished. It was known long ago
that the optical activity of dissolved organic substances was due
to the presence of asymmetric carbon atoms in the molecules. The
situation is relatively simple in small molecules containing only one
asymmetric carbon, such as the majority of the natural amino
acids or hydroxy acids. Several empirical rules have been found
which correlate structural features and degree of ionization with
the optical rotation data?. However the more complex the mole-
cules the harder it is to correlate the optical rotation data with
structure. The work of Greenstein® and Brand® has shown how
complicated the relations become in amino acids and polypeptides
containing two, three or more asymmetric carbons in the same
molecule. Since protein molecules contain hundreds of such asym-
metric carbons, the task may seem hopeless ; however some progress
has been made even with the proteins?®.

It has been shown that the optical activity of the synthetic
optically active polyamino acids parallels the changes in the molec-
ular configuration. The folded chains showed a lower optical activity
than the extended chains??. The optical activity of polylysines varies
regularly with the molecular weight or chain length of the polymers®.

The polarimetric technique has been improved recently by in-
creasing its sensitivity, as well as by applying well filtered mono-
chromatic light, and using photoelectric cells for the comparison of
the half-shade field. Such an improved instrument is presented in
Fig. 75. Monochromatic light is polarized in the polarizing prism,
passes through the tube containing the solution to be studied, and
the degree of rotation is determined with the analysing prism and
the photoelectric unit.

Since the optical rotation depends on the configuration of the
atomic groups which are attached to the assymmetric carbon atoms,
it reflects minor structural changes in the molecules, such as in-
creased ionization of the carboxyl groups®. Aggregation of two or
more macromolecules would not be reflected in any change of optical
rotation, although intramolecular structural changes may cause a
considerable change in the optical activity?®°.
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Fig. 75. A high precision spectropolarimeter.
(Courtesy of O. C. Rudolph & Sons, Optical Manufacturers, Caldwell, N.J.)

Optical activity is expressed as the specific rotation obtained by
dividing the observed degrees of rotation a by the concentration
and length of the tube, or

a-+100

Specific rotation [a] = T

¢ being the concentration in grams per 100 cc, and ! the length of
the polarimeter tube in decimeters. The specific rotation of an
optically active substance depends very little on concentrations:.
The temperature dependence is not very pronounced either®?
although in several instances of organic macromolecules the change
with temperature is significant. For example, serum albumin con-
taining alcohol shows an increase in the specific rotation at higher
temperatures. This may be interpreted as an expansion of the
albumin molecules at a higher temperature®. (See also Chap. 25
and 26.) The most important parameter in the specific rotation is
the wave length of the light employed. Most optical rotation measure-
ments have been made with the yellow sodium light (A = 5889.9 A).
Formerly sodium chloride was placed in a small trough of platinum,
and evaporated in a gas flame to obtain such a light source. Now
sodium, mercury, cadmium, and other lamps are available, and
definite wave lengths can be filtered out by light filters and mono-
chromators. It was noticed long ago that the specific rotation
decreases with increasing wave length.

The change of the-optical activity with the wave length is known
as the rotatory dispersion. Drude (in 1907) was,the first who obtained
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a satisfactory mathematical expression connecting optical rotatory
power with the wave length of the light. According to Drude

[a] = ZK /(A2 —A:?)
where [a] is the specific rotation, 1 is the wave length, and Ky and
A¢ are constants. Lowry, Hewitt, and others found later 3¢ that in

many cases rotatory dispersion data can be fitted with a single
term of the above sum of Drude:

la] = K/(A*—24%), or 1/[a] = A*/K—A?/K.

The latter equation expresses a linear relationship between the
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Fig. 76. The dependence of rotatory power on the wave length of light for four

proteins. I — metal binding f globulin of human plasma; II - lysozyme of egg white;

III ~ chymotrypsin (a proteolytic enzyme), and IV — chymotrypsinogen (a chymo-
trypsin precursor). (Data of B. Jirgensons.)

reciprocal of the specific rotation 1/[a] and the squares of the wave
lengths 42, as illustrated in Fig. 76. The rotation constant K which
represents the slope of the straight lines appeared to be dependent
on temperature, pH, and other experimental conditions. The disper-
sion constant A, represents the intercept on the abscissa which was
found to be independent of temperature and other parameters, but
it is influenced by structural features®. The dispersion constant
changes if some changes in the configuration have occurred?s,
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In spite of the fact that the correlations between the specific
rotation and structure are not yet fully understood, the specific
rotation is an excellent means for the characterization of natural
macromolecules. Staudinger and Husemann substantiated by optical
rotation data their conclusion that the glycogens recovered in
polymer-analogous conversions from the triacetates are the same
as thenative glycogens?®®. Thus far single observations of the rotatory
power of natural macromolecular substances have been chiefly used
for the purposes of characterization. However, it has been shown
recently that a much more powerful tool for such characterization
is the determination of some optical activity function, such as the
dependence of the rotation on pH®, or the dependence of the rotation
on the wave length of the light®. TFinally, by observing the changes
of the specific rotation with time, kinetic studies regarding changes
of structure and configuration can be done conveniently3®.

