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A description is glven of various instrusents which have been
designed and constructed. These include: a capillary visco:eter for
use with volatile solvents; dynamic and static osmometers; a record-
ing apparatus for precipitation titration experimentsy and instru-
ments for light scattering experiments, including a photoeleciric
photometer, a prisa differential refractometer, and an angular scatw
tering camera,

Osmotic pressure and intrinsic viscosity measurements on solutions
of nitreocellulose fractions were used to establish a new value of the
Staudinger Constant, 9.39 * 10'3, for nitrocellulose dispersed in ace-
tone at 25° C, The suggestion is made that the value of the ratio of
the number average to the welight average molecular weight of a polymer
varies with the degree of molecular heterogeneity. The use of this
criterion indicates that nitrocellulose manufactured from wood pulp
is distinctly more heterogeneous than that from cotton linters.

A technique has been developed for the estimation of the degree
of molecular heterogeneity of nitrocellulose by means of precipita=-
tion titration, The rate of precipitation in a solution is followed
by measuring the decrease in light transmission, The method was
found to be useful in the characterization of artificial blends of
nitrocellulose,

A detailed description is given of the technique for making
light scattering measurements on nitrocellulese solutions, Carbon di-
gulfide is recommended as a light scatiering standard, The values de-
termined for the absolute scattering power of carbon disulfide for
light of wave length 4358 R and 5461 R are, respectively, 15,1 * 10"5

angd 4,3 ¢ 10”5.



Light scattering measurements on solutions of nitrocellulose
fractions indicate that the molecule is relatively stiff, and is
nearly fully extended up to a degree of polymerization of about 100,
The "effective boud lengbh" is about 10 times the length of the
monomer unit. ihe sugpestion is made that the validity of the
Staudinger viscosity relation for nitrocellulose is fortuitous and
results from the fact that there is iittle change in the value of
[ﬁl/f over a range of 2 which is usually encountered in nitroe
cellulose samples.

The interaction between nitrocellulos: and the components of a
binary solvent has been studied by light scattering and the results
have been interpreted in terms of the recent Kirkwood=Goldberg theoe
ry. The data indicate thal there is considerable interaction between
nitrocellulose and certain non-solventsj for exanple, water, ligroin,
butyl chloride.

An investigation has been made of the special problems involved
in the application of the light scattering method to the study of
protein solutions, and a technigue has been developed for making such
measurements, The method has been used to establish the molecular
weight of an antibody from rabbit serum,

A tentative value has been established for the molecular weight
of a preparation of Blood uUroup A-specific substance on the basis of
light scattering and oswmotic pressure data in conjunction with
A, Pardee's viscosity and diffusion data,

A preliminary investigation has been made of the usefulness of
the light scattering method for the study of heat denaturation of

serum proteing.
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Part I

A Study of the Molecular Properties of MNitrocellulose



Introduction

Mitrocellulose, or more properly, cellulose nitrate, was
apparently prepared as early as 1832 by Braconnot in France, who
treated wood, cotton, and paper with concentrated nitric acid.%

Mitrocellulose has long been the technically most important
derivative of cellulose because of its use in the explosives,
plasties, and lacquer industries, although iis use as a plastic
has declined in recent years because of the fire hazard, It has
also been a popular material for the ecientific investigation of
high molecular weight substances because it is readily soluble in
a variety of solvents, Since cellulose ig now believed to be a
linear macromolecule built up from monomers of anhydroglucose,
nitrocelluloge is considered as a chain of glucose units nitrated
to varying degrees of completion.

There are features of the chemical constitution of nitro-
cellulose which are not yet understood; for example, presence of
carboxyl groups, but since this investigation has dealt with the
physical properties these will not be discussed,

In spite of the many scientific investigations of the molecular
properties of nitrocellulose in the past there are features which
are not yet understood. The purpose of this investigation was to

carry out as systematic a study of nitrocellulose as time would

# A detailed account of the early history of nitrocellulose and
a bibliography of the literature up to 1900 are given by &. C.
Worden, rechnologzy of Celiulose Egters, Volume 1, E, 0. Vorden,
#illburn, N, J., 1921




permit in order to gain information about the mean molecular
weight of nitrocellulose, the wolecular heterogeneity, and the
interaction with solvents in dilute solution. The work was begun
during the war years and most of the information in Sections I
through V was obtained during the course of work carried ouit on

a research project at the California Institute of Technology under
contract with the Office of Seientific Research and Development
(Contract OElsr-381),%

Section I gives a brief description of the proper procedure
for drying nitrocellulose,

Section II contains a descripiion of procedures for measur-
ing viscosity of nitrocellulose solutions,

Section IIT is devoted to a description of the technigue of
osmobic pressure measurements, results, and application to the
estimation of wolecular heterogeneity.

Section vais a description of the application of osmotic
pressure and viscosity measurements to the study of the stability
of double~base powders.,

Seetion V describes ithe development of a precipitation titra-
tion technique for the estimation of molecular heterogeneity.
in Section VI, after a brief summary of the pertinent part

of the theory of liszht scattering, a description ia'given of the

% This work which has been de-classified is contained in OSED
Pinal feport No. 5946, P3 Ro, 30759, Linus Pauling, Official
Investigator



light scattering instruments and techniques which have been develw
oped during the course of this investigation.

Section VII pontains a summary of 1light scattering data on
nitrocellulose and its interpretation in terms of the size and
shape of the nitrocellulose molecule,

Section VIII describes a brief investigation of the shape of
the nitrocellulose molecule in different solvents.

Section IX is devoted to an investigation of the interaction
in dilute solutions between nitrocellulose and mixed solvents and
an interpretation of this interaction in terms of the Kirkwood=

Goldberg theory.



Section I+ Procedures for Drying Hitrocellulose

Commercial nitrocellulose as received from the nitration plant
usually contains ébout thirty per cent of water which has been
added to reduce the possibility of detonation during shipment.

All nitrocelluloses which have been studied during the course
of this investigation have been dried at room temperature in a
vacuum desiccator over Drierite, The desicecation has in all cases
been continued until a five~gram sample of nitrocellulose loses less
than 0.5 mge during a two-hour period of evacuation, lost commercial
nitrocelluloses will come to constant weight after twenty four hours
of vacuum desiccation, although nitrocelluloses of low nitrogen
content apparently lose water less readily than do nitrocelluloses.
of higher nitrogen content, The removal of moigsture by this pro-
cedure is apparently satisfactory because representative desiccated
samples lost no weight when they were subsequently heated for a
few hours at 100° C.

This mild method of drying nitrocellulose is necessary to
reduce the possibility of change in its molecular weight, If a
sample of nitrocellulose is to be used for a nitrogen determination
it can be dried to constant weight at 100° C. without detectable de=
nitration, but this procedure will often cause a distinct decrease
in the intrinsic viscosity of its solutions. Figure 1 shows the
change in intrinsic viscosity with time of heating at 100° C, for
two representative commercial nitrocelluloses,

The desicecation procedure is slow, and a sample may be dried

more rapidly by heating at 70° C., especially if an oven is available
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Figure 1. Change of intrinsic viscosity with time of heating at
100° ¢, Nitrocellulose No, 6278 contains 13.4 per cent
nitrogen, Nitrocellulose No. 8432 contains 12.6 per cent

nitrogen,



which circulates warm air under forced draft. Selzcted samples
of nitrocellulose have been heated at 70° C, for as long as 100 hours
without any detectable change in intrinsic viscogity or nitrogen
contente

This latter procedure was not employed in this investigation
becauge of the somewhat elaborate safety precautions which should

be observed when nitrocellulose is heated in an oven.



Section II. Viscosity Measurements on Mitrocellulose Solutions

Viscosity measurements are commonly used for the charactere
ization of solutions of high molecular weight substances. Iany of
the procedures which are used commercially involve measurements on
concentrated solutions, because results of great use in the empirical
characterization of materials can be obtained from experiments in
which the control of conditions need not be inconveniently precise,
Nore valuable results from the scientific standpeint can be obtained
fron mecswcenente of viscesity on very dilute solutions and the
exﬁrapolatian of the data to infinite dilution,

In the course of studies of the properties of nitrocellulose,
measurements have been made of the viscosily of dilute and concenw
trated solutions of several nitrocelluloses in various solvents,

The use of thege measurements for evalusting molecular welghts will

be deseribed in a subseguent secbion,
Purification of Solvents

Technical grade butyl acetate was dried over calcium oxide and
fractionally distilled under reduced pressure., The middle fraction,
which boiled at 53° C, under 55 mm., pressure, was used.

C. P, grade acetone was stored for a day over potassium pere
manganate and distilled, The distillate was dried over potassium
carbonate, decanted into a flask containing anhydrous calcium sulfate,
and re-distilled, The resulting material was used for studies of
dilute solutionsy untreated acetone was used for preparing the cone

centrated solutions, which were intended to resemble those used for



routine measurements in industrial laboratories.

The alcohol used in preparing the concentrated solutions was
commercial 95 per cent ethanol.

Host of the nitrocelluloses used in these studies were repre=-

senbative commercial samples,
lieasurement of Intrinsic Viscosity

The intrinsic viscosity,[7)] , of a solute in a particular

golvent is defined as follows 1/:

['7] = limn_gg - lim loge’l__gg_ (1)
c—0 ¢ ¢ —0 c

in which I rel relative viscosity= 'l solution/ " soivent

M sp

specific viscosity = Nl rel -1, and

c = concentration of solute in grams per

100 ml. of solution

The viscosity of the solutions and the solvent were measured
at 25,0° * 0,1° ¢, with an Ostwald~Fenske viscometer calibrated
according to the procedure recommended by Hatschek g/. it was
found necessary to pass all solutions through Pyrex Fine sintered
glass funnels prior to the viscosity determination in order to
secure reproducible flow times.

The following routine procedure was adopted for obtaining the
necessary data for the extrapolation required by equation ( 1 ).

A stock solution containing 3 grams per 100 ml. was prepared by



weighing the required amount of dry nitrocecllulose., Three solutions
were then prepared from the stock solution by successive two-fold
dilutions with solvent, The relative viscosity of each of these

solutions was then measured.
Measurement of the Viscosity of Concentrated Solutions

The measurement of the viscosity of concentrated solutions

of nitrocellulose is described in the following publication,
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A Capillary-Type Viscometer

For Use with Solutions Containing Volatile Solvents, with Application to

Measurements of Viscosities of Nitrocelluloses

DAVID P. SHOEMAKER, EARL HOERGER!, RICHARD M. NOYES?, AND ROBERT H. BLAKER

California Institute of Technology, Pasadena, Calif.

A capillary-type viscometer for the study of solutions containing volatile solvents
has been designed and tested. Because the solution need not be transferred from
the container in which it is prepared, measurements made with this viscometer
on concentrated solutions of large molecules, such as those of nitrocelluloses, in
volatile solvents are more reproducible than those made with an Ostwald-type
capillary viscometer. Because of the small volume of the new viscometer, vis-
cosity determinations may be carried out with much smaller samples than those
required by the falling-ball viscometer. The simplicity of this device and its
freedom from errors due to concentration changes recommend its application
to the study of a variety of substances in solutions containing volatile solvents.

HE standard commercial procedure for measuring the vis-

cosity of nitrocellulose (1, 3) involves the use of a falling-ball
viscometer developed by workers at the Hercules Powder Com-
pany and described by Speicher (2). This procedure requires
a nitrocellulose sample of about 20 grams for the preparation of a
sufficient volume of 109, solution. The accuracy claimed for
the determination is +3.89,, exclusive of stopwatch errors.

In the course of studies of fractionated nitrocellulose carried
out at the California Institute of Technology it became neces-
sary to make accurate measurements of viscosity on small vol-
umes of solution having the same concentration as those used in
the standard procedure. The results of measirements made with
modified Ostwald capillary-type viscometers varied over a range
of several per cent, and the variations appeared to be due to con-
centration fluctuations arising from volatilization of solvent dur-
ing transfer of solution to the viscometer. In order to eliminate
the necessity for transferring the solution, the authors have de-
veloped & modified capillary-type viscometer by means of which

it is possible to measure the viscosity of a solution in the container
in which it is prepared.

1 Present. address, Department of Chemistry, University of Minnesota,
Minneapolis, Minn.

* Present address, Department of Chemistry, Columbia Uni X
New York, N. Y, ¥ umbia University,

THE VISCOMETER
A diagram of the viscometer is presented in Figure 1.

The solution to be tested is contained in a glass vial with a
threaded mouth, and the viscometer assembly is screwed onto the
vial to replace the conventional screw cap. Because several vials
can be used interchangeably with the same viscometer, it is es-
sential that all the vials used have nearly the same cross-sectional
area, so that the effective head of liquid in the filled viscometer
will not. be dependent upon the vial to which it is attached. If
vials or other containers differing in design and cross-sectional
area are used with the same capillary tube, the capillary tube
should be calibrated separately for each type of container.

The size of capillary tubing to be used depends upon the range
of viscosities to be measured. The times of flow obtained with a
given size of capillary tubing should be approximately in the
range 100 to 500 seconds; with times shorter than 100 seconds it
may be necessary to apply a kinetic energy correction. With
viscometers having the dimensions shown in Figure 1, the time
of flow for castor oil (viscosity about 8 stokes) is of the order of
200 seconds. The range of viscosities that can be measured with
the assortment of capillary tubes used by the authors is 1.8 to
70 stokes. With solutions more viscous than 70 stokes the slow-
ness of drainage from the walls of the bulb may be troublesome.

PROCEDURE
A sample of nitrocellulose (about 1 gram) is weighed into the
vial, and enough solvent (usually a mixture of commercial de-
natured ethyl alcohol and acetone in the ratio 10 to 90 by volume)
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is added from a buret to give a solution of the desired concentra-
tion (usually 10% of nitrocellulose). The vial is closed with a
screw cap lined with tinfoil and is then rotated on a mixing wheel
until solution is complete. The screw cap is removed, the vis-
cometer assembly is immediately attached, and the viscometer
tube is raised or lowered through the sleeve of rubber tubing until
the fiducial mark at the lower end of the tube is level with the
meniscus of the liquid in the vial. The assembly is then clamped
vertically in a thermostat; itis essential that the mounting clamp
be so designed that the vertical mounting of the viscometer is re-
producible. After the liquid in the vial has reached thermal
equilibrium with the thermostat, it is forced up into the viscom-
eter bulb by connecting the side tube with a source of compressed
air. When the bulb has been filled the pressure is released,
and the time required for the meniscus to drop from the mark
above the bulb to the mark below it is measured with a stop-
watch. The viscosity of the solution is calculated from the time
of flow in the usual way.

The viscometer is calibrated with liquids of known viscosity.
Those used by the authors were glycerol, castor oil, and machine
oil (SAE 70).

RESULTS

The new type of viscometer was used in determinations of the
viscosities of 109, solutions of several representative commercial
‘nitrocelluloses in 10 to 90 alcohol-acetone. Individual determi-
nations made on a given solution without changing the viscometer
setting were usually within 0.1%, of each other and showed no
systematic trends. Apparently volatilization of the solvent re-
sulting from the “breathing” of the viscometer during the meas-
urement of viscosity has a negligible effect. Determinations of
viscosity on seven individual samples of a typical nitrocellulose,
Hercules nitrocellulose No. 6278, in 10.0 to 90.0 alcohol-acetone
gave an average viscosity of 46.02 stokes with a total spread of
3.3% and a mean deviation of 0.7%; this deviation represents
the combined uncertainties of weighing the sample, measuring
out the solvent, setting the fiducial mark, and measuring the
time of flow. The authors have found that the results are not
critically dependent on the volume percentage of denatured
alcohol in the solvent; this percentage may be varied between
9.5 and 10.5 without significantly affecting the time of flow.