Professor Doty and his associates (in Harvard University) have
treated recently the dependence of the rotatory dispersion on con-
figuration of large molecules from a different angle®. It could be
shown that optically active polyamino acids exhibit strikingly
different rotatory dispersion depending on the solvent. It was
ascertained by light scattering studies that, depending on the sol-
vent, the macromolecules of the polyamino acids may have the
configuration of either rigid rods or kinked coils (see Chap. 25).
Only the kinked coils exhibited the expected normal rotatory dis-
persion, whereas the rods showed abnormalities incompatible with
the one term Drude’s equation. These studies they later extended
also to proteins. Since most of the proteins exhibit a normal rotatory
dispersion, the conclusion seems likely that the ordinary albumins
and other proteins do not possess very rigid macromolecules, but
that the latter are flexible.
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CHAPTER 12

Swelling, Solubility, Solubilization

1. Swelling and Dissolution of Polymers

The solubility behavior of macromolecular solids is very different
for various solute-solvent pairs. The following possibilities may be
distinguished :

(1) the macromolecular solid is insoluble in a certain solvent;

(2) the solid swells, but has a limited solubility;

(3) the substance is soluble in the given solvent.

Examples of case (1) are: rubber in water, or albumin in ether.
The space polymers do not dissolve in solvents without being
chemically decomposed. There are also many examples of case (2),
i.e. that a polymer swells and then is partly dissolved. Rubber swells
in hydrocarbons and similar lipophilic solvents and dissolves in
them more or less completely, depending on the solvent and on the
particular rubber specimen. Gelatin swells in water; it dissolves in
hot water completely, whereas cold water merely extracts some
components of the gelatin. Complete and rapid dissolution is also
quite common (case 3). For example, nitrocellulose is soluble in
acetone, albumin in water, and polyvinyl alcohol in alcohol. If a
macromolecular substance is soluble in some solvent, the solubility
usually is very high.

It is possible to predict the solubility qualitatively on the basis
of chemical composition of the solute and solvent. The basic rule
is: “like dissolves like”. Chemical and structural similarity between
the solvent and the solute favor solubility. Rubber, polystyrene,
and other polymeric hydrocarbons are dissolved by liquid hydro-
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carbons and similar nonpolar solvents. The polar macromolecules
such as glycogen and albumin are insoluble in hydrocarbons, but
are soluble in water.

The chemical composition alone, however, is an insufficient crite-
rion for even a qualitative prediction of solubility. For example,
starch and cellulose have the same chemical composition as gly-
cogen; however, cellulose is insoluble, starch is difficultly soluble
in cold water, whereas glycogen is highly soluble in water. The
solubility is also determined by the constitution of the macromolec-
ular substance. The following structural features are important in
determining solubility: (1) cross-linking between chains, (2) molec-
ular size, (3) molecular shape, and degree of branching, and (4) the
degree of crystallinity of a polymer. As mentioned before, the space
polymers are insoluble, since all the constituent atoms are linked
by strong primary bonds. Cross-linked linear polymers are, in
general, only slightly soluble, and as the degree of cross-linking
increases, the polymer becomes more and more like a space polymer.
A cross-linked polymer, such as vulcanized rubber, swells in proper
solvents if the degree of cross-linking is low. The solvent, of course,
must have some affinity for the polymer; it diffuses into the bulk,
sticks to the macromolecules and increases the volume of the solid.
It is, however, unable to cleave chains away from the bulk, since
the primary bonds of the cross-links are too strong for the solvating
liquid. This is illustrated in Fig. 77.

The molecular size, shape, and degree of crystallinity of the
solid are all very important. The solubility decreases with increasing
molecular weight. The high polymeric starches are more difficultly
soluble than the lower molecular dextrins, which are degradation
products of the starches. The molecular shape is also important; the
linear polymer, amylose, is only slightly soluble; the branched
starches (amylopectin) are more soluble, and the globular glycogen
is the most easily soluble in water. When a substance of a given
molecular weight is in an amorphous state, it is more easily soluble
than if it were in a crystalline state.

All these facts may be easily understood on the basis of the
following considerations. Suppose that no cross-linking is involved,
and that the macromolecules in the bulk are held together only by
cohesive forces. Dissolution will then occur if the solvating affinity
of the liguid is sufficiently great to overcome the cohesive forces acting
between the macromolecules in the bulk. The cohesive forces acting
between the macromolecules depend on the constitution of the
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Fig. 77. Swelling and dissolution of polymers. A — swelling of a cross-linked polymer;
B - dissolution of a linear polymer.

polymer and on its molecular weight. For substances of the same
chemical composition, the intermolecular cohesive forces are greater
between linear chains than between ramafied structures or coils of chains.
This is clear from simple geometrical considerations (Fig. 78). In
closely aligned chains there are more points of contact than in the
case of coiled or branched chains. The cohesive forces therefore,
in the linear polymer cellulose are extremely great because of the
geometry of the macromolecules. This is the reason that cellulose
is so resistant to solvent attack. This is also why a crystalline (or
predominantly crystalline) polymer is more difficultly soluble than
an amorphous specimen of approximately the same molecular
weight.
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Fig. 78. Fig. 79.

Fig. 78. Intermolecular cohesion between parallel chains (A), and between coils (B)
Fig. 79. Intermolecular cohesion and chain length. Short chains (B) are split off
the bulk more readily than long chains (A).
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The influence of the molecular weight on the solubility can be
explained by the same geometrical reasoning. Suppose we have two
samples of a linear polymer. The molecules of sample A are twice
as long as the molecules of sample B (see Fig. 79). The residual
valency or cohesive forces are the same per unit mer (residue);
hence in sample A two molecules will be held together by forces
twice as strong as those in sample B. The solvent, penetrating the
bulk by virtue of diffusion and Brownian motion, can, with the
same solvating action, liberate a short chain (sample B) from the
bulk, but it cannot do so with the long chains. An equal solvation
effect will be able to loosen just one half of the chain; the other
half will remain sticking at the solid mass. Consequently, a minimum
solvating action is able to produce dissolution in a low molecular
linear polymer, but it produces only a kind of swelling in a high
molecular substance.

The dependence of the solubility on molecular weight, as men-
tioned before, has been treated quantitatively (see p. 130). The
relationships are valid for separate polymer-homologous series.
Noteworthy is the fact that it is very difficult to determine the
solubility of polymers in pure liquids quantitatively, since the
solubility usually is very high, and it depends on the amount of
solid used for saturation (see next section). It is possible to deter-
minethe solubility more conveniently in solvent mixtures indirectly.
According to Schulz! the sample, for instance a polymethacryl
methylester, is dissolved in a good solvent (benzene), and by diluting
with this solvent, a whole series of solutions of various concentra-
tions are prepared. The diluted solutions then are titrated with
another liquid which causes precipitation of the polymer. The
appearance of turbidity at a certain mole fraction of the precipitant
will indicate the solubility at this concentration of the polymer in
a particular mixture of the liquids. If turbidity appears after adding
v ml of precipitant to v, ml of the original solution,

y = v/(v + vp)

is the precipitability value. This, according to Schulz, is related to
the solubility ¢ in the particular solvent mixture by the simple
relation:

Inc =a—by.

As a and b are constants, the solubility ¢ can be obtained readily
from the precipitation titration data?2.
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Data on compatibility and solubility of polymers is important
in polymer technology. (The fact that the low molecular components
are more readily soluble than the high molecular components finds
practical application in fractionation.) For example, the low molec-
ular components may be extracted by suitable solvents from the
solid polymer. The solubility in mixtures of two or more good
solvents, however, is not always predictable. For example, polyvinyl-
pyrrolidone is soluble in water and also in dry acetone, but it is
insoluble in certain water-acetone mixtures of low water content.

Examples of the solubility of polymers are compiled in Table 30.

TABLE 30
SOLUBILITY OF HIGH POLYMERS
(According to A. X. Schmidt and Ch. E. Marlies, Principles of High Polymer
Theory and Practice, McGraw-Hill Publ., New York, 1948, p. 704)

Solvents
Aliphatic
. n-Butyl Butyl . Carbon
Polymer hygz;i” alcohol acetate Dioxane disulfide
Hevea rubber D N D D D
Polystyrene L N D D D
Polyvinyl chloride N N L D L
Neoprene rubber L N D D D
Saran N N L D
Polymethacrylate N N D D
Polyvinyl chloride -
polyvinyl acetate
copolymer N N D D
Cellulose acetate N L N D L
Cellulose nitrate N L D L L

Keys: D — soluble; L — limited solubility; N — not soluble.