No large errors are introduced by the uncertainty in adjusting
the lower fiducial mark to the meniscus if care is taken. In an
experiment in which castor oil was used and in which the fiducial
mark was reset before each measurement of time of flow, a total
spread of 0.4%, in the time of flow was observed in six determina-
tions (averaging 154.3 seconds).

Table I. Viscosities of Representative Nitrocelluloses
Viscosity
Hercules __Hercules Seconds _
Nitro- © By new Reported
cellulose Source of Nitrogen, viscom- by manu-
No. Cellulose % eter facturer
3293 Pulp and
linters 11.95 0.50 0.5
3713 Linters 10.92 2.05 3.0
6278 Pulp 13.40 10.0 9
5245 Pulp 12.52 14 15,22
503-3-1 Linters 13.22 15 15
248 Pulp 13.42 14.2 17,15

The data obtained with these viscometers can be used to esti-
mate nitrocellulose viscosities in the conventional Hercules
smokeless seconds. It has been reported by Speicher (2) that one
Hercules second is equivalent to 3.77 poises. The density of 109,
solutions of nitrocellulose in 10 to 90 alcohol-acetone is 0.837
gram per ml.; hence 1 second is equivalent to 4.50 stokes. The
viscosities of several nitrocelluloses, as measured with the new
viscometers and calculated in Hercules seconds, are presented in
Table I, where they are compared with values reported by the
manufacturer.

It may be concluded that the new viscometer may be used
satisfactorily for the determination of viscosities of nitrocellulose
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Figure 1. Diagram of Viscometer
samples. Because it is less subject to errors caused by volatili-

zation of solvent than are other commonly used viscometric meth-
ods, the new device should likewise be useful for viscosity meas-
urements on many other substances, the viscosities of which in
volatile solvents are critically dependent on concentration. An-
other obvious advantage of its use in research studies, in compari-
son with the falling-ball method, is the small size of sample re-
quired (about 1 gram), although for control use the selection and
accurate weighing of a representative sample of this size may be
difficult and time-consuming. When enough material is available
the use of containers considerably larger than the recommended
vial, such as screw-cap bottles, would probably eliminate this
disadvantage.

Solutions of some samples of nitrocellulose and other materials
may contain large amounts of suspended dirt, lint, and other in-
soluble solid matter which may lead to results that are not re-
producible. Measurements made with large-bore capillaries on
solutions of relatively high viscosity, for which the viscometer
is most useful, would be much less subject to error from this
source than measurements made with finer capillaries on solutions
of low viscosity. Of course, much of the advantage of using this
viscometer would be lost if it were used with solutions contain-
ing enough suspended material to affect the reproducibility of
measurement, unless the suspended material could be thrown to
the bottom of the vial by centrifugation; filtration and at-
tendant transfers of the solution would in many cases lead to
evaporation of solvent.
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Section ITI, Osmotic Pressure

Solutions of high molecular weight substances have long
been known to give readily measured osmotic pressures, but early
workers were uncertain as to how to interpret the experimental
data. After Ostwald 3/ pointed out that data on colligative
properties of solutions of high polymers should be extrapolated
to zero concentration if values of the molecular weight were to
be determined, many workers have successfully employed the method,
A, Dobry 4/ presented the first conclusive experimental evidence
that the osmotic pressure of a solution of a high molecular weight
substance is independent of the solvent employed and is dependent
only on the molecular weight of the solute, solute concentration,
and temperature,

The following program of osmotic pressure measurements was
undertaken primarily to learn whether the degree of molecular
heterogeneity of nitrocellulose could be estimated from a compars=
ison of the number-average molecular weight from osmotic pressure
with the weight-average molecular weight from viscosity and light
scatbering.

Since this work was coupleted a number of articles have been
publighed which describe similar apparatus and techniques for
measuring osmotic pressure 5, 6, 7/ . Iy work with the osmotic
pressure method is included, however, in order that this thesis
will be a complete record of the research which I have carried

out in this laboratory.
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lembranes and Solvent

The validity of osmotic pressure data depends on the efficienw
¢y of the membrane which is employed., An ildeal membrane would
have the following characteristics: it would be readily permeable
te the solvent bubt impermeable to the solubte molecules; the mem=
brane would not change with time by excessive swelling or dissolve
ing in the solvent, absorbing solute wolecules, or becoming ime
permeable by mechanical plugging; it would have sufficient strength
to support itself in an osmometer; and finally, it is desirable
that the membrane material be one that is easily obtained or
gimple to prepare.

Since there are a large number of commercial films now availe
able a semi-guantitative study of the permeability of these films
was made, The permeability was tested by the use of the apparatus
shown in Figure 2, Fach film was clamped between the brass junctions
and the apparatus was filled with solvent, The rate of flow of
solvent though the nembrane was determined by measuring the rate
of movement of the solvent throug ithe capillary tube B, Since
the pregsure on the>membrane does not change appreciably during
a determination; that is, since the level of the solvent in tube A
does not change very wmuch with the movement of the solvent along
the capillary tube 3, the rate of flow of solvenl was taken as
being proportional to the permeability of the film.

The permeability of various films to bubyl acetate and acetone
is presented in Table 1, The choice of solvents was limited to

these two because they are the solvents which were used in other
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phases of this investigation. The permeability of each membrane

ig arbitrarily compared with that of a cellophane membrane; that
is, if a film was one~half as permeable as cellophane it is rated
as twoy if it was one~third as permeable as cellophane it is rated
as three, and so on. The reference membrane, the best membrane
found, was coumercial duPont cellophane (gauge 300, or 0.0008 inches
thick) which had been conditioned by soaking for fifteen minutes

in hot water, for one hour in 7 N ammonium hydroxide, and then

rinsed successively in water, absolute alcohol, and acetone.



Table 1

Relative Permeability of Various Filuns

Membrane ilaterial Solvent Permeability

Conditioned Cellophane

Gauge 300 hAcetone 1

Pliofilm 120 (P4A) Butyl Acetate Impermeable
Pliofilm 140 (NI) Butyl Acetate Inpermeable
Cellophane Ho, 300 Butyl Acetate Impermeable
Viectory Film 200 (P9) Butyl Acetate Soluble in Solvent
Animal Membrane Butyl Acetate Soluble in Solvent
Parafilm Butyl Acetate Soluble in Solvent
Geilophane No, 300

Untreated Acetone 5

Pliofilm 140 (NI) Acetone 6

Pliofilm 120 (P4A) Acetone Impermeable

Rubber {ilm

{0,002 inches thick) ‘Acetone 6

Nylon

(0,001 inches thick) Acetone - Impermeable
Animal lembrane Acetone Impermeable

Saran Cauge 125 Acetone 3

Polyvinyl Chloride Acetone 2
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On the basis of these preliminary experiments, commercial
cellophane was chosen as a membrane material and acetone as the
solvent, Subsequent experiments showed that c¢ellophane which
had been sozked in water for twelve hours and then rinsed with
acetone served just as well as the especially conditioned cello-
phane, This treatment gave a wmembrane satisfactory for use with
nitrocellulose which had an average molecular weight greater than
20,000, If the molecular weight was much lower than this, a small
fraction of the nitrocellulose often diffused through the membrane.

A peculiar effect was noted with each film tested; that is,
each film gradually became less permeable as solvent passed through
the membrane, and this rate of decreasing permeability was nearly
the same for each membrane examined. After two hours in the
apparatus most of the filmg were completely impermeable to acetone,
Since the films did nolt become impermeable merely by soaking
in acetone it seemed as if the flow of solvent through the poreé
of a membrane changed it in some way. Since the solvent could
conceivably contain particles that might plug a membrane, a test
was made using redistilled acetone., The results were the sane,

lorton g8/ has observed that a viscose film slowly became
impermeable if ordinary distilled water was passed through it,
but that the same film retained a constant permeability to water
that had been redistilled, condensed in a block tin coil, and
collected in a stainless steel container,

In order to check the possibility that acetone might dissolve

something from the brass parts of the apparatus which might affect



the permeability of filams, silver-plated metal paris were sube
stituted in the apparatus. Following this substitution the results
were the same as had been observed with the brass apparatus,

This Yplugging®” of membranes apparently does not affect the
osmotic equilibrium in 2 static osmometer, since only a small

amount of solvent flows through the membrane during a determination,
Qesmoneters

The osmotic pressure of a sclution may be determined by two
general methods, The first, the so-called static method, involves
the measurement of a height of liquid in a capillary tube, caused
by the influx of solvent into a solution through a semi-permeable
nembrane. The second, the dynamic method, involves the determinae
tion of the rate at which solvent diffuses through the membrane
intc the solution, as a function of pressure applied to the solution
side of the membrane.

A dynamic osmometer shown in Figure 3 was constrﬁcted from a
design which is essentially the same as that used by other workers,
This instrument has several advantages 9, 10/.. The large membrane
permits equilibriwn to be attained rapidly, The large heat capacity
of the stainless steel block reduces errors dug te temperature
fluctuations, The design is such that a small change in tempera=-
ture will cause essentially the same change in the height of the
fluid in the solution~ and the solvent-capillaries.

After preliminary experiments the use of the dynamic osmometer

was discontinued., The membrane was found to sag for several hcure
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as pressure was built up on the solution side, and this spurious
capillary rise reduced the usefulness of the oswometer as a rapid
instrument. In addition, leakage around the membrane was difficult
to prevent because of the inadequate precision with which the inside
surfaces of the two parts of the osmometer were finished.

A1) of the actual osmotic pressure measurements were made
with the static osmometer shown in Figure 4« The design follows
that described by Wagner 11/, The principal improvement is the
short section of capillary tubing which is clipped to the tube
of the osmometer to provide a convenient method of correcting for
the capillary rise 12/. The assembled osmometer is placed in a
glass cylinder with enough solvent to cover the lower end of the
short section of eapillaery tubing. If the two tubes have exactily
the same radius, and if the surface tension of the solvent and
solution are essentially the same, the difference between the
levels of solvent and solution in the regpective capillaries is
a_direct measure of the osmotic pressure of the solution, In
practice, however, it was often necessary to apply a small ex=
perimentally determined correction to the observed differences
in height,

The complete oswobic pressure apparatus congists of five
osmometers assembled in a rack which is submerged in a cylindrical
glass water bath, The rack can be rotated to bring each osmometer
in turn to a point convenient for observation. The water bath was
held at a temperature of 25.00° *+ 0,005° G, with the aid of an air
bath around the entire assembly. This degree of tempsrature control

was necessary because a change of 0,01° C, was sufficient to cause
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a change of 0.2 mm, in the heigdbt of the solution in the ca

due to the "thermomelber effect” in the csmoneber.,

The procedure for wmaking a measuremsnd was as follows: the
osmometer was assembled as shown in Figure 4. Since She nmewhrane
of conditioned cellophane could not be allowed to become dry, it
wag placed in the osmometer while water-wet and then was washed
free of water with acetone. The membrane would shrink somewhat
whern: washed with acetone and becone taut enough to remove wrinkles,
The osmometer cell was then filled with the nitrocellulose solution
and the capillary tube was put in place in such a manner that no
air bubbles were trapped in the cell or the capillary. The height
of the solution was adjusied to be about midway of the length of
the capillary. The osmometer was then placed in the cylinder
which contained enough solvent to cover the lower end of the
auxiliary capillary tube. Usually five osmometers were assembled
for each determination of the same nitrocellulose. These were
then placed in the rack and mounted in the constant temperature
bath, After two hours the contents of the osmoumebers were assumed
to have reached temperature equilibrium with the bath, and the
difference in the height of the solvent and of the solution in
the respective capillary tubes was measure to the nearest 0.1 mm,
with a cathetometer, OSubsequent observations were made at twoe
hour intervals during the normal working day for the next twenby=

four to thirty-six hours.
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Treatisent of Osmotic Pressure Uata

A graph was nade by plotting the observed differences in

-t where t is the time in

height of the capillaries against e
units of ten hours. The difference in height at equilibrium
vas determined by extrapolation to infinite time. The density
of the soclution in the osmometer was assumed to be the same as
its density before the measurement was made, From the value of
the density of the solution and of the difference in height of
the solvent and solution in their respective capillaries at equie
libriun, the osmotic pressure was calculated,

The results of an osmotic pressure determination can be
given a simple inberpretation only if the membrane is truly ime
permeable to solute molecules, If the data could be extrapolated
to a definite value for the equilibrium pressure, and if less
than 0,5 per cant of the nitrocellulose diffused through the
menbrane during a determination, the assumption was made that
the observed pressure did not differ significantly from the
true osmotic pressure,

At sufficient dilubion van't Hoff's law in its simple form
as a limibting law is applicable to solutions of nitrocellulose ;2/.
Since osumobic pressure deberminations which are made with extremely
dilute solutions are not very accurate, molecular weights can be
deternined more satisfactopily by extrapolating to infinite dilution
the results of measurementg on solutions of a relatively high

concentration,

The usual method of treating osmotic pressure data is to plot
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the osmotic pressure divided by the concentration, T /e, against
the concentration and extrapolate the curve to a value of /¢
at infinite dilution. This type of plot does not differ signif-
icantly from a straight line and has a slope which within the
limits of experimental error, is independent of the molecular
weight of the solute, but is different for different solutes or
solvents 14/,

This method is illustrated by Figure 5. The nitrocelluloses
are fractions which were supplied us by Dr. J, W, Williams of the
University of Wisconsin and which are described in detail in a
subsequent section.

The molecular weight of a nitrocellulose is calculated by

the expression:

Ty = 8T/(T/e), o (2)

in which
Eﬁ is the number average molecular weight
R is the gas constant in 100 ml. atm,/mole degree
T is the osmotic pressure in atmospheres
T is the absolute temperature
¢ is the concentration in grams per 100 ml, of
solution, and
(1T/'r:=)c=__,,O is the value of 1/c obtained by extrapolation

to infinite dilution
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Application of the Osmotic Pressure lfethod to the Study of

Hitrocellulose

The use of osmotic pressure data to evaluate the Staudinger
Constant for nitrocellulose and to estimate the degree of molecular
heterogeneity of nitrocellulose is described in the following

publication.
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INTRODUCTION

Of the methods currently employed for determining the average molecular
weights of high polymers, procedures involving measurements of osmotic pressure
and viscosity are probably the most frequently used. These procedures require
comparatively simple apparatus and are capable of precision satisfactory for
many purposes; however, they lead to different results when used for measure-
ments on mixtures of polymeric species of different molecular weight.

When measurements of osmotic pressure on solutions of a polymeric mixture

! Contribution No. 1077 from the Gates and Crellin Laboratories of Chemistry, California
Institute of Technology.

This paper is based in whole or in part on work done for the Office of Scientific Research
and Development under Contract OEMsr-881 with the California Institute of Technology.
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are extrapolated to infinite dilution, the results can be used to calculate the
number-average molecular weight defined by the relation

— 1
Mw = S5, W

in which M, is the number-average molecular weight, f; is the fractional weight
of the ** species in the mixture, and M is the molecular weight of the i** species.
In this average the lower-molecular-weight material has a predominant effect,
and traces of material of very high molecular weight have little influence.

‘When measurements of viscosity are made on similar solutions, the data cannot
necessarily be related to the molecular weight of the solute by any simple expres-
sion (3); however, for many straight-chain polymers the following empirical
equation is found to hold reasonably well:

[ = K.M./M, (2)

In this so-called Staudinger expression K, is a constant dependent upon the
polymeric material and the solvent but independent of molecular weight, M,
is the molecular weight of the monomeric unit in the polymer, M, is the weight-
average molecular weight defined by the relationship

M, = =f:M; @)
and [n] is the “intrinsic viscosity’’ of the solute defined by the relationship

fr) = lim 7 @
c—0 c

where 7:a is the viscosity of the solution relative to that of pure solvent and ¢

is the concentration in grams per 100 ml. The weight-average molecular

weight as defined by expression 3 is predominantly influenced by the presence of

material of high molecular weight.