The ketones and esters are the most universal solvents for poly-
mers. Monochlorinated aliphatic hydrocarbons have nearly the
same solvent properties as hydrocarbons. Di- and trichlorinated
aliphatic hydrocarbons are generally better solvents than mono-
chlorinated hydrocarbons, e.g. the polymethacrylates are soluble
in them but not in hydrocarbons and monochlorinated hydrocar-
bons. Aromatic hydrocarbons are more universal solvents than

References p. 222
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aliphatic hydrocarbons, e.g. the polymethacrylates dissolve in ben-
zene and can be precipitated by hexane. The solubility, however,
in all instances depends on the average molecular weight and on
the possible cross-linking whenever it may occur.

2. The Solubility of Inhomogeneous Macromolecular Compounds

All of the synthetic, and most of the natural macromolecular sub-
stances are polymolecular, i.e. any specimen is a mixture of similar
molecules of various sizes. As the smaller molecules dissolve more
easily than the large ones, the material does not have a constant
solubility, when various amounts of solid are put into equal amounts
of solvent. The solubility increases with increasing amounts of the
solid.

The study of solubility as a function of the amount of solid
phase is sometimes used as a fest for homogeneity. 1t is, of course,
reasonable to apply this test only to essentially homogeneous
materials. Another prerequisite for such a test is that the substance

LNNONV

a3AT0ssia

AMOUNT OF SOLID  INTRODUCED

Fig. 80. Solubility and homogeneity. The solubility of a polymolecular solid increases
gradually with the quantity of solid put into the solvent (A). The solubility of a
homogeneous substance increases up to a certain point,
and then remains constant (B).
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to be tested must have a limited solubility in order to be able to
determine the point of saturation. Such tests have been applied
to the determination of homogeneity of proteins. Increasing amounts
of the protein are placed in equal volumes of solvent, the mixture
is equilibrated, and the amount dissolved is determined. The latter
then is plotted against the amount of solid introduced for each
determination. For an inhomogeneous solid a smooth curve is
obtained (Fig. 80). The dissolved amount increases steadily with
increased quantity of the starting material. For a homogeneous
substance, however, the amount dissolved rises only up to a certain
point, and does not increase beyond this point on further addition
of the solid phase. Such cases have been found with some well
purified, crystallized enzymes®. The homogeneous micromolecular
substances, such as benzoic acid or carotene behave in the same
way. The solubility criterion, however, is not an absolute one, as
some proteins which were found to be homogeneous by the solubility
test appeared to be inhomogeneous by other methods of testing.

3. Swelling Phenomena

Swelling can be considered as the first step toward dissolution.
Swelling occurs only in solvents which are bound by the molecules
of the solid. As a result of the solvating effect, the particles of the
solid are pushed apart, and the volume of the solid increases.
Whether or not a complete dissolution then occurs depends on
two factors: the amount of solvent available, and the structure of
the colloid4. If an excess of the solvent is available, the further fate
of the system depends solely on the structure of the solid. In the
case of cross-linked polymers the swelling is limited to a certain
degree, and the major part of the solid does not dissolve; only a
small portion of the lower molecular components may be leached
out by the solvent. A spectacular example of such limited swelling
is the swelling of polystyrene cross-linked by means of added
divinylbenzene. The ordinary polystyrene dissolves in benzene
easily. If, however, styrene is polymerized with a little of divinyl-
benzene

CH,=CH—C,H,—CH=CH,

added to the monomer, a cross-linked polymer is formed of the
following constitution:

Refeyences p, 222
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..—CH—CH,—CH—CH,—....—CH—CH;—CH—CH,—CH—CH,—...
é.H. oH, ‘ oHy oH;

..—CH—CH,—CH—CH,— ... —CH—CH,—CH—CH,—...
GHB GHb GHB
Such cross-linked polystyrene swells tremendously in benzene (Fig.

81), but it does not dissolve. The divinyl-benzene bridges are re-
sponsible for this. Because of them, the polystyrene chainsarelinked

Fig. 81. Swelling of a piece of cross-linked polystyrene in benzene
(after H. Staudinger).

into a loose meshwork capable of expanding and taking up large
amounts of liquid®. In ordinary polystyrene, the chains are not
interlinked by primary bonds, and they are liberated slowly from
the bulk as more and more liquid diffuses into the intermolecular
space. In a cross-linked polystyrene the chaings are merely straight-
ened out by the incoming liquid, but retain their position in the
meshwork (Fig. 77, A). In the cases of unlimited swelling there are
no cross-links between the colloidal entities in the solid, and it is
dissolved slowly after the initial phase of swelling. If the cross-links
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are weak, as is the case with gelatin, limited swelling occurs at
lower temperatures, but at a higher temperature the swollen gel
dissolves.

Although the volume of the swelling solid increases, the total
volume of the system as a whole decreases. This indicates that a
certain volume coniraction has occurred. The contraction is due to
the orientation of the molecules solvating the particles in the
meshwork. These fixed molecules occupy somewhat less space than
free molecules.

Swelling is a mildly exothermic process, i.e. heat is evolved on
swelling®. This indicates that lowering of the temperature should
promote swelling, i.e. at a lower temperature more of a liquid will
be bound than at a higher temperature. The rate of swelling, how-
ever, increases considerably with increasing temperature. The rate
of entry of the liquid is facilitated at a high temperature, since the
molecular movements increase in intensity at higher temperatures.
However, more of the liquid will remain bound in the meshwork
after the equilibrium is reached at a lower temperature than at a
higher one.

Swelling is studied either by measuring the pressure exerted by
the swollen substance or by determining the increase of the weight
or volume. The swelling pressure P, was found to be very great at
the beginning of the process when the concentration ¢ of the colloid
is very high. The following relation holds, according to Posnjak
(1912):

P =K-cn,

where K and # are constants. The value of » was found to be
between 2.5 and 3 for most systems studied. The rate of swelling
likewise is greatest at the beginning, and it decreases as the uptake
of the liquid proceeds?.

The swelling phenomena have been investigated by a variety of
optical methods, such as light scattering and X-ray diffraction. If
the swelling affects the amorphous parts of the solid only, the
diffraction pattern does not change. If, however, the molecules of
the crystalline portions are pushed apart, the X-ray diffraction
pattern is affected considerably (loc. cit ref. 6).

The swelling of organic colloids is essentially reversible. The
swollen gels shrink upon removal of the solvent, e.g. by keeping
the swollen mass at a low vapor pressure. After such ‘desolvation’
the solid can be made to swell again. However, it was found that
References p. 222
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the reversibility is not complete®. The swelling ability decreases
somewhat on repeated processing.

4. Degree of Swelling and Amount of Cross-linking

According to Staudinger (loc. cit. ref. 5) the amount of liquid bound
on swelling is inversely proportional to the extent of cross-linking
of the polymer. This is illustrated by the data of Table 31.

TABLE 31
THE SWELLING OF POLYSTYRENES IN BENZENE
WITH VARIOUS DEGREES OF CROSS-LINKING
(according to Staudinger)

Number of molecules The number of times
of divinyl-benzene per  the volume increases

100,000 molecules of on swelling
styrvene
10 12
5 26
33 50
2.5 78
2.0 181
o unlimited swelling,
dissolution

The result is comprehensible if we consider the fact that with
increased cross-linking the freedom of expansion of the meshwork is
greatly reduced.

5. Swelling of Polyelectrolytes

It was found long ago that the swelling of proteins depends on the
pH of the solution and on the ionic strength and kind of salts
present. There is a minimum of swelling at the isoelectric point of
gelatin, while acids and alkalies promote swelling. Chlorides, nitrates,
bromides, iodides and thiocyanates promote swelling in the order
mentioned. Sulfates, tartrates, citrates, and acetates retard swelling.

The swelling of the muscle proteins is thought to be of major
importance in muscular contraction. It is quite conceivable that
contraction and relaxation of ionized fibrous materials may depend
on the degree of ionization and degree of swelling. The increase in



6 BINDING OF SOLVENT 217

net charge, as indicated before, results in mutual repulsion of
segments and in expansion. Increase in net charge also involves
more swelling, as more water will be bound due to the increased
polarization at the ionized sites. This was demonstrated recently
for a number of polymeric systems. Katchalsky and Eisenberg®
found that polyvinyl phosphate swells reversibly, expanding and
contracting in fractions of seconds, depending on the degree of
ionization. The polyelectrolyte was prepared by phosphorylation of
polyvinyl alcohol, and has the constitution:

...——-CH,——CH—————CH,——CH—-—————CH,—-(]:H
—PO,H, (B——PoaH, O—PO,H,

In a nearly neutral solution ionization of the phosphate groups
occurs, the segments of the fiber become highly charged and the
polymer becomes highly swollen and expanded. If the ionization is
suppressed, the material shrinks. Several other molecular mecha-
nisms of contraction have been discussed!® (see also Chap. 27 and
29). It was found by a group of Japanese workers!! that some
synthetic amphoteric polypeptides, such as polyglutamyl-lysyl-
cysteine, exhibit reversible contraction. The polyamino acid ex-
panded in alkali and acid, and it shrunk in neutral solution. The
swelling behavior of cross-linked polymethacrylic acid, partially or
wholly neutralized by mixtures of sodium and barium hydroxide,
was studied recently by Katchalsky and Zwick?. At high degrees
of neutralization and high barium content (depending on the condi-
tions), the polymer either swells or contracts, and the dimensional
changes depend on the ion exchange.

6. The Modes of Binding of a Solvent

A greatly swollen polymer may contain enormous amounts of
solvent. Since the cohesive forces act only through a very short
distance, a fiftyfold or even hundredfold increase in volume on
swelling requires some explanation as to the possible means of
binding of the liquid in the swollen substance. Some colloid scientists
have implied that these facts indicate the existence of thick solvat-
ing layers and long range attractive forces. This opinion is not
shared by all who have studied these problems. It seems more
likely that the solvating layer is very thin, probably monomolecular.
Numerous facts indicate this, such as molecular weight variation
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in various solvents, dielectric dispersion (p. 182), adsorption studies,
and viscosity and sedimentation results. The free energy changes
in swelling are very small, and the heat of swelling can be measured
only in the first period, when the tightly bound monomolecular
layer is formed. The rest of the liquid found in a swollen gel is
bound very weakly. In many instances it can be squeezed out
mechanically. It is now generally accepted that the greatest portion
of the liquid found in highly swollen substances is mechanically
immobilized by the solvated chains of the meshwork. In the case
of polar systems, such as proteins swelling in water, three kinds of
bound water can be considered: (1) tightly bound water of hydra-
tion, (2) water bound by cohesion and polarization, and (3) mechani-
cally immobilized water. In non-polar systems there will be only
two possibilities: (1) binding by cohesion, and (2) immobilization.
It must be pointed out that an important condition for such
immobilization is the fibrous structure. Spherocolloids, such as
albumin or glycogen, dissolve without being swollen.

7. The Solubilizing Capacity of Micellar Colloids

The removal of grease and oily dirt from our hands by soapy
water is a remarkable phenomenon. It is only recently that
colloid chemical studies have given us an understanding of this
process. The relationships found in these studies were also of great
value in the solution of certain industrial problems.

It is interesting that the action of a detergent has a great deal to
do with the fat and lipid transport in our blood stream. To take
another example: the utilization of carotene and vitamin-A in tissues
cannot be understood without simple colloid-chemical considera-
tions. In each of the above mentioned cases, complex systems are
involved, with polar and nom-polar constituents. A simple soap
micelle also has this double nature. A soap solution containing
such micelles has both polar and non-polar loci. As a polar system
it dissolves polar substances, such as glycerol. However, a soap
solution is able to dissolve or solubilize non-polar substances also,
such as hydrocarbons, and fatty oils. This is accomplished by the
Lipophilic loci of these micellar colloids. The internal part of the
micelles in aqueous detergents is non-polar or lipophilic. (In oily
detergents the internal part of the micelles is hydrophilic).

The term ‘solubilization’ was introduced by McBain (1937), and
means spontaneous passage of a substance insoluble in water into
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an aqueous solution of a detergent or other micellar colloid!s.
Extensive studies have been carried out to compare the solubilizing
capacity of various micellar colloids, or on the ability to solubilize
various non-polar substances by the same detergent. Most of these
investigations have involved the solubilization of micromolecular
hydrocarbons, e.g. benzene. The phenomenon was also studied by
means of X-ray diffraction!4. It was found e.g. that a 99, solution
of sodium oleate in water is able to dissolve a certain amount of
benzene, and that the long spacing thereby increases from about
78 A to 127 A. A layer of benzene has penetrated into the soap
micelles, and is held there by the non-polar tails of the oleate
Fig. 82).
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Fig. 82. Benzene molecules solubilized in a micelle of soap.
Fig. 83. Emulsion droplet of benzene stabilized with a layer of soap molecules.
The polar heads of the soap molecules (drawn as rings) are turned toward the
water phase.