The number-average and weight-average molecular weights of a sample are
equal only if the sample is molecularly homogeneous; otherwise the ratio of
the weight-average to the number-average molecular weight is greater than
unity, and its magnitude may be taken as a rough measure of the heterogeneity of
the sample. In cases where the molecular-weight distribution function has a
single broad maximum of the kind obtained in the polymerization of a monomer
or in the degradation of a single high polymer (4), the ratio may be expected
to be slightly less than two. Other forms of distribution function yield larger
values of the ratio, but it seems probable that values in excess of two will only be
encountered in practice when the distribution function has more than one
maximum.

We have made measurements of osmotic pressure on acetone solutions of
several supposedly homogeneous nitrocellulose fractions of different molecular
weights and have used the results to evaluate K, for nitrocellulose containing
about 13.4 per cent of nitrogen. With the aid of data reported by previous
workers we have used our results to calculate K, as a function of nitrogen content
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and have studied the molecular heterogeneities of various nitrocelluloses by
means of measurements of number-average and weight-average molecular
weights on samples prepared from different sources. _

It should be emphasized that a polymeric mixture is not completely character-
ized by determinations of its  weight-average and number-average molecular
weights, for identical values of these quantities can be obtained with different
molecular distribution functions.” The object of the determinations described
below is to obtain approximate information about molecular heterogeneity by
procedures which are much simpler than the extensive fractionations necessary
for determining complete molecular distribution functions.

EXPERIMENTAL
Materials

The nitrocellulose fractions used in the evaluation of the Staudinger constant,
K., were prepared by Dr. J. W. Williams and coworkers at the University of
Wisconsin. The fractionation procedure involved dissolving a sample of nitro-
cellulose in a mixture of 3 parts (by volume) of commercial 95 per cent alcohol
and 5 parts of acetone and then precipitating part of the sample by the addition
of ligroin under controlled conditions. The fractions from the first precipita-
tions were refractionated by the same procedure. The final fractions are
thought to be more nearly homogeneous with regard to nitrogen content and
molecular weight than most other nitrocellulose samples that have been available
for such studies.

The nitrocellulose samples used in the studies of heterogeneity were taken from
standard commercial lots prepared for use in the manufacture ‘of smokeless
powder.

The acetone used for solvent in the osmometric and viscometric studies was
purified by the procedure described in the first paper of this series (1).

Osmometric measurements

Measurements of osmotic pressure were made with static osmometers modeled
after the one described by Wagner (6). The capillary rise of the solution in the
osmometer was corrected for with the use of an open section of capillary immersed -
in the solvent by a procedure similar to that developed independently by Zimm
and Myerson (8).

Commercial cellophane was the most satisfactory membrane material investi-
gated. The only pretreatment given to the cellophane was to soak it in distilled
water for at least 12 hr. before it was used and to wash out the water with
acetone at the time the osmometer was being assembled. Membranes treated
in this way were satisfactory for use with nitrocelluloses having average molecular
weights greater than 20,000, but a few per cent of samples of lower average
molecular weight diffused through the membranes.

The data were treated by plotting the osmotic pressure, =, divided by the
concentration, ¢, against concentration and extrapolating the curve to a value of
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w/c at infinite dilution. This type of plot does not differ significantly from a
straight line and has a slope which, within the limits of experimental error, is
independent of the molecular weight of solute but is different for different
solutes or solvents (2). The molecular weight of the sample was calculated by
the equation

- RT
My = lin(} (m/c)

®)

in which 7'is the absolute temperature, R is the gas constant in 100 ml. atm./mole
degree, and the other quantities have been defined previously.

TABLE 1
Staudinger constants for nitrocellulose fractions in acetone

NUMBER-AVER-
AGE MOLECULAR
FRACTION NUMBER NITROGEN WEIGET, Mn  |poresnnny Aqr};ou {,T:g;gf;ﬁ S}‘:ggxggi?
(osmoTIC K; X 108
VALUE)
per cent
S84 . 13.36 41,000 144 1.32 9.15
S-1,1-4.......... s, o wirmes 13.44 64,700 227 2.24 9.88
P82 i e son vmnmmnen s 13.41 130,800 459 4.37 9.52
P2 . cnvs comarmmin we 13.42 216,400 759 6.83 9.00
TANOTIIEL. .. o-oinsicarisin: & s sougmingis sices o 1 iy ciisnionsss psnssss B DT S NG & oty (e et i 9.39

Viscometric measurements

Measurements of viscosity were made with Ostwald-type capillary viscometers,
and the intrinsic viscosities of the solutes were calculated by the procedure
described in the first paper of this series (1).

RESULTS AND DISCUSSION
Evaluation of Staudinger constant

The results of measurements of osmotic pressure and viscosity on four nitro-
cellulose fractions are presented in table 1. The data indicate that the Staudinger
relation is obeyed within the probable accuracy of the measurements by nitro-
celluloses having molecular weights between 40,000 and 200,000.

The value of the constant presented in table 1 is valid only for use with
nitrocellulose samples containing about 13.4 per cent of nitrogen, and then only
if the solvent is purified acetone and if the viscosities are measured at 25°C.
In order to obtain values applicable to all nitrocelluloses, we have used the data
of Wannow (7). He nitrated cellulose to various degrees under conditions such
that the degrees of polymerization of the products were the same as indicated by
osmotic-pressure measurements. By means of measurements of viscosity on
these samples he was able to express the fractional change in K, with change in
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nitrogen content, but he was not able to obtain an absolute value for K, because
his samples were not molecularly homogeneous. With the use of the value
of K, for nitrocellulose containing 13.4 per cent of nitrogen obtained from table 1
and with the data of Wannow we have calculated values of K, for various
nitrogen contents from 10.7 to 13.6 per cent and have plotted the results in
figure 1.

1200 T g y T
11.00}

1000F 1

600+

500 1100 1200 1300 14,00

PER CENT OF NITROGEN

Fia. 1. Dependence of Staudinger constant in acetone on nitrogen content of nitro-
cellulose. @, determined in these laboratories; O, calculated from the data of Wannow
with the use of the other point.

TABLE 2
Heterogeneities of commercial nitrocelluloses
U R INTRINSIC | DEGREE OF | ,ioiomt
R it SOURCE NITROGEN | yroveenciy | viscostTy, |PouyMEriza- | sioveceons |  Ho/Hn
WEIGHT, M p, nl 2l WEIGHT, My
per cent

0278 o v 2 5 v Wood 13.40 43,300 3.07 327 93,100 2.15

8432......... Wood 12.67 41,600 2.65 351 96,000 2.31
10405......... Wood 13.26 44,200 3.00 333 94,200 2.13

5167......... Cotton 13.46 65,900 3.50 365 104,200 1.58

5168 oo 4 e Cotton 12.60 53,400 2.85 383 104,200 1.95
10411......... Cotton 13.23 56,700 3.12 351 98,700 1.74

It should be emphasized that the curve presented in figure 1 is very approxi-
mate and can probably be refined by subsequent experiments. The absolute
values of all points are based on the assumption that the fractions used in these
experiments were molecularly homogeneous, and the relative values of the
Staudinger constant taken from Wannow’s data are based on the assumption
that the distribution of molecular species was the same in each of his samples.
This second assumption is not necessarily justified by the fact that the number-

average degrees of polymerization of all Wannow’s samples were virtuallv
identical.
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Molecular heterogeneity of commercial nitrocelluloses

Measurements of osmotic pressure and viscosity were made on dilute acetone
solutions of six commercial nitrocelluloses, three of which had been prepared from
wood pulp and three from cotton linters. The results of these measurements
were used to calculate the weight-average and number-average molecular weights
of these samples by the procedures described above, and the data are presented
in table 2.

The results demonstrate that the nitrocelluloses prepared from wood are
distinctly more heterogeneous than those prepared from cotton. It is interesting
to note that the heterogeneities of the homogeneously nitrated samples contain-
ing about 12.6 and 13.4 per cent of nitrogen are not significantly different from
those of the nitrocelluloses containing about 13.2 per cent of nitrogen, which
were blended from materials of the other two types. Since the samples studied
in table 2 were all prepared to be of approximately the same viscosity or weight-
average molecular weight, the greater heterogeneity of these particular wood
nitrocelluloses is probably due to the presence of a considerable fraction of low-
molecular-weight material. These observations are consistent with those
reported by other workers (5).

SUMMARY

The absolute value of the Staudinger constant for nitrocellulose in acetone has
been determined by means of measurements of osmotic pressure and of viscosity
and by the use of data previously reported in the literature.

Measurements of number-average and weight-average molecular weights on
six commercial nitrocelluloses indicate that materials prepared from wood pulp
are distinctly more heterogeneous molecularly than those prepared from cotton
linters.

We are indebted to Dr. J. W. Williams for the nitrocellulose fractions which
rendered this investigation possible. We are also indebted to Dr. Robert B.
Corey for helpful suggestions during the progress of the research.

REFERENCES

(1) Dovre, G. J., HarBOTTLE, GARMAN, BapGER, R. M., aNp Noves, R. M.: J. Phys.
Colloid Chem. b1, 569 (1947).

(2) Huceins, M. L.: J. Am. Chem. Soc. 64, 1712 (1942).

(3) Huagains, M. L.: Ind. Eng. Chem. 35, 980 (1943).

(4) MonTrOLL, E. W., AND StmHA, R.: J. Chem. Phys. 8, 721 (1940).

(5) Orr, EmiL: Advancing Fronts in Chemistry. Vol. I. High Polymers, Sumner B. Twiss
(Editor), pp. 83-5. Reinhold Publishing Corporation, New York (1945).

(6) WAGNER, R. H.: Ind. Eng. Chem., Anal. Ed. 16, 521 (1944).

(7) Wannow, H. A.: Kolloid-Z. 102, 29 (1943).

(8) Zimm, B. H., AND MyERsON, I.: J. Am. Chem. Soc. 68, 911 (1946).



28

Section IV. Application of Osmotic Pressure and Viscosity

lieasurements to the Study of Smokeless Powder

Considerable time was spent during the war in making osmotic
pressure and viscosity measurements on nitrocellulose samples
from domestic and foreign double~base powders. iMost of this
work is still classified, but the following application of these
methods has been released in OSRD Heport No. 5946, PB No. 30759,

During the course of an investigation of the stability of
double~bage powders various samples of powder were heated at 65° C,
to accelerate the ageing process, Samples of a cordite, JP 76,
which were heated for periods longer than 30 or 40 days, were
found to contain material which was insoluble in acetone and
all common nitrocellulose solvents., One or two drops of dilute
amonium hydroxide, when added to 25 ml, of a suspension of this
insoluble material in acetone, would cause immediate solution,
Dilute sodium hydroxide had the same effect, while dilute acid
apparently had no ef'fect, The nitrogen content of the material
wag not sigmificantly different from that of the powder which
did not insolubilize, An Xeray diffraction photograph of the
insoluble material was practically indistinguishable from similar
photographs of nitrocellulose of the same nitrogen content.

These preliuinary experiments suggested that the material
was a nitrocellulose which had become insoluble by some chemical
reaction which resulted in the formation of cross-linkages between
molecules, rather than by extreme denitration. 4 series of os=-

motic pressure and viscosity determinations were then made on
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solutions prepared from aged powders in order to verify this

hypothesis.

Procedure for lleasurement of the Osmotic Pressure of Solutions
of Powders

If the membrane which is used in osmotlic pressure measurements
is permeable to all species of molecules in solution except the
mitrocellulogse molecules, the presence of substances other than
nitreocellulose should have little effect on the osmoti¢ pressure.

The osmotic présaure of a sanple of JP 76 was measured and
the result compared with that of a similar measurement on a sample
of the same powder which had been extracted with ether to remove
the nitroglycerin, plasticizer, and stabilizer., The osmotic pressure
of the two solutions reached the same steady state valne, but the
solutions of unextracted powder took about twice as long to reach
equilibrium, The slopes of the curves made by plotting T/c azainst
¢ for the two solutions were the same within experimental error,

The procedwre adopted for preparing a powder sample for an
osmotic pressure debtermination involved the exbraction of the
powder with a suitable solvent, the removal of most of the solvent
from the residue by several hours of vacuum desiccation, and the
preparation of a solution in chemically pure acctone, After twenty=
four hours of mixing, the insoluble material was removed by file
tration, and an osmotiec pressure determination was made on the
- solution, fThe weight of nitrocellulose in solubtion was calculated
from the known percentage of nitrocellulose in the wnextracied
powder and from the amount of insoluble material as determined in
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a separsite experiment.,
Procedure for Viscosity Heagurcement of Solutions of Powders

Viscosity measurenents were made on solutions of the soluble
material from the whole powder, The assunpbion was made that
constituents other than nitrocellulose had but little effect on
the viscosity of the solutions and that this effect was substane
tially constant through any series of heated sampleées of powder,

For the purpose of comparing the viscosities of solutions
prepared from samples of powder degraded to different degrees,

a funciion of the viscosity was calculated which was called the

Happarent intringic viscosity" and was defined as follows:

[(Mapp = M8, 10ge 7 rer
T (3)

in which [71139@ ig the apparent intrinsic viscopity,
rel 18 the relative viscosity of the solution, and
¢ is the calculated grams of nitrocellulose

per 100 ml. sclvent
Results and Discussion

Viscosity and osmotic pressure dats on heated sawples of

JP 76 are tabulated in Table 2 and presented in Figure 6,
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Figure 6, Viscosity and osmotic pressure data for nitrocellulose

from heated powders
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Table 2

Viscosity and Usmotie Pressure Data for Heated Semples of JP 76

Time of Percent  Appavrent Corrected Humber Average
heating of Intrinsic Apparent lioleoular Weight
at 65.,5° C., litrogen Viscosity Intrinsic fron Usmotic
days in Acetone  Viscosiby® Pressure

0 12,18 217 < ed7 53,000

14 12,14 1.90 191 48,000

36 12,05 2,02 2405 46,000

57 11,76 2.10 2.17 4,000
114 11.78 1.85 L1.G2 22,000
145 11,63 1,16 1.23 26,000

#* Corrected %o the viscosity the sample would have if the nitrogen
conbent had been 12.10 per cent. The data of Wannow 15/ were
used for the caleulation of this correcition, )

The difference in the Ywo cwrves shown in Figure 6 is quite
striking. Wibth the exception of the anomalous point at 114 days
the osmotic pressure {nunber-average) molecular weight decreases
conbimually with time of heatings The viscosity does not show
a correspondingly rapid decrease in the aarly'atagea, and indeed,
pasges through a minioum at about 15 days of heating., This minimum
ig followed by a slight maximun before a f£inal more rapid decrease
gets in., The powder begins Lo contain insoluble material after
about 50 days of heating with 0.8 per ceni of insoluble material
at 57 days and 12,5 per cent al 145 days.