It is hard to establish a borderline between solubilization and
emulsification, and the term ‘solubilization’ has been used differently
by various authors in this respect. A micellar detergent is able to
absorb in its micelles large amounts of lipophilic substances insol-
uble in water. When the amount of the solubilized material is
moderately great, the solution remains almost clear. Upon bringing
more and more oily material into the colloidal solution of the soap,
the oily core of the micelle becomes dominant in size, and the soap
remains as a protecting layer around the relatively large droplets
(Fig. 83). The system then looks opaque and turbid. It is now
called an emulsion. Various monomeric starting materials which
are insoluble in water are thus solubilized and emulsified for emul-
sion polymerization.
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Solubilization is also important in oily solutions of detergents,
such as lubricating eils. When a detergent is dissolved in a hydro-
carbon solution, micelles of the detergent are formed. However, in
this case the polar ‘heads’ of the detergent molecules are turned
inside the micelle, and the hydrocarbon ‘tails’ are turned toward
the solvent. Such a micellar colloid has the capacity to solubilize
water and water-soluble substances. This is of practical importance,
for example in improving lubricating materials, since the added
detergent promotes removal of sludge and acidic waste products
of combustion; the water-soluble substances are taken inside the
detergent micelles and washed away.

The micelle formation and solubilization in oily media was studied
by a number of authors!®. For example, di(z-ethyl-hexyl) sodium
sulfosuccinate (Aerosol OT) forms micelles in #-dodecane. These
micelles have spherical or asymmetric shapes, the core is hydrophile,
and the exterior lipophile. The sol is able to solubilize water and
water-soluble substances!®,

8. Solubility and Swelling from the Point of View of
Thermodynamics

The dissolution of polymers can also be interpreted according to
the principles of thermodynamics. The changes in any systems are
spontaneous if the free energy F of the system decreases, i.e. if the
free energy change AF s negative. This decrease is determined by
three factors: the heat content of the system H, the temperature 7,
and the entropy S. According to the first and second laws then:

F=H-—TS,

or, denoting by 4 any finite changes of the quantities involved:
AF = AH —T4S.

In a spontaneous process of dissolution AF must be negative; this
leads to the conclusion that 74S must be numerically larger than
AH. In non-polar systems, such as rubber in benzene, the heat
content change AH during the dissolution is very small, hence 74S
must be numerically large. At a constant temperature (7), this
will indicate a large 4S. Consequently, the spontaneous dissolution
of rubber in benzene'? is due to a large increase in entropy AS.
According to the Boltzmann relation S =% In W, & being the
Boltzmann constant and W the probability. An increase in entropy
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then means an increase in disorder, or an increased variety of
molecular configurations. This is comprehensible if one assumes
the increased flexibility of the fibrous molecules in solution, as
compared with the conditions in the solid. It could be shown that
A4S in such cases is so great that a negative AF is granted even in
the case of a small positive 4H. It is also noteworthy that dissolu-
tion is promoted by the increase in temperature (7)), as a large T
will enhance the numerical value of the negative member —748S.
The conditions are somewhat different in dissolving a polar colloid
in a polar solvent. In this instance 4H has a definite negative value,
i.e. the swelling and dissolution are exothermic due to the exothermic
solvation effects. A negative AF thus seems to be always ensured.
However, in these cases the conditions are more complex than in
non-polar systems. First, in polar solids the intermolecular forces
of attraction are more pronounced than in non-polar linear poly-
mers. Second, the increase in entropy in polar systems is smaller
than in non-polar ones. Because of the polarization and strong
solvation, the order in the system may even increase on dissolution.
Hence, even a decrease of entropy is not unusual in polar systems.
This is especially true for the first stages in swelling, when the
disordered solvent becomes more ordered in the process of solva-
tion. Furthermore, the very polar macromolecules are often less
flexible than the non-polar ones, which is a factor favoring the
decrease of entropy. Consequently, a negative 4F and spontaneous
dissolution can be expected only in those cases when the process
is strongly exothermic, and the entropy change is small. Micelle
formation is another way of decrease in entropy, as the system
becomes more ordered. In the case of soap, the spontaneous dissolu-
tion is due to the hydration of the polar heads which ensures a
negative 4H. Moreover, a considerable decrease in free energy is
due to the fact that in the case of free soap molecules the interfacial
energy of the hydrocarbon-water interface is very high, and it
becomes reduced upon aggregation into micelles. The increase in
temperature has an opposite effect, as the numerical value of the
entropy member 74S then increases. Hence, a decrease in the
temperature should favor micelle formation. This is in accord with
experience and also with the molecular-kinetic considerations.
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CHAPTER 13

Flocculation and Gelation Phenomena

1. Flocculation in Non-polar and in Polar Systems

In the process of flocculation or coagulation, colloidal particles aggre-
gate into larger units, which then usually precipitate (or float on
top). The term ‘precipitation’ is a broader one; micromolecular
substances can also be precipitated. When applied to colloids, the
term ‘precipitation’ can be used either to describe the whole course
of flocculation, or only its final phase, in which case precipitation
would be synonymous with sedimentation.

The first phase in any flocculation or coagulation is aggregation.
If the latter happens to occur only to a very slight degree, the
process is not called ‘flocculation’, but aggregation. An indescribable
variety of these aggregation and coagulation phenomena are en-
countered in reality. As the particles are moving continuously
(Brownian movement), they collide and occasionally stick together.
Hence, a slow aggregation may occur in time. Such slow sponta-
neous aggregation is actually observed in many colloidal systems,
and it is called ageing. It is conceivable that the collision of the
particles of the various biocolloids in tissues is one of the causes
of biological ageing. The colloidal structures are coarser in old
organisms than in young bodies. The water content (hydration) in
the former is lower than in the latter.

With respect to flocculation phenomena, all colloidal systems
may be divided into two classes: non-polar and polar systems.
Examples of the first are: the non-conducting solutions of rubber
and polystyrene in benzene, of polyvinyl chloride in chlorobenzene,
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or of saran in dioxane. Examples of polar systems would be:
nitrocellulose in acetone, glycogen in formamide, and albumin in
water. It is desirable to classify the polar systems further into
non-tonic and tomic solutions. Polar non-ionic solutions, such as
nitrocellulose in acetone, or glycogen in water have several features
common to purely non-polar systems. Micellar colloids may be also
either non-polar or polar, e.g. soaps in hydrocarbon media are
non-polar, whereas aqueous soap solutions are polar and ionic.
As indicated earlier, the stability of non-polar organic colloids
is due to solvation. When a non-polar macromolecule is split off
the bulk of the solid by a solvent, it is because of the solvation
which overcomes the cohesive forces. The solutions thereby formed
are very stable, especially when the degree of dilution is great.
Flocculation or precipitation can be achieved by adding certain
liquids which are non-solvents for the particular polymer and which
are miscible with the solvent. By adding the non-solvent, the solvent
is deteriorated, and the macromolecules will be pushed out of the
solution. The precipitate formed may be either a rather compact
solid or a gelatinous mass. The amount of the non-solvent needed
for precipitation or flocculation depends on the following factors:
(1) chemical properties of all components involved, (2) concentration
of the polymer, (3) molecular weight (degree of polymerization) of
the solute, and (4) the temperature. Regarding chemical properties:
the more the precipitant differs in polarity from the solute the
more powerful a flocculant it is. For example, methanol is the most
powerful precipitant for rubber or polystyrene (which may be dis-
solved in benzene); the flocculating power decreases as the lipo-
philic part of the alcohol molecule increases. For polar polymers,
such as acetyl cellulose, the reverse is true: methanol is the weakest
precipitant (for acetyl cellulose in acetone), and the flocculating
capacity increases with increasing molecular weight of the alcohols™.
Several authors have observed the fact that stability maxima
and minima occur when flocculation of polar colloids is carried out
with polar non-solvents. For example, turbidity maxima have been
observed with cellulose ethers in water-alcohol mixtures®. Ethyl-
hydroxyethyl cellulose, for instance, has a tendency to flocculate
in a water-propanol mixture containing 15-30%, of #-propanol. The
aggregation of the macromolecules at this propanol concentration
is accompanied by a decrease in viscosity, which indicates that the
originally fibrous macromolecules have aggregated into compact
globular particles. The well known tendency of water and alcohol
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molecules to associate may possibly provide an explanation of these
facts. At some definite proportions of the water and alcohol there
may be a minimum of solvation resulting in aggregation and coiling
up of the linear macromolecules of the mentioned cellulose deriv-
atives.

The influence of concentration and molecular weight was dis-
cussed earlier. The more concentrated a solution, the less of a
non-solvent is needed in order to produce flocculation. The larger
molecules from a polymer-homologous mixture thereby aggregate
first, as their solubility in the particular mixture of the solvents is
lower than that of the smaller molecules. A decrease in temperature
facilitates aggregation in most cases.

Solutions of salts and other electrolytes as flocculants are of little
importance for non-polar systems for the simple reason that they
are insoluble in non-polar liquids. A few salts are soluble in lipophilic
liquids, e.g. anhydrous aluminum chlori