A& plaugible interpretation can be advanced to account for

these observations, It is clear from the osmotic pressure data
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that an uninterrupted degradation of the nitrocellulose is occurring,
This degradation, however, appears to be opposed by some polymerie
zation reaction which may well involve the type of process referred
%0 as cross~linking, The production of a relatively small fraction
of very large molecules in this menner can more than compensate

for the effect of the general degradation on the viscosity, which

is proportional to the weight-average molecular weight, FEventually
the association process culminates in complexes which are so large
as to be insoluble, As these cowplexes are removed from geolubion,
the general degradation is no longer compensated for, and the

viscogity of the solution then experiences a rapid drop,
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Section ¥V, Characterization of Nitrocellulose by Means of Pre-

cipitation Titration

The suggestion was made in Section III that the ratio of the
number-average and weight-average molecular weights of a nitro-
cellulose is of value in estimating the degree of molecular hetero=
geneity of the material, Such a ratio is valuable in that it
gives some information about the distribution of molecular weight
in the nitrocellulose but it is limited in that it indicates only
the average degree of heterogeneity. It is conceivable that two
nitrocelluloses of widely different molecular weight distributions
could give the same ratio of welght-average to number-average
molecular weight., The ideal approach to the problem of the hetero-
geneity of nitroceliulose would be to evaluate completely the
molecular weight distribution eurve, 7This would involve the sepaw
ration of each molecular gpecies and the determwinatlion of the molec~
ular weight and relative amounts of each,

There are several wethods of estimating the degree of molecular
heterogeneity other than that described in Section III, The exist=
ence of different molecular weight species in a heterogeneous polymer
sample can apparently be established on the basis of diffusion ex-
periments 16/. Isolation of fractions of different average molecw
ular weight by a chromatographic adsorption procedure have been
reported 17, 18/, Ulbragentrifuge experiments on a polymer solution
gan o2 interpreted in terms of the(Width of a molecular weizsht dige

tribution curve, if certain assumptions are made,
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A fractional precipitation or fractional solution procedure
can be used to isolate sizable portions of fractions of different
molecular weight. The fractional precipitation method, the one
most frequently used, involves the separation of small increments
of the nolymer from solution by means of the addition of a none
solvent and the determination of the average molecular weight and
relative amount of each increment. From these data it is possible
to plot an integral distribution curve for the polymer, This proe-
cedure is quite laborious and in practice the fractions obtained
include an appreciable range of molecular weights., It will not
be possible to secure even a reasonably sharp fractionation of
nitrocellulose by this method unless the material is perfectly
homogeneous in regard to nitrogen content,

Considerable time has been spent in an effort to develop a
precipitation titration procedure for the estimation of the degree
of molecular heterogeneity of nitrocelluloses, If a precipitant
is slowly added to a solution of nitrocellulose, the solution will
become turbid after a certain amount has been added and the turbide
ity of the solution will increase until the nitrocellulose is come
pletely precipitated., If the solubility of each molecular weight
species is a simple function of its molecular weight 19, 20/ and
if the turbidity of a solution is a measure of the amount of nitroe-
cellulose which has precipitated, then the progressive increase in
turbidity as precipitant is added is an indication of the number
and the amount of the molecular weight species which have become

insoluble, If the turbidity of the solution is plotted against the
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ameunt of precipitant added the curve will bear some resemblance

t0 an integral molecular weight distribution cwrve for the sample.
Desceription of Apparatus

An apparatus was designed and constructed which records the
decrease in light transmiseion of a solution of nitrocellulose as
the nitrocellulose is progressively precipitated, The apparatus
was built around a precipitation cell which is shown in Pigure 7.
The cell is constructed of Pyrex glass; part A is from a section
of tubing which was selected to be free of imperfections which
might affect the light transmission, The propeller, which is driven
by a small motor contralled by a Variae, is pitched so as to throw
the liquid down into that part of the cell which will be in the
light path.

Transmission measurements were made with a Fisher Electro-
photometer and were recorded with a General Flectric Photoelectric
Hecording Potentiometer, The only modification of the Electro-
photometer was the inatallatian of a double-pole double~throw
gwitch so that the recorder could be substituted for the galvanom~
gter in the instrumeni's circuit,

Precipitant was added by a gravity feed from a large reservoir,
With a head of about 90 em,. and a reservoir of one liter capacity
it was found that. reproducible amounts of precipitant could be
added to the cell mare%y by measuring the time of flow with a stop-
wabol, Suffieiently géﬂd temperature control was secured by placing

a Jacket around the delivery tube from the reservoir and pwaping
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water from a constant temperature bath through the Jacket,
Experimental Procedure

The nitroecellulose to be studied was dispersed in a mixbure
of three parts of ethyl alcohol and five parts of acetone and was
made up to a concentration of 1/3 mg, per ml. The alcohol was
added to the acetone to reduve its solveni power 8o tnat a smaller
amount of precipitant could be added during the course of a determ~
ination, A 30-ml, portion of the solution together with 1 mi, of
a 0,05 per cent agqueous sclution of Duponol ii.E. was introduced
into the cell and the cell was placed in the regular c¢ell holder
of the Electirophotometer, The stirring motor wss conngcted to
the cell and water as a precipitant was added at a constant rate,

the change in light transmission being followed by the recorder,
Bxperimental Precautions

The temperature of the solution had an effect on the rate of
precipitation, and the turbidity curves for aliquot portions of
nitrocellulose solutions varied rather widely wntil a reasonable
degree of btemperature control was maintained, All solutions were
brought to 25° €, before they were introduced into the cell. The
water which was used as the precipitant was maintained st this
temperature by a water jJacket on the inlet tube,

The addition of a trace of wetting azent was found to be
essential for the rep: ducibility of the turbidity curves,

~ Duponol M.E, was used, but other wetting agents may be satisfactory.
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The addition of Duponol increased itne meximum twrbidity of the
solution by aboub ten per cent, apparently insured reproducibility
of the precipitation,'and gtabilized the particle sise so that the
turbidity of & spluﬁion after precipitation would nct change over
a pericd of seve?al hours.,

The additiok of one or two drops of dilute hydrochloric acid
had a large effe%t on the shape of bthe turbidity curves. Apparently
a little acid caspses the nitrocelluvlose to precipitate more rapidly,
and after precip%tatioa the material coagulabed, A trace of calcium
chloride also ca%sed the nitrocellulose to precipitate more rapidly
than normal, whiie amponium hydroxide had little effect.

These experiments emphasize the importance of making sure
that no impurities were introduced into the nitrocellulose solutions.
Traces of salt and acid ions have a larze effect on the formation
of the colloid particles and as in all turbidimetric procedures
care must be exercised to use well~characterized materials and

to reproduce the precipitation procedure in every detail g&/,
Experimental Results

Each determination was made with 30 ml, of golution which
conbained 10 mg., of nitrocellulose and a trace of Duponal #,.X,
Turbidity curves were plotted with per cenbt transmission as ordinate
and ul., of water added as the abscissa, Selected curves are shown
on ~late 1,

An inspection of these curves reveals the following:

(1) The maximum turbidity which a given concentration of nitro-

cellulose will give depends on some unrecognized property of the
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Iegend for Plate 1

Figure A, The effect of change of concentration of nitrocellu~
lose on the shape of the precipitation curve, Hercules Hos 2917;

11.89 per cent nitrogen; intrinsic viscosity, 2.81

Figure B,  Precipitation curves for a variety of unblended nitro-

celluloses

Kitrocellulose Nitrogen Intringic Source

Hercules No, Congent Viscosity

P

5167 13.46 3450 cobton
1087 il 99'9 Ou 6’7 wood
1948 11.82 0.64 cotton
5665 11,01 2,60 cotton
3234 10,96 0455 cotton
2917 11 189 2 qgl cotton

Figure C, Precipitation curves for two coumercial nitrocellu-

loses which are blends of materials of different nitrogen contents

Nitrocellulose Nitrogen Intrinsic Source
Hercules Ho, Gonéent Viscosity
10411 13,23 342 cotton

Figure D, Precipitation curve for a 50~50 mixture of two nitroe

celluloses which differ both in viscosity and nitrogen coumtent

Mitroceliulose Nitrogen Intrinsiec Source
Herculeg Bo, Con;ent Viscoslty
5167 13446 3450 cotton

5168 12,60 2,85 cotlon
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Legend for Plate 1 (continued)

Figure B¢ Precipitation curve for a 50-50 mixture of {two nitrow
celluloses whaich differ rather widely both in viscosity and

nitrogen content

Nitrocellulose Htrogen Intringic Source
Hercules Lo Content Viscosity
%
5168 12,60 2485 cotton
3234 10,96 0455 cotton

Figure Fu A precipitation curve for a nitrocellulose of undisw
clogsed origin which was found by 8 gravimetric fractionation
procedure to contain a small amount of a very high nitrogen content,
high viscogity material, and two lsrger components, each of lower

nitrogen content and viscosity
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nibrocellulose or on some lmpurity in the solvent.,

(ii) The point of first precipitation depends on both the nitrogen
contentt and the viscosity of the nitrocellulose, but is more strongly
influenced by the nitrogen content.

(iii) The slopes of the curves are more Strongly influenced by
vigcosity than by nitrogen content.

(iv) Blended materials give curves with smsller slopes and lower
maximum turbidities than de unblended materials,

(v) DMNitrocelluloses from wood pulp give smaller slopes than do
those frow cotton linters of equal nltrogen content and viscosity.
(vi) Blended nitrocelluloses give curves which are characterized
by points of inflection, OSome information about the nature of the
component nitrocelluloses can be gained from the relative position

of the infleetion points,
Discussion

An article was published while this investigation was being
conducted in which the authors attempted Lo caleulate differential
distribution curves from precipitation ditration data on cellulose
acetate butyrate 22/. The procedure involved the experimental
determination, by means of carefully prepared fractions, of the
point of first appearance of turbidity as a function both of cone
centration and of molecular weight of the polymer, A precipita-
tion titration curve on an unfractionsted polymer was then regarded
as the summation of turbidities produced by the precipitation of

each of the molecular species in turn as the concentration of pree
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cipitant was increased, By making several assuaplions and ubilize
ing nowograms, a precipitation tltration curve could be analyzed
and a differentisl distribution curve consiructed for the sample
of polymer.

The application of a similar method of caleulation to the
data for nitrocellulose did not seen to be justified, An important
feature of the method is the assumpbion of a constant relabtion
between turbidity and amount of precipiﬁated polymer, This assuup—
tion implies that the pariicle size of the precipitated polymer
is the same in all experiments and does not change during the
course of a determination.

The data presented in the figures of Plate 1 indicate that
although the turbidity is approximately proportional to the amount
of precipitated nitrocellulose for solutlong containing different
amounts of the same nitrocelluleose (Figure 4), solutions comtain-
ing the same amount of different nitrocellulose gave diiferent
turbidities when the precipitation was complete, This uncertalne
ty in relation between the turbidity and the amount of precipitated
nitrocellulose made 1% impossible to give an unambiguous interpre—
tation of the preeipitation titration curves.

Az a strictly empirical method, the precipitation titration
procedure was of considerable value in the investigation of nitrow
cellulose from foreign propellants. As a preliminary experiment,
titration curves were made of the unknown nitrocellulose. The
shape of this curve suggested whether or not the material was a

blend, and if so, the approximete viscosity and nitrogen content
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of the components, This information was useful in the selection
of a solvent-nonsolvent system for a gravimebric fractional pre-
cipitation and as a guide in carrying out this procedure, The
pessible presence, however, of unknown constituents which might
affect the particle size of the precipitated nitroceliulose nade

it inadvisable to rely on the precipitation titration method,

Summary

Instrunents and a technique have been developed for the
estimation of the degree of molecular heferogenelty of nitroe
cellulose by means of a precipitation titration procedure., The
method hasg been found to be useful in indleating the width of a
molecular weight distribution, but it does not give unambiguous

information as to the shape of the distribution curve,
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Section Vi, Application of the Light Scattering lMethod vo the

Study of Nitrocellulose in Solutionsh
Introduction

A theoretical basis for the calculation of the molecular
weight of large molecules from the measurement of the amount of
light scatiered from solution has been established during recent
years 23, 24/. ¥he theory is not in its final form at the present
fima, bub is being developed by workers both in this country and
abroad 25, 26, 27/.

Bxperimental investigations have shown that the light scatter-
ing method is capable of giving a value for the molecular weight
which is in essential agreement with that obtained from other ex-
periments, and in addition may give valuable information about the
size and shape of the molecules in sclubtion 28, 29, 30/. The
results of these experiments have emphasized, however, that further
developments are desirable both in the design of lunsbirusents and
in the technique of preparing solutions,

After a very brief summary of the pertinent part of the theory
of light scattering, the purpose of this section is to describe
instruments which have been constructed in this laberatory and

techniques which have been developed for making light scattering

* This scetion is a sowmewhat expanded version of a paper entitled
"The Determination of the Size and Shape of Nitrocellulose liolecules
in Solution by Light Scattering Xethods. I. Experimental Pro-
cedures”, Blaker, R. H,, Badger, R. M,, and Gilwan, T, S., J« Phys,
and Coll. Chem., 53, 794 (1949)
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pmeasurenents on solutions of nitrocellulose and other high molec=

ylar weight subshbances,
Theory

The first theorebicel treatwent of iizht scabttering was
carried out by Lord Rayleigh 31/ some sighty years ago when he
derived an expression for the turbidity of a perfect zas as a
problem in electroumagnetic theory, This treatment became quite
complicated when the atbenmpt was made to apply it to the case of
real gases and liquids because of intermolecular imberacilions.

A gifferent and more successiul approach due to Smoluchowski gg/
and Einstein 33/ considared turbidity as being due to statistical
fluctuations in the refractive index of g wmedium, In g binary
sclubion of a single solute solecular species these [luctuations
nmay arise from two offects, one caused by densgity fluctuations
and the other by concentration fluctuabicns thoughout the liguid,

1f IdNdV is defined as the amount of light scatbered by a
voluue element dV of solutions into a solid angle afl at 90° to
the incident beam, the quantity I can be represented by the exw

pressions

I= L+1I, (4)

in which il represents the scatbering due to density fluctuations
and 12 that due to concentration ifluctuations. If the solute
particies are small compared with the wave length of 1light, s

congideration of the work necessary o produce these fluctuations
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leads to the eguations

. A ardn? 2l Y
TN Sl Ty {RT“P(‘%}%) f -

and

i
I arr‘n*{ M, ¢, (3"’!;)__
f?

S v
La= T, 7 A'Me (-élege‘ﬁ) 2 (6)
3Ca /AT

in which
Io is the intensity of the unpolarized incident light,
{(Intencity is here defined as the energy carrvied
through 1 cn per second.)
E is the gas eonstant (in ciiz=atita per mole degree)
T is the absolute bvemperature
# is the isothermal compressibility (in reciprocal
atmospheres)
A is the wave length (in vacuo) of the light used (in cm.)
No is Avogadro's number
)0 is the density of the scattering medium (in grams
per cm3‘)
n is the refractive index of the scattering mediunm
is the molecular weizht of the solvent
¢, iz the weight fraction of the colute (in grams per
gran of solution)
fl is the fugaeity of the sélvent
V is the scattering volume (in cm%)

r is the distance (in cm,) at which the scattering is

ohgerved
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If the plausible assuaption ig made that I, and I, are essen-
tially independent of each other in dilute solution, 1 may be re-
placed by I, where IadSL represents the light scattered per unit
volume of pure solvent., The quantity, I,, can thus be determined
as the difference between the scattering from the sgolution and
that from the solvent,

The value of Iz bears the following relation to the turbidity
of the solution if, as Hayleigh showed was true for solutions of
particles small compared to the wave length of light, the angular
dependence of scattering obeys a (L + Cos®0) relation, This
expression iss

= lem r2Ia
3Vl (7)
where T is the turbidity of the solution due to scattering dee-

fined by the relations:
I, = I,¢ (8)

It is the intensity of the light which has traversed s layer of
gcattering medium of thickness x.

The assunptions whiech were used in the derivation of equations
(5) and (6) lead to the conclusion that with unpolarized incident
light the scat?ered light should be linearly pelarized in a plane
perpendicular té the plane formed by the incident besm and the
direction of observation, Actually, a certain amount of depolariw
zation is observed. Cabannes 34/ has shown that, in certain

circumstances at least, the expressions for total intensity
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scattered at 90° (that is, the sum of the intensity of the perpen—
dicular and parallel components) must be multiplied by the factor

known as the Cabannes factor

6+ 6 4 {(9)

in which the depolarization, 4 , is the ratio of the intensity

of the parallel and perpendicular comnponentg of the light scattered
at 90°, (The incident unpolarized beam and the direction of ob-
servation determine the plane of reference,) This term corrects
for the contribution to the observed turbidity of fluctuations due
to random orientation of anisotropic particles, The turbidity, T ,
and the 90° scattering, i,, are not increased equally by depolari-
zation since the angular dependence of scattering does not follow
the (L + Cos® @) relation if the scattered light is depolarized.

The proper correction factor to apply to the turbidity ie 35/1

6+38 (10)
- 70

Debye gg/ proposed that the quantity (— é!éﬁiﬁ) from equation
¢ /a7
(6) be related to a colligative property of the solution, in
particular, to the osmotic pressure, Sincé in terms of osmotiec

pressure
.—A‘Oe |) - .-‘Z'- _§__r.r
( S oy T (ac; r (11)

where V; is the partial molal volume of the solvent, T is the

csmotic pressure, and since the osuwotic pressure of a dilute
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solution of a high molecular weight substance can be expressed

as 14/:

e

_ RT Bp3e,* +.--
= Pe,+ Op°ca 4 (12)

»

an expression can be given for the turbidity of a solution in
terms of the molecular weight of the solute, its refractive index
properties, depolarization, and solute concentration., This ex-

pression is ordinarily written as:

33 2n3 3p |2 b+34
= L4 Je ca
T 3 AYMo aca) 7

1 Ca
M.t A0 g

(13)

where Hz is the weight-average molecular weight of the solute,

If the particles are larger than one-tenth of the wave length
of light, the intensity of the 90° scattering may be considerably
reduced because of intramolecular interference, This interference
slso causes the radiation envelope to differ from the simple
(1+ Cos? 8 ) relationship which holds for smell particles, The
dissymmetry of the radiation envelope is a function of the size
and shape of the dissolved molecules and offers a valuable means
for the investigation of the shapes and absolute dimensions of
large molecules, Various equations have been proposed which ree
late the angular distribution of scattered intensity to the sise
of particle for several molecular models 28, 36/. The application
of these models to the angular scattering data for nitrocellulose
solutions will be described later in this Section and in Section VII,

The above paragraphs have presented that part of the light

scattering theory which is applicable to the experimental data
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of this and the subsequent two Sections, Iore couplete reviews of

the wethod have been presented recently by several authors 37, 38, 22/.
Light Scattering Instruments

When the investigations to be described were undertaken, no
commercial instruments were available which were regarded as suit-
able for the experimental determination of light scattering data.
It was consequentiy necessary to design and constiruct three special
instrunents described below to measure the 90° scattering of the
solutions, the angular distribution of the scattering, and the

refractive index increment of the solute,
Differential Refractometer

Two refractive index measurements enter inte equation (13),
the refractive index of the solution and the refractive index
increment of the solute. The first of these presents no special
problemn, The determination of the refractive index increment of
the solute is not practicable with the ordinary Abbe refractometer
because of its limited precision. The difference between the re-
fractive index of acetone and a one~per cent solution of nitroe
cellulose is only about 0,C00L, A Pulfrich refractometer might be
uged, but a differential instrument is much to be preferred since
it greatly reduces the difficulties of temperature control,

A differen%ial refractoneter consequently was built which
allows the measurement of the difference between the refractive

index of the solution and the solvent with an accuracy of about
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3. 10", This instrument consists of a double, hollow, 90° prism
and a simple optical system which transmits an image of a slit
through the prism to a focus on the scale of a microscope microm=
eter eyepiece, Figure 8 is a drawing of the instrument, The

light source is a GE 100-watt Ali-4 mercury arc, The filters which
give monochromatic light are those which are used in the photometer
0 be described below, Lens 1 and Lens 2 have focal lengbhs of

26 and 61 mu. respectively, The eyepiece micrometer is one which
was purchased from the American Optical Company.

The prism is a block of stainless steel with two milled aper~
tures which is enclosed in a short length of atainless steel tubing.
Pieces of 6-um, plate glass are cemented to the faces of the prism
and onto the ends of the tube with sodium silicate, This cement
is not very durable, but no more suitable substance with resistive-
ity to acetone has been found, Figure 9 gives details of the cone
struction of the prism,

1f the two cavities of the hollow prism contain liguids of
different refractive index, two images of the slit will appear on
the scale of the eyepiece and the distance between the images will
be proportional to the difference in the refractive index of the
two liquids., The enclosing tube is filled with a liquid whose
refractive index is not widely different frow that of the liquids
under investigation, This liquid serves two purposes, It provides

two 90° prisms in the light path, one on either side of the prism,

# This instrument is a modification of the refractometer described
by Rau and Roseveare 40/
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Figure 8, Differentizl refractometer
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which reduce the magnitude of the deflection of the slit image,

but do not change the difference in deflection if this is small,
The liquid increases the heat capacity of the cell and therefore
helps to reduce temperature fluctuations,

The image deflection, X, can be caleulated from the equation 41/,
X = 2f{n—n,) tan(a/2) (14 )

where f is the focal length of lens 2
A is the top angle of the prism, and
n-n, is the difference in refractive index between the

two liguids in the cavities of the prisu.

Absolute measurements may consequently be made, or the re~
fractometer may be calibrated by measuring the image deflection
when one cavity conbains pure water and the other contains agueous
golutions of known refractive index. Absolute measurements made
on the refractive index increment of sodium chloride and sucrose
in aqueous solutions were found to be in agreement with previously
reported values 42, 43/.

No special precauvtion was taken to control the temperature
of the prism since the value of n-n is insensitive to small

tenmperature changes.,
Light Scattering Photometer

A photoelectric photometer which was constructed for measuring
the 90° scaitering and the depolarization of bthis scattering is

illustrated in Figure 10 and is described below,



Y9 a

Y

SCATTERING

PHOTO CELL

LsuT k\\\
IMAGE

DOUBLET LENSES

NEUTRAL

N
V”‘
N

MIRRORK

DWERNNG_,//’a

PLATE

SOURCE
(A-H4 LAMP)

Figure 10, Scheme of the optical path in the photoelectric
photometer., (Figure is from an article by Blaker,
He He, Badger, He ey and Gilman, T, 5., J, Phys. and

Coll. Chem,, 53, 794 (1949).)
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The light source, an AH-4 mercury arc¢ operated by a constant
voltage transformer, is focused on a vertical slit about 3 x 18 mm,,
before which are located filters for monochromatizing the bean, For
isolating the 4358 £ line, 4 mm, of Corning lo. 585 in comblination
with a thickness of Wratten No, 2A is used. fThe 5461 % line is iso-
lated with 4 mu, of Corning No. 5120 and 2 mu. of Corning No. 3486,
The red light transmitted by this coubination is unimportant because
of the insensgitivity of the photoecell to long wave lengths, At some
little distance behind the slit is a rotatable disec with three apere
tures (not shown in the figure). Two of these apertures are covered
with Polaroid sheet (Polaroid J film), thus permitbting polarization
of the incident bean in either of two mutually perpendicular planes,
The beam is then diverted upward by a mirror at 45° and enters the
scatbering cell, Immediately in front of the mirror a lens pair
serves Lo focus an image of the slit in the scattering solubtion
at a point opposite to the observation window in the side of the
cell, The illuminsted volume is consequently a thin sheet some-
what over 3 ms. in average thickness,

Opposite the window a third pair of lenses focus the scatiered
light on a square aperture, 1 om, on edge, which defines the two
additional dimensions of the effective scattering voluuwe, A slide
with three openings (not shown in the figure) is located between
this square aperture and the photocell., Two of the openings in
the slide are covered with Polaroicd sheet uriepted to pass light
polarized in horizontal and vertical directions, respectively.

The intensity of the scattered light is compared with that
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of the incident bean by means of a second photocell which receives
light diverted by a thin glass plate mounted imaediately behind
the slit and at 45° to the direction of the entering beams '‘he
two photocurrents arc compared by the use of a bridge circuite.

Ad justment of one of the pobentiomebers is made until a null
reading is obtained on a galvanomeber. Uirect calibration has
shown that measurements of relative intensity may be made with

an error not exceeding one per cent,

The photocells employed are HCA electron multiplier tubes
type No. 931-A, The tubes are normally operated at 90 volts per
stage by a conventional 1000-volt power supply with electronic
voltage regulation, The complete electrical circuit is shown
in Figure 11.

Electron mulbtiplier photocells are quite sensitive to the
direction of polarization of light incident upon them. This effect
may give rise to errors in the polarization measurements and has
been compensated for by the introduction of a switably inclined
glass plate which slightly polarizes the light just before it enters
the photocell, This plate is orientated in such & mamner that the
photocell will give a correct indication of the ratio of the inw
vensities of vertically and horizontally polariszed light.

The instrument polarizes the incident beam slightly because
of the use of a glass plate to rellect light to the coumparison
photocéll and because of the reflection by the mirror, This effect
is compensated for by a slight inclination of the glass filters

located before the initial slit, The instrument was adjusted
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until the measured value for the depolarization of the light scattered
from carbon disulfide agreed with the value reported by previous ine
vestigators.

The scattering cell used in the apparatus described above was
constructed from a 20-cm, section of Pyrex tubing, 35 mm. in outw
side diameter, with a 24/40 standard taper joint on the top, and a
disc of polished Pyrex glass cemented to the botbtom with an easily
fusible glass 44/, The standard taper joint is closed with a short
"horn" which serves as a light trap. The outside walls and top of
the cell wére painted with opaque lacguer except for a window
2 x 3 cme near the bottom, which is opposite the viewing lens when

the cell is located in the photometer,
Abgolute Calibration of the Light Scattering Photometer

The selection of a gcatiering standard was necessary since the
photometer is capable of giving only relative values of scattered
intensity, Some previous workers have made calibration neasurements
uging a diffusely reflecting screen for comparisons This method
has some difficulties and wmay involve a number of corrections, since
scattering by a volume in one case, and by a surface in the other
case, is compared, The use of a standard scattering liquid is cone
sequently much wore convenient in routine measurements,

Carbon disulfide has been found to be a very convenient standard
gince its scabtering power is comparable with that of the sclubions
ordinarily studled, and it can be rather eazsily prepared in a duste

free condition. In a sealed vessel it is stable if not exposed to
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violet lizht, One sample of carbon disulfide used for three years
as a standard, chiefly with light of 5461 X, showed no sensible change
in scattering power,

The scattering standard vwias prepared in the following marner,
The top of a scattering cell was drawn down and sealed to a Uwtube
which in turn was sealed to a bulb with a short side arm., Portions
of 40 ml, of reagent grade carbon disulfide and 20 g« of phosphorus
' rentboxide were then introduced into the bulb through the side arm,
The bulb was placed in a liquid air bath, the system evacuated, and
the side arm sealed off, The carbon disulfide was distilled from
the bulb into the scattering cell by placing the cell in an ice bath
and leaving the bulb at room temperatures The distilled carbon di-
sulfide was.swirled gently in the cell and then run back into the
bulb, This process was repeated a number of times until the scatterw
inz power of the carbon disulfide reached a constant minimum value,

The scattering power of carbon disulfide has been previously
measured by several investigators but it was thought very desirable
to check these determinations. The procedure employed was somewhat
similar to that used by Martin 45/ for ethyl ether,

The intensity of the scattered light is so faint in comparison
with the incident beam that it was not convenient to compare the
two light levels directly; instead the calibration experiment was
carried out in two steps, In one experiment the incident beam was
compared with the intensity of light scattered by a freshly ground
porcelain plate when the angles of incidence and scattering were

both 45°, In the second experiment the intensity of the 90° "volume"
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scattering of carbon disulfide was compared with the "surface"
gcattering of the porcelain plate, with angles of incidence and
scattering again at 450. These procedures could be carried out
without using neutral filters of excessively high density the
calibration of which is difficult.

In both experiments intensity measurements were made with the
photometer described above., Cells of the same design as normally
used in light scattering measurements were used. The porcelain
plate was suspended in one of these cells and immersed in carbon
disulfide to insure that light reflected from the plate was subject
to the same reflections and refractions at the cell walls as the
light scattered by carbon disulfide.

In the first experiment an auxiliary arc was employed which
could be moved about the circumference of a circle centered in the
scattering cell, The initial beam was so defined by lenses and
apertures that in the direct measurement of its intensity all of
the light, except for reflection losses, was captured by the view-
ing lens and was transmitted to the photocell,

In the second experiment the following precautions were taken
to simulate the effect of a volume scattering when the scattering
by the porcelain plate was measured. The porcelain plate was moved
step-wise in a direction parallel to the incident beam, and intensity
readings were taken at each step, The effective intensity of scatter~
ing by thé plate to be compared with the volume scattering of carbon
disulfide was then obtained by integration under the plot of intensity

versus plate position,



The results of the calibration experiment ars presented in

Table 3 together with the results of carlier investigators,

fable 3

Scattering Power of Carbon Disulfide

Investigator Wave Length Temgerature Scatt?ring Power
C i/Io

Bai 46/ 4358 30 12001070

Cabannes™ 47/,

Bhaavantan 48/ 5461 15 40201070

Martin 45/ 4358 20 138207

pai¥® 5461 30 39642070

This investigation 4358 25 151*10*6

This investigation 54,61 25 47*8'10"6

in view of thg difficulty of eliminating systematic errors the
final value of the scattering power of carbon disulfide may be somew
what in error, Since the resulis obtained by four investigators are
not widely different, an average value has been taken as more reprew
gentative of the true value than the value obtained by any one invege
tigator. The values of i/ff,for carbon disulfide which wre used in
tiis laboravory are, therefore, 43‘9*10“6 for a wave length of

5461 R and 1364100 for 4358 K.

* GCabannes gives the seattering power of benzene, The scatiering power
of carbon disulfide is calculated by the use of the relative scattering
power of earbon disulfide and benzene given by Bhagavantam.

** Caleulated from Baits value of the scattering at 4358 % with the
aid of the Lorenz~lorentz formula.
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Camera for Measurement of Angular Distribution

The camera designed to measure the angular distribution of
intensity of the scattered light is somewhat similar to one previe
ously described by P+ P, Debye 43/, but has several improvements,
The photographic method of measurement was chosen because it wag
degired to have satisfactory angular resolving power, This is
attended with low intensity levels and makes photoelectric measure-
ments somewhat difficults Furthermore the intensity of light
scattered at various angles can be ueasured simultaneously and
congequently any error which might be introduced because of periodie
fluctuations or dvrift in the sensitivity of a photoelectric instruw-
ment can be avoided. The camera desizned permits the direct com=
parison of light scattered at any angle with that scattered at 90°,
This feature practically eliminates grrors due to lack of uniformity
in the photographic film, and makes iﬁ;unnagqssary to correct fopr
effects due to‘the "spreading” of the scattered beam because of
refraction as it passes through the cell window, It reduces
errors dvwe to possible incorrect allowance for losses by reflection
at the cell window, althou:h these are not entirely eliminated
since the polarization of the two beams being compared may nnt
be the sane,

The essential features of the camera are shown in Figure 12,
The light from a mercury arc is focused on the rectangular aperture
2 x 3 mms (0). Llens (L) renders the lizht essentially parallel and

the diaphragm (D) limits the beam to a narrow shaft 4 mo. by 18 mn,



Pigure 12.
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BOTTOM

Camera for the determination of the angular distribu=
tion of scattering. (Figure is from an article by

Js Phys, and Coll. Chem., 53, 794 (1949).)
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This beam then passes up through a cylindrical scattering cell,
Scattered light passes throuzh aperture (U) and is recorded on a
strip of film (F) held in place by film holder (ii). The sliding
shutter (E) is located Jjust in front of the f£ilm and has 16 equally
spaced apertures, each 7 mm, by 36 mmn, A step wedge of nine steps
is held tightly in place against the inside surface of the shutter,
The position of this shutter can be shifted the distance of a width
of one aperture by a rack and pinion at (J). This device allows a
record to be made of the scattering at 16 angles, The position of
the shutter is then shifted to mask the exposed areas on the film
and to allow a second exposure to be made.s In the szecond exposure
the 90° scattering is recorded on the film adjacent to each of the
exposures which record the angular scattering, Fer this operation
the first lamp is turned off and the cell is illuminated through
the side slit (V), 3 mm, by 50 mm,, with a parallel bean of iight
from a second mercury arc. The film now receives light which is
scattered at 90° to the incident beam and which passes through

the cell window at the same angles as the angularly scattered
light,

The couplicte angular scattering apparatus is shown in Figure 13.
Light from an AHw4 mercury arc in the small lamp housing is made
monochromatic by passage through a cset of Corning filters in a holder
on the housing. The light is focused on the aperture (designated
as (0) in Figure 12) of the camera after being reflected by a mirror
set at 45° to the beam, The light is polarized with the electric

vector perpendicular to the plane inCluding the incident and scattered
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bean by a section of Polaroid film located just before the aperature
of the camera, Light from an Al~4 arc in the large lamp housing
illuminates the camera for the 90° exposure., The filters for this
light are located im the camera body just before the side slit (V)
of Figure 12,

In practice, a solution is carefully intreduced into the scatiere
ing cell, A 2-inch by lO~inch strip of £ilm” is placed in the £ilm
holder, and the small lamp is turned on, An exposure of about three
hours is used for solutions of normal scabtering. This lamp is then
turned offland the shutter is moved so as to cover the exposed area
of the film and to uncover the unexposed part of the film, The
second lamp is then turned on for a three~hour interval.

The developed film has 32 exposed areas, each of which has
received light through the nine steps of the step wedge, Density
readings are made with an Eastman Densitometer (llodel D), A come
parison is made between the densiiy of an area which received angue
lar scattered light and the two areas on either side which received
the 90° scattered light. An interpolation 55 mude %o determine
which steps of the step wedge allowed equal intensity of the anguw-
lar scattered light and the 90° scattered light to fall on the film.
Since the transmission of the various steps of the step wedge is
known, the ratio of the intensity of the angular scattered light
to that of the 90° scattered light can be calculated for the angles
corresponding to the sixteen apertures in the shutter, The aper=

tures cover the range of 22° to 161° in air,

* Bastman cut film, Panchromatic Super XX
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The symmetry of construction of the camera was tested by
weasuring the angular scattering of carbon disulfide, With ver-
tically polarized ineident light there should be no angular de=
pendence of scattering., Slizht changes were made in the original
degign until the observed scatbering curve of carbon disulfide showed
no angular dependence between angles of 60° and 120° as measured in

the liquid,
Preparation of Solutions for Light Secattering leasurements

Great care must be used in the preparation of solubtions for
light scatbering measurements if the results are to have signife
icance, Low molecular weight materials, such as impurities in the
solvent, may cause slight error because of their influence on the
refractive index increment of the solutes 4 more frequent and
gerious source of error is the presence of particles which are
large ir couparison with the solute molecules, Since the molecular
weight which is calculated from light segttering measurements is the
weight average molecular weight a relatively small amount of g high
wolecular weight impurity can completely invalidate a moleculsr
welght determinations The presence of a trace of a hizh molecular
weight lmpurity may alsc affeet the angular distribution of scate
“tered light so much that the estimation of molecular size and shape
becomes impossible,

It has been found impossible to prepare satisfactory solutions
for light scattering studies by any filtration procedure in cases

where the solvent is even moderately polar. Carbon disulfide may
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be reasonably well freed of motes by filtration, but solutions in
acetone or particularly in water appear always to be contaminated
by particles detached from the filter, This contamination may be
constant and may lead to erroneous conclusions. This is especially
true when the dissymmetry of the scattered light is being measured,

A procedure for preparing solutions for light scattering measure-
ments has been worked out which has given satisfactory results for
nitrocellulose in acetone solution and for several proteins in aque-
ous solutions,

The scattering cell is carefully cleaned by washing with soap
and warm water, It is then rinsed successively with water which
contains a little Aerosol 0,T., wiﬁh distilled water, and with chem=-
ically pure acetone, Since it is virtually impossible to remove all
dust from the rinsing liquids the scattering cell will still contain
a trace of material which will show up as dancing motes in the
Tyndall beam. Host of this material is removed by boiling out the
cell with acetone vapor. A water jacket is slipped on the scatber-
ing cell; it is inverted and placed on a still, There the cell
acts as a condenser where the remainder of the dust is washed out
by thé condensing acetone,

The solution is made up with chemically pure solvent. If the
solution is obviously turbid it is forced through a Seitz filter
dise (Hercules Filter Corp., No. 3)., Filtration is more effective
with organic solvents than with aqueous solutions, but is not com-
pletely satisfactory for either,

The solution is then centrifuged in a field which will throw
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down all particles of a wmolecular welght from ten to a hundred times
greater than the molecular weight of the material which is being
studied. Host of the solutions are centrifuged in a field of
32,000 g for 20 minutes in a centrifuge which was designed and built
in this laboratory .

Whale solutions which are prepared in this manner can conceivably
contain some impurity of an appreciably higher molecular weight than
the solute, experience hgs shown that its presence can usually be
disregarded. This has been found to be true for nitrocellulose and
cervaia roteing,

The amount of material which is centrifuged out is usually very
small, often so small that no change can be detected in the concenw
tration of the solution,

The turbidity of the solubtion and the dissymmetry of scattering
are usually markedly decreased by this treatment. Figure 14 shows
the effect of preparation on the angular distribution of the light
scattered from a nitrocellulose solution. The molecular weight
which was cgleulated from the turbidity of the filtered solubion
of this nitrocellulose was 373,000, while that from the centrifuged
solution was 185,000, The value from viscosity and osmotic pressure
measurements was 163,000,

The calculation of a value for the molecular weizht reguires
that the turbidity of a sclution be measured at several concentra—

tions and that a value of concentration divided by turbidity at zero

¥ This centrifuge, constructed under the direction of Ur, Staniey
Swingle, is capable of rumning at 20,000 rpm (50,000 g) for 30 minutes
without undue heati.g.
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concentration be determined by exﬁrapoiation. The following prow
cedure has been adopted for making these measurcments,

A portion of solvent and solubion are centrifuged. 4 clean
scattering cell is weipghed on a Chainomatic balance, The centri-
fuged soivent is introduced, the cell weighed, and the scattering
measured., A small portion of seolution is carefully added to ithe
cell; the contents are thoroughly mixed by gentle but extensive
swirling; the cell is weighed; and the seattering is measured.

The process is continued until sufficient data is oblained for -
making the extrapolation to infinite dilution, This procedure has
been found to give bebter results than the reverse process whereby
a solution is progressively diluted by the addition of solvent, The
effect of contamination is most serious in the dilute solutions,

and if these are measured first the danger of contamination is

decreased.,
Treatment of Light Scattering Data

If the scattering particles are small compared with the wave
length of light the angular distribution of scattered intensity
obeys Hayleigh's relation (1*'00929), and therefore equation (13)
is directly applicable to the datas. In general the direct deterw
mination of the turbidity, T, is not practicable because of its small
value and because of the couplication often presented by true gbe
gorption. In practice the value of the turbidity is calculated by
the use of equation (7) from the experimentally determined value of

the intensity of the 90° scattering,
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It a olot of ¢/ against c is made and the value of c/z at
infinite dilution is determined by extrapolaiion, the molecular

weizht is given by the expression

32%N
X, = ey A (15)
3amon* (31 \*(£2)
T lepyo
which follows from equation (13).
The working equation, however, is
A ¥Ne
¥, = 16
2 aman(3 )2 ( L (:1'2 (16
Jta L/Le’ a0\ Lesalqpe
where i/i is the ratio of the intensity of the 90° scattering

cs2

of the solution to that of carbon disulfide, 7This value has to

be multiplied by the proper Cabannes factor., By use of a value of

I

reduces to

L
<..E§é) o = 4'4°10“5 and a wave length of 5461 2 this expression

1.
Ma = na> (_a_n): _s. (17)
s ( Yies, )c,-'ro

In general the molecular weigshts calculated by the above
equation will be low because most solutions of high molecular
weight materials exhibit a definite anpular dissymweiry., For
particles larger than about a tenth of the wave length of light
the 90° scatbering is reduced because of intermolecular interw
ference, and the scattering envelope avound the illuminated particle
becomes quite asymuetric, The general treatuent of such scatber-
ing is quite difficult and has been handled rigorously oniy for
homogeneous spherical particles 49, 50/.

By the use of various approximations among which are, that
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there is little difference between the refractive index of the
golvent and the solute, and that the solute particles are of a

gize comparable to the wave length of light, Debye §§/ and Kuhn gé/
have derived expressions for the angular scattering of suspensions
of spheres, rods, and randomly coiled chains when such suspensions
are irradiated with vertically polarized light.

Plots of the angular distributions given by these models are
shown in Figzures 15 to 17. S/ for cach model is the ratio of a
characteristic dimension of the particle to the wave length of lights.
D for diameter of the sphere, L for len;th of the rod, and R for the
distance between the ends of a randomly colled chain,

Although in principle direct comparigon of the experinental
angular scattering curves with the theoretical curves would es-
tablish the shape of the scattering particle, such a comparison
is of little value because the shapes of the theoretical curves
differ but little from one another for the values of S/2 usually
encountered. This approach would require greater experimental
aceuracy than the light scatiering method is now capable of giving.

In practice the angular scattering curves have been merely
characterized by a dissyumetry coefficient, q, which has been
defined in this investigation as the ratio of the scattered inw
tensity at two angles, namely at 60° and 120° measured in golution,
The value of ¢ is sufficient characterization since the cwurves are
monotonics The value of g could be determined merely from two in-
tenslty wmeasurements, but it is more reliably determined froum a

smoothed plot of data taken over a range of angles.
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for a given value of g, dimensions of the scattering particle
equivalent to each of the three mo.vle can be evaluated from plots
of the theoretical angular intensity for the verious models. The
relation between g and these characteristic diuensions ig shown in
Figure 18,

The correction factor which must be applied to the value of
the molecular weight determined from the 90° scattering is merely
the ratio of the intensities of the scattering at 0° and 900, rem~
spectively. This factor for different values of S/g s, again cal~
culated from the theoretical scattering curves for the three models,

is shown in Figure 19,
Sunmary

A description is ziven of three instruments which were designed
for uge in a light scabtering investigation of nitrocellulose., These
are: a differential refractometer, a photoelectric photometer for
measuring 90° scattering, and a camera which measures the angular
distribution of scattered light,

The use of carbon disulfide is recoumended as a light scat-
tering standard, and a new determination of the absolute scatbtering
pover of carbon disulfide has been made.

A detailed procedure is described for ihe preparation of soluw
tions for li ht scattering measurements.

A brief sumary of the pertinent part of the light seattering
theory is presented and a description is given of the methods of

handling lignt scattering cata.
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Section VII, -The Determination of the Properties of Nitrocellulose

lolecules in Solution by Light Scattering Yethods™

Techniques and instruments developed in this laboratory for
the determination of the size and shape of high polymer molecules
by the light scattering method were described in the previous sections
This section will describe the application of these methods to a
study of a series of nitrocelluloge fractions which has resulted
in rather definite conclusions regarding the character of the nitro=
cellulose molecule in solution, The results obtained from the light
scatbtering measurements are correlated with viscosity and diffusion

data by the use of recently developed theories,
Experimental

The nitrocellulose specimens employed in this investigation
include several unfractionated commercial materials and seven
fractions, Fractions Se4,3; Se3,43; Sel,l=4; P=3,2; and P=4,2
all of approximately 13.4 per cent nitrogen content, were provided
by the courtesy of Professor J, W, Williams of the University of
Wisconsin.** Fractions designated as A and B were kindly supplied

by Dre Re L. Litchell of Hayonnier, Inc. The solvent used in all

* "The Determination of the 3ize and Shape of Nitrocellulose
lolecules in Solution by Lisht Scattering ldethods II, Experimental
Results and Interpretation" by Badger, R. li., and Blaker, R, H.,

Je Phys. and Coll. Chem, (in press)

st The details of the fractionation procedure are described in OSRD
Report los 4123, PB No, 18361, "The Characterization and Solubility
of Fractionated Wood Pulp and Cotton Linters Nitrocelluloses" by

Je We Williams et al,
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experinents was chemically pure acetone.
Viscosity Measurements

- > . . R I .
The viscosity measurements were all made at 25° C, with an
Ostwald capillary vissometer according to procedures described in

Section IT.
Refractive Index Increment

With each of the specimens examined the difference between
the refractive index of solution and pure solvent was deterwmined
at three concentrationg below one per cent, with the use of the
differential refractometer described in Section VI. Heasurements
were made at 25° C. with the 5461 R and the 4358 % mereury lines.
Iin all cases the refractive index was found to increase linearly
with concentration, within experimental error, The refractive
index inerewent, dn/de, was obtained from a plot of n versus c.
No dependence of this quantity on molecular weight was observed
but a marked dependence on nitrogen content is shown in Table 4
and Figure 20.

The trend of dn/de with nitrogen content is similar to that
reported by Jullander 51/, but the absolute values obbtained by that

investigator appear 1o be slightly low.
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Table 4

Hefractive index increment of nitrocelluloses of several nitrogen

contents in acetone, The concentration ¢ is expressed as weight

fraction,

Nitrocellulose N §n/dc . 107 B
Designation 2= 5461 A= 4358 &
Herculeg 60QmbHmd 10.98 99.8 10242
Hercules 2917 11,89 965 10L.0
Hercules 52 50 1z » 55 95 .0 9U 08
Herecules 2465 1394 0.3 93.0
Rayomer A 13,96 900

Light Scattering and Depolarization leagurements

The general procedure emplioyed in the light scattering meag—
urements has been described in Section Vie A8 was ithere discussed,
no filtration procedure has been found at all adequate for preparing
golutions in polar solvents, and the acetone solulions were conse-
guently centrifuged for 20 minmutes in a field of 32,000 z. which was
found adequate %o remove dust particles, ALl measurements here re-
ported were made at agproximately 259 ¢, with the 5461 K mercury line,
The measureuwent of the 90° scatbtering was made with unpolarized inci-
dent light and the absolute intensit) ~f scattering was determined
by comparison with a carbon disulfide standard. In Figure 21 repre-
sentative plots arc shown of ¢/i versus ¢, where ¢ is the concenira-

tion in weizht fraction and 1 is the intensity of scattering at 90°
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relative to that of carbon disulfide,

In connection with the 90° scattering measurements the de-
polarization of scattered 1lizht was determined with the incident
light unpolarized, No dependence on concentration or on molecular
weight was observed, The average depolarisation for four mitro-
cellulose fractions of 13.4 per cent nitrogen was found to be 0,029,

In studies of the angular distribution of scattering the inciw
dent light was polarized with the plane of vibration perpendicular
to the plane including incident and scattered beams, since this
gimplifies sovewhat the interpretation of the results. Ileasurements
of the intensity of scattering relative to the intensity at 90° were
made at a series of angles between 53° and 124° in solution, Plots
showing the results obtained in six fractions are shown in Figure 22,
The curves for fractions P=4,2 and for Hayonnier B are practically
identical and coincide in the plot.

In the concentration range 0.2«l.O'per cent no dependence of
angular distribution on concentration was found, which is in agreement

with the observations of Stein and Doty on cellulose acetate 30/.
Results of leasurements

Although in prineciple direct information regarding molecular
shapes should be obtainable from the shapes of the angular distri-
bution curves, this is in practice not yet possible. The curves
calculated for different molecular models differ little in shape
in the angular range of practical measurement, and very high accura-
¢y of measurement would be necessary to determine uniquely the molece

ular model which is applicable., Conseyuently the scatbering curves
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have been characterized merely by a dissymmetry coefficient g,
which is the ratio of scattered intensity at two angles, nanely
at 60° and 1200, measured in the solutions This quantity can,
however, be obtained more reliably from the smoothed plot of data
baken over a range of angles than fron two measurcments alone,

With the use of this dissymmetry coeiflcient a characteristic
dimension has been calculated for three different molecuiar models,
the sphere, the rod, and the random coil, by the use of methods
which have previously been described in the literature and have
recently been reviewed 38/, The dimension caleulated in the re~-
spective cases is the sphere diameter D, the rod length L, and the
root mean square distance between ends of the coil, V { B2 ) 4y, Which
we shall designate simply by K. These quantities are given in
Table 6,

It should be mentioned that the behavior of the Kayonnier
fraction B seemed to be somewhat anomalous in regard to the low
agyrmetry of scabbtering as coumpared with the high molecular weight
and high vigeosity .« The quantities calculated from the asymmetry
are consequently of somewhat doubtful significances.

in the determination of wmolecular welghits Lrom the light scabe=
tering data nobt only has the Cabannes factor been applied in all
cases, but for all except the fraction of lowest molecular weight
for which the asy.metry of scattering wus negligible, equation (13)
has been corrected by multipliecation of its right hand member by
a factor calculated from the dissymmetry of scattering. This factor
is the ratio of the intensities of scattering at 0° and 900, PG

spectively, Since the scattering at 0° is not observed it must be
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calculated frém the observed dissymuetry of scatiering, by employ?
ing one of the probable molecular models, lolecular weights calcus
lated on the basis of three models are given in Table 6, They differ
significantly only for the higher molecular weighls.

At very high molecular weights the spherical model may have
some validity, but the two models of particular interest are, of
course, the random coil and the rod. As will be shown below, when
the degree of polymerization, z, is much Less than 100 the rod model
is presumably the more nsarly applicable., At higher molecular weights
the cellulose molecule presumably assumes the characteristics of a
random coil, It should be pointed out, however, that the particular
random coil model on which the light scattering equations, and the
viscosity and diffusion eguations later to be discussed, are based
does not adequately represent the cellulose molecule, Consequently
it is net certain to what extent these eguations are applicable to
cellulose and the present considerations must be ragarded as tenta=
tive.

A portion of the molecular model upon which existing statiste
ical considerations of the random coil molecule have been based is
shown in (A) of Figure 23, The internal configuration of such a
chain is specified by one set of coordinates, Q&, the angles between
successive bond pairs, This model is presumably adeguate for repre-
senting the behavior of polyethylene and other similar substances,
Now in cellulose the two bonds connecting the two glucoside oxygens
to a given glucose ring may be approximately parallel, but their

projections are certainly far from coincident., Consequently if



Tla

S o p3,

Figure 23, Portions of two models for the random coil molecule
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one represents the cellulose molecule by a simplified model cone
sisting of a string of oxygen atoms connected by bonds represent=
ing the glucose rings, these bonds must each have an "offset!, as
shown in (B) of Figure 23. To describe the configuration of the
chain a new set of coordinates is required which relate to the rotae
tion of the "kinked bonds" about axes parallel to their extensions.
The importance of the new degrees of freedom is shown in the figure,
which presents four of the sixteen possible planar configurations
corresponding to one planar configuration Qf the polyethylene model,

A theoretical treatment of the cellulose model must certainly
be made before one can be quite certain that conciusions based on
statistical considerations of the simpler polyethylene model are
valid in the case of cellulose and its derivatives, If these con-
clusions are valid we should expect that R, the root mean square
distance between ends of the molecule, would increase with the square
root of %, the degree of polymerization, provided that z is not too
small, Actually the calculated R/z% is found to decrease slightly
with 2, as may be seen in Table 7 and Figure 24, An even stronger
trend was observed for cellulose acetate by Stein and Doty QQ/.
Whether this trend is due to the reasons just mentioned or results
from experimental error remains to be determined.

The regults of the light scattering and viscosity neasurements
are presented in Table 5 and quantities derived from them in Tables 6
and 7. For correlation with these data diffusion constants 're much
to be desired, but unfortunately accurate diffusion measurements on
nitrocellulose fractiong do not appear to have been made, Ve conw

sequently include approximate diffusion constants determined in this
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laboratory by a rapid method gg/'which may be sufficiently accurate
to be of use in the following discussion. Thege constants show pree
cisely the same trend with molecular weight as was found by Jullander
for unfractionated material 51/, but are about 25 per cent smaller.
This difference is not unreasconable congidering that the two sets of
measurenents involve fractionated and unfractionated materials, re=

spectively.

Table 5

Data on Light Scattering, Viscosity and

Diffusion of Nitrocellulose Fractions in Acetone Solubion

Sample No,  Nitrogen  Intrinsic 7 Asymmetry Diffusion

Con;ent Viscosity (random coil) of Scatter Lonsta?

% [ﬂ] (a= Tgg/TaooP) (em? sec xlO

Sy y3 13.18 0430 9,400 (=1 2,
Sw3 44 13.36 1.20 35,000 1,10 10,6
Bk dok 13.44 2422 50,000 1.13 6.9
Pm3,2 13.41 2.98 93,000 1.22 be5
Pty 2 13.42 6486 319,000 1,38
Ray B 13,96 14.90 400,000 (1.31)
Ray A 13,96 21.00 518,000 1.86
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Table 6
Holecular Weights and Dimensions for Three Different

Molecular iodels

Light Sca%teringﬂﬁolecular Yeights Molecular Uimension (A&)
) ~ D L . R Extended

Sanple  Sphere fiod Coil (sphere) (rod) (coil) Length™

Sty 3 9,400 9,400 9,400 170

S=3,4 35,000 35,000 35,000 605 805 645 630

Swl,l~4 49,000 49,000 50,000 635 890 725 900

P=3,2 87,000 89,000 93,000 400 1210 960 1670

Pe4,2 298,000 312,000 319,000 1080 1690 1250 5700

Ray B 356,000 370,000 400,000 (965)  {1450) (1120) 6550

Ray A 394,000 518,000 1470 2008 9200

G Galculated on basis of the molecular weight for the random coil model

Table 7
"Staudinger Constant'" and "Effective Bond Length®
for the Random Coil lolecule

Sample 1 (/2 = 103 R/é%

b4

(1.P.) (4)
84,3 33 5.8 91
Su3,4 123 111 10,5 | 58,0
Sel,lmf 176  13.3 12,6 5445
Pn3,2 327 184 94l 53,0
Pet,2 1120 33.5 6.0 37.2
Ray B 1360 3649 11,9 (30.4)

Ray A 1760 41.9 10.8 1942
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lation between diffusion and viscosity data, but since this relation
is rather more explicit in the Kirkwood-fisemann theory, and is
based on a more definite molecular model, our discussion will be
largely restricted to that case, BHoth theories represent ade-
quately the wmolecular weight dependence of viscosity in poly~
styrene, etc., but the more severe test of correlating viscosity
and diffusion data has not yet been made. (Hereafter, the Kirkwood-
Risemann theory will be referred to as the K-l theory.)

In atbempting to apply either theory to cellulose and its dew
rivatives one meets with serious difficuliy. If the paraneters
are so chosen as to it the decrease in [/] /z which sets in with
z 400, the region in which it is relatively constant is not well
repregsented, as will be shown below, The reason for the failure
of the theory in the low molecular welght range is obvious if one
congiders the data in Table 7. The statistical methods employed
are valid only when z is not too asmall, and the more restricted
the rotation of groups in the molecular chain the larger the value
of z at which the theory becoumes applicable, The lower limit of
applicability may be roughly estimated as follows, The statistical
treatment yields the result that for z suffieciently large, R = bﬁé,
where i is the root mean square distance between ends of the polymer
chain, and the proportionality constant b is an "effective" bond
length, The more restricted the rotation the greater will be the
ratio of b to by, the actual length of monomer units But since it
is physically impossible that R > bz we may expect that the statis-
tical method will be applicable only when byz ) bz%, or when

% 7 (b/bo)z. Now all measurements agree in indicating that the
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molecules of cellulose and derivatives are rather stiff, and at
moderate molecular weights are nearly fully extended. In the case
of nitrocellulose our light scattering data yield the value b~ 54 X,
as shown in Table 7. From Z-ray date on cellulose we may btake
bof» 541 g. Consequently we may expect the K-R theory to fail Whgn
% < 100, and to predict teo high values of [QL&;fOF sualler values
Qﬁ Z. This indeed apgpears to be the case.

| There are few viscosity and molecular weight data for @ ( 100,
but examination of all reliable data on fractionated cellulose ace-
tate or nitrate with which we are familiar suggests a rather sure
prising fact, namely that [1”/2 appears to have a broad maximum
at'z-\ 120, HNo one set of data by itself at all adequately supports
this conclusion, In sone cases the measurenenis do not extend to
sufficiently low molecular weights for the assumed cdecrease of [/ /z
to be observed, In other cases the data have not been interpreted
in the manner now regarded as most acceptable, It is, however,
rather impressive that seven sets of data, involving molecular
weight determinations by four methods, all more or less strongly
support the conclusion. These data are quoted in Table 8, and
a few sets are represented in Figure 25.

The region z ¢ 80 would repay investigation, but this will

be rather difficult since the range of special interest is precisely
that in which molecular weipght determination becomes very difficult.
One can, however, make a rough cstimale of the behavior to be ex=

pected in this region,.
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Table 8
Cellulose lolecular Vieightb Investigators References
Derivative Determination
Hitrate lizht scattering Blaker
Nitrate equilibrium sedimcatation  Hosimann 58/
Nitrate osmotic pressure Husemann anrd Schulz” 59/
Mitrate osmotic pressure Blaker et al. &/
Acetate osmotic pressure Badgely and lark 53/
Acetate osuotic pressure Sookne and Harris 61
Acetate sedimentation rate Singer, Sookne,

and Harris 62, 61

* These authors used a thermodynamically unacceptable function to
extrapolate the reduced osmotic pressure to zero concentration and
the reported molecular weights are consequently somewhat in ervor,
If the data are recalculated according to accepted practice the
values of [M/z show a trend in reasonable agreem:nt with other

$3e )

fhen 2z is small the length of the stiff cellulosse molecule

will increase with a power of z which is at first nearly unity, but
¢radvally decreases with increasing z. In this region the Simha 63/
treatment of the elongated prolate ellipsoid should be reasonably
applicable and [%]/z may be expected to increase with a power of
z at first somewhat less than unity, and slowly diminishing. As
the slight flexibility of the molecule accumulates, the random coil
model will eventually become applicable and [//z will decrease as
is predicted by the newer viscosity theories, and as is observed for

The approximate validity of the simple Staudinger relation over
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the range of moleculsr weights which is of most practical interest

is consequently seen to be rather accidental and results from the
occurrence within that ranze of a flat maximum of [N)/z in the tran-
sition region where the cellulose molecule loses the character of a
rigid rod and gradually assumes that of a random coil. This maxi-
mum way have interesting consequences when the Staudinger equation

is used for esitimating welght average molecular weights of heterow
geneous matsrials,

The viscosity and diffusion data on cellulose and derivatives
are inadequate for making a really satisfacltory test of the K«R
theory in the region in which it may be expected to be valid., Ve
nevertheless present our own data together with those of other in-
vestigators on cellulose acetate, for comparison. In Figure 26 the
diffusion data are plotted. According to the K-k theory the plot of
Dz versus z% should be a straight line, Although the data on nitro-
cellulose are admittedly not precise they show the Same trend as
data on unfractionated material obtained by Jullander 51/ and we
consequently believe that the slope of the line drawn through the
points can net be greatly in error.

The K-R viscosity and diffusion equations involve two molecular
parameterss b, an effective bond length, and J the frictional
constant of the monomer unit, Values of these constants obitained
from the slopes and intercepts of the plots of Figure 26 are given
in the first row of Table 9, In the case of the nitrate the effec-
tive bond length, b, lies within the limits determined froz our

light scattering measurements., In the case of the acetate the agree-
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ment is less good. I+ seems possible to us that Stein and Doty gg/
have somewhat overestimated the asymretry of scattering due to the
presence of contamination. Certainly to judge from the viscosities
one should expect b for the acetate to be smaller than for the nitrate
if P, the frictional constant of the monomer unit is of the same
order of ragnitude,
it is obviously not »ossible to obtain a unique set of param=

eters from the viscosity data alone since the Keit theory approaches
validity only at the upper end of the molecular weight range inves-
tigated. According to this theory plots of [W/z versus z% for all
linear polymers should be brought inte coincidence by approbriate
changes in the scales of abscissae and ordinates, The scale factor
of abscissae depends upon A, which is prﬁportional to the ratio
J/v. In Figure 27 curves are drawn for two values of 2,. The
solid curve in each case corresponés to the value of R, indicated
by the diffusion data, and the shape of the curve appears to fit

the viscosity data reasonably well in the upper range of molecular
weights, However, in cach case the value of K, (the limit of (7] /2
as z - 0), which must be chosen to make the curves pass through the
experimental points, is only about half that predicted from the dif=
fusion data. This discrepancy is not too serious since according to
the theory'xo is proportional to S b°. If the digcrepancy is pro=
portionally distributed over both J and b it consequently amounts

to an error of only about 25 per cent in each parameter,
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Table 9

Kolecular Parameters of the Kirkwood-Risemann Viscosity

and biffusion HEquatvion Determined in Various Ways

Cellulose Nitrate Cellulose Acetate
Method (L3+4 per cent nitrogen) Diffusion Data: Singer _(_)_2_/

Viscosity Data: Badgely and Mark 53/
Light Scattering
Data: Stein and Doty 30/

b®) TFx0°  Axo® ka0’ v®) Ixo® Agac® gm0’

(g/sec) (g/sec)
Diffusion L6 0.8 443 34 32 111 8.0 23
Viscosity e v 440 15 e v (440) (8.8)
— (8.0)  (20) — —— 2,0 12
Light Scattering 57-32 (73=54)

b is the effective bond length; J the frictional constant of the
monomer unit; K, the limit of [7]/z as 2 »0; and R o in the K-R
theory is defined as J/(V em? 7 ob) s where Mo is the cosfficient

of viscosity of the solvent,
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A question of some interest is whether the large dependence of
the intrinsic viscosity of cellulose derivatives upon the degree of
substitution, is to be attributed to diiferences in the frictional
congtants of the monomer units, or to differences in the "stiffness”
of the molecules., It is evident that the effect of these two factors
will depend considerably upon the molecular weight range under cone
siderations In the range of usual interesgt the K~i theory is ap=
proaching validity and predicts that the intrinsic viscosity will
increase with somewhat less than the first power of J', and with
somewhat more than the seccnd power of b, The high viscosity of
the high nitrogen Rayonnier fraction A, in comparison with nitro-
cellulose of 13.4 per cent nitrogen, consequently is qualitatively
accounted for by the more extended, stiffer molecule indicated by
the asymmetry of scattering., In the case of the celluloge nitrate
and acetate, for which data are shown in Figure 27 and Table 9,
the diffusion data indicate that a more extended molecule is re=-
sponsible for the greater viscosity of the nitrate, although the
larger value of b is partially compensated for by a smaller J .

As was previously mentibned, the guestion must remain open
for the present as to the extent to which the K-~K theory based on
the polyethylene model is quantitatively applicable to cellulose

and its derivatives.
Summary

A series of nitrocellulose fractions covering the molecular

welght range 9,400-518,000 nas been investigated by liht scattering



83 a

o® NITRATE. BADGER AND BLAKER

a
[0}
=
N
| | I
§ 10 20 30
F, 26
I | I
® SOOKNE AND HARRIS
ACETATE SINGER
09% , O BADGLEY AND MARK e
10 © .00 —
45
5
| 1 1
10 20 30
z2

Figure 27, A couparison of experimental values of [ N/ /z with
those predicted by the K-R theory. The scale of
the right ordinate is for the data of Badgley and
Yark,



83

methods. The nitrocellulose molecule has been shown to be rel-
atively stiff, and to be nearly fully extended up to a degree of
polymerization z ~ 100, The "effective bond lengﬁh" of the random
coil observed at high wolecular weights is roughly 50 3, aboub

10 times the length of the monomer unit, This conclusion is supe
ported by diffusion data interpreted in the Llight of the recent
Kirkwood=iisemann theory of viscosity and diffusion. This theory
is, however, shown to be valid for cellulose derivatives only for
degrees of polymerization in excess of 100. It is suggested that
the validity of the simple Staudinger viscosity velation in the
wolecular weight range of usual interest is somewhat accidental
and results from the occurrence of a broad, flat maximum of [7]/z
in this regions Yhis maximum presumably corresponds to a transition
in which the cellulose molecule loses the properties of a rod and

assunes those of a random coil,
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Section VIII. Shape of the Nitrocellulose Holecule in

Different Solvents

Many of the earlier studies of the molecular properties of
nitrocellulose in solution were designed to prove or disprove
Staudingerts hypothesis that there is a siuple relation between
the molecular weizht of a polymer and the intrinsic viscosity of
its solution, Considerable data was presented to show that the
intrinsic viscosity of solutions of nitrocellulose was independent
of the solvent g&/. Later experimental investigations have shown
that the intrinsic viscosity is really dependent on the solvent,
and recent articles have given theoretieal justificabion for the
dependence, 65, 56, 57/«

The intent of this brief investigzation was to correlate the
dimensions of the nitrocellulose molecule in different solvents as
determined by light scatbering methods with the intringic viscosity
in these solvents. It was soon found, however, that those solvents
in which nitrocellulose gave a very high viscosity had a refractive
index so near to that of nitrocellulose that light scattering measure~

ments did not yield significant information,
Experimental,

The intrinsic viscosity of a commercial nitrocellulose, Hercules
No. 8432 (cotton linters, 12.6 % nitrogen) was measured in seven sol-
vents, and the results are tabulated in Table 10, The technique em-

ployed in making the measurements has been described in Section II.



85

Table 10

Intrinsic Viscosity of Hitrocellulose in Different Solvents

Solvent Intrinsic Visecosity
at 25° C,
Acetone 2450
Ethyl Acetate 2+90
Diethylketone 2495
Hitropropane 3.14
Diisopropylketone 3.30
lonanone 3,70
Nitrobenzene 4460

Angular scattering measurements on Nitrocellulose Mo, 8432
by the technique described in Section VI gave a value for q, the
dissymnetry coefficient, of 1.,2<2 in acetons and 1.23 in nonanone.
Since this difference is only slightly greater than the experimental
error it did not seem profitable to measure dissymmetry coeificients

for solutions in the othecr solvents,
Discussion

The theory of Kirkwood and Eisewann 57/ leads to the conclusion

that for a polymer molecule which can be approximated by the random

3
coil model the molecular weight is proportional to the quantity f%%'

where K is, again, the roo% mean square distance between the ends of
<IN
the molecule, The value of fi; snould therefore be a constant inde-

pendent of the soivent.
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If nitrocellulose is assumed to be a random coil, a value of
B corresponding to the observed value of q can be taken from Figure 18
of Seetion VI, A value of q of 1,22 gives R =-960 R, and a value of
g of 1.22 gives K = 1040 R.
(9e0)? (1o%o) *

750 is equal to 370 within the uncertainty of the

respective values of R it follows bhat the observed difference in

Since

attributed, at least te a large degree, to the difference in ithe degree
of extension of the molecule in different solvents,

This resul®t is in agreement with the result of a light scate
tering investigation of polysiyrene in various solvents éé/. In
general the observed change of intrinsic viscosity is not as large
for nitrocellulose as for various synthebic polymers becauvse the
nitrocellulose molecule has Leen found to resist exbensive colling

in solution as shown in Section VII,
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Section IX, Properties of Nitrocellulose in Binary Solvents

Although the progressive addition of a non=-golvent to a nitro-
cellulose solution will eventually precipitate the nitrocellulose
and is the basis of the common fractionation procedure, it has been
recognized that the presence of small amounts of certain non-solvents
will enhance the solvent power of even the best nitrocellulose
solvents, Kraus 67/ reported that nitrocellulose would go into
solution faster in acetone containing a little water than in pure
acetone; also that the rate of solution was greater in a mixture
of hexane and ethyl lactate than in ethyl lactate alone, Wilson
and Miles é§/ concluded that nitrocellulose was solvated to a
greater extent in a water-acetone mixture than in pure acetone,
and Nakashima and Saito 69/ found that more heat was liberated
when nitrocellulose was dispersed in a mixture of benzene and ace-
tone than in pure acetone, Similar data have been reported for
other polymer-solvent systems.

Dobry 70/ has reported that the osmotic pressure of a nitro
cellulose solution is the same in a binary solvent as in a single
golvent, and Cee 7L/ has obtained comparable results for rubber in
mixed solvents,

Staudinger and Sorkin 72/ found that the intrinsic viscosity
of a nitrocellulose solution in a water~acetone mixture did not
differ from that in acetone until almost enough water was added
to cause precipitation, Weissburg and Simha 22/ have reported the
gsame regult for cellulose acetate in mixtures of acetone and methanol.

Ewart, Roe, Debye, and licCartney 74/ found that the turbidity
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of a polymer solution was markedly influenced by the addition

of a second fluid 75/ and have developed a theory which explains
the change in turbidity as being due to changes in the refractive
index of the solute particles because of preferential absgorption

of one of the solvent components, Kirkwood and Goldberg gé/ and
Stockmeyer Zé/ have recently developed theories of the light scat-
tering of multicomponent systems which explain the increase in ture
bidity of a polymer solution in the presence of the second solvent
component as being due to thermodynamic interactions between the
macromolecular solube and the components of the solvent,

This phase of the investigation of nitrocellulose was undere
taken to learn whether light scattering experiments would be of
value in understanding the behavior of nitrocellulose in mixed sol-
vents, The general breatment of the light scattering of multi-
component systems has been made available to me in advance of its
publicatlion through the courtesy of Professor Kirkwood and this
theory has guided the light scattering experiments which will be

deseribed,
Light Scattering Theory for Multicomponent Systems

Einstein 33/ has derived a general expression for the tur=
bidity due to scattering, T, , of any fluid in terms of the wave

length, 2 , of the incident light and <h€a , the dielectric

av
constant fluctuations in voluwme, V,

g’
T, = ﬁ'v' v <A€a>av (18)



89

Hirkwood and Uoldberg have been able to evaluabe the contrie
bution of fluctuations in composition and density to the term
<}5€i>av of the Finstein equation by the use of the grand canonical
ensemble of Gibbs,. Their eguation twelve is a complete expression

for the turbidity of a solution containing ¥ components,

- 877‘3 _@3 /ﬂ/cl( Ji J_£
LS -3—2? % (3- Plme M’P Z /B/ Jct)ﬂ?ff JCK)ﬂRQ. (19)

in which
d is the isothermal compressibility,
)3 is the mass of the major solvent per unit volume,
Né is Avogadro's number,
Agy is the determinant of the thermodynamic coefficients;
for example,

5. - CJ’« é/((.)
k- Merr( Jec Inpe

b@&K is the appropriate cofactor of the determinant

When equation (19) is constrained to a gystem of three com—
ponents, a high molecular weight solute and two low molecular weight

solvent components, it takes the form:
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HaMa BT [ =3 Wit 82w, *

) (e
W, = 3am3na /3n\?
2T 3mpat dCa)
€= n
Wl-(%ﬁ)/(%__%_l)
1

(20)

** Gl

where T is the turbidity of the solution less that of the solvent,
n is the refractive index of the solution,
M is the chemical potential, and
¢ is expressed as graus per gram of the major solvent coine

ponent.
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Since U, =R7’167¢ t: + 4P (21)

where &’,-_ is the activity coefficient of component i, equation
(20) can be put in a more convenient form by expressing laye e

in a power series

2 2
loferi’-'-Z Ack Ck "'Z Bije Gt - - (22)
K=t Ji1K
=t
and A as
h =g t, 0, +0ka Co (23)

When these expressions are substituted into equation (20) and
all terms inveolving the cube or higher powers of the concentration

are dropped, the following working equation is obtained:
H;& = 3 {l'l' ol + 6oy ta tGasl” +6¢C +60a ot
T Ma
where
Go = A%oAia Gy = Az ;| Gp™ 2Bsa (24)

Gre = Hdhe B";l -~ dde A Aia + 30 Az + 37 An?.\..

. 4] -
6 = D.(H" 3 ,T,'j"‘b)B;,; ‘%ﬂ,: t+ ddo Aia Arz + Ad2Aia

-A—” = ._'0_'." 8asi - _E:_/g-
M" MI _ﬁ: M{

where the subscript 2 refers to the high molecular weight species and
1l to the second solvent component, The A's and B's are constants

which are defined by equation (22).
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The magnitude of the interaction between a polymer and the
solvent components may be expressed by the change in the activity
coefficient of the polymer in the presence of congnent ond of the
solvent, The activity coefficient of the polymer, 6’2, may be

defined by the following explicit expansion of eguation (22):

2
Zaye h=ﬂm ¢ + Ara C,.*B;/, e+ 2832 & Ca "'&21 (.'.,_1 + - (25)

All of the interaction constants but one, s in this equa~-

B
112
tion can be caleculated from the values of the G's determined from
light scattering dats through equation (24)., The expression for

Bllz involves the value of A 1 which is defined by equation (22) in

¥
the absence of the high molecular weight species:

'l'etled’,=,4,,¢.+8,u¢,"+"" (26 )

The value of All can in principle be determined from psrtial
vapor pressure data on the system composed of the two solvent come

ponents.,
Light Scattering ieasurements

A commercial cotton linters nitrocellulose, Hercules No. 8432
(12.6 per cent nitrogen) was chosen for this investigation. It would
have been preferable to use a well characterized nitrocellulose
fraction, but a sufficient quantity of any was not available.

The following solvent systems were studied: acetone-water,

y . %
acetone-ligroin”, acetone-normal butyl acetate, acetone-secondary

* The boiling point range of the ligroin was 60-70° C.
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butyl chloride, and acetone-diethyl phthalate., Acetone was the
major solvent cﬁmponent in all the mixtures, fhese systeus were
chosen because in each case there was some characteristic property
of nitrocellulose which might be explained if the interaction between
nitrocellulose and the binary solvent was understood. For acetone=
water the unexplained observation was that nitrocellulose will go
into solubion more rapidly in the mixture than in pure acetone.
The acetone~ligroin system was studied because, although ligroin
is an effiecient precipitant for nitrocellulose, sbsorption experi=
ments 77/ have indicated that there is considerable affinity of mitro=
cellulose for ligroin. Dhethyl phthalate-acetone was chosen because
diethyl phthalate is a widely used plasticizer for nitrocellulose
and consequently there must be some interaction between it and nitro-
cellulose, [lixtures of butyl acetate and butyl chloride with acew
tone were studied, because these components have essentially the
same refractive index, but butyl acetate is a good nitrocellulose
solvent and butyl chloride is a non-~solvent. Any difference in the
turbidities of these two systems might therefore reflect the re#son
for the difference in solvent power. The solvents, with the excep=
tion of ligroin, were C.P, quality. The ligroin (Skellysolve) was
uged without any further purification.

lieasurements of 90° scattering were made at approximately 259 Cey
with the use of the instruments and technigue described in Section VI
Extreme care had 1o be exercised in the measurements of the refrace
tive index increments, since the refractive index of both the solu~

tion and solvent could be changed by the evaporation at different
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rates of the two solvent components. This effect which could pro=-
duce congiderable error, especially in the acetone-diethyl phthalate
mixture, was not eliminated entirely but was reduced by the rapid
trangfer of the solutions from the mixing vial to the refractometer.
The same effect was operative during the preparation of solutions
for the turbidity weasurements but was reduced by carrying out the
centrifugation in a sealed rotor in a refrigerated centrifuge,

The 1ight scattering results were plotted in the usual way,
and are shown in Figures 28 to 32. The proportion of acetone and
the second solvent are expressed in volume per cent. Since the
value of H, in these plots has somewhat different units, following
those used in the Kirkwood-loldberg treatment, from that of H for

the usual two-component system, Hz will be re-defined explicitly.

3am3n? ;3n\2
Ha= (5%.)

.3Noﬂ,ﬂ" (27)

where n is the refractive index of the solution (acetone, nitro-

cellulose and the second solvent component),

A is the wave length of the incident light,

N is Avogadro's number,

f2 is grams of acetone per ml, of solution (solution as
defined above),

C; is grams of nitrocellulose per gram of acetone, and, for
for future reference,

01 is grams of second solvent component per gram of acetone.
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2. 95 % ACETONE 5% WATER
0.5/ — 3.93.5% ACETONE 6.5% WATER
4.92% ACETONE 8% WATER
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Figure 28, Turbidity data for nitrocellulose in acetone-waber

mixtures
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Figure 29, Turbidity of nitrocellulose in acetone~ligroin

wixtures
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1.100% ACETONE
Lo 2.97% ACETONE 3% BUTYL ACETATE

3.95% ACETONE 5% BUTYL ACETATE
4.85% ACETONE 15% BUTYL ACETATE

Figure 30, Turbidity of nitrocellulose in acetone~butyl acetate
mixtures
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Figure 32, Turbidity of nitrocellulose in acetone-diethyl

phthalate mixtures
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The turbidity was calculated frow the 900 scattering alone
since although this nitrocellulose, Hercules No. 8432, exhibits
an appreciable asymmetry of scattering (¢ = 1.22 in acetone) the
dissymaetry is not changed appreciably by the addition of the second
solvent coumponent, Strictly speaking, the theory of Kirkwood and
Goldberg is limited to solutions which exhibit no dissymmetry of

scatbering.
Vapor Pressure ¥easurements

As mentioned above, one of the interaction constants of
equation (25) can not be evaluéted from light scattering data alone,
but can be calculated if in addition to light scattering data the
partial vapor pressures of the solvent components are known, Vapor
pressure data on the systen water-acetone at 25° Ge. was found in
the literature 78, 63/, but that of the other systems had to be
measured.

A modification of the dynamic method 79, 80, 81/, was used in
making the vapor pressure measurements., The procedure is briefly
this: Nitrogen (Linde Iry Nitrogen, 99,9%) was bled from a cylinder
through a reduction valve at 3 mm, pressure into a series of three
saturators containing 50 ml, of the particular solvent mixture,
through two absorbers in series (Schwartz drying tubes) subuerged
in an ether-dry ice mixture, on throuzh a second series of three
saturators filled with aceteone, and through two absorﬁgrs. The
saturators were submerged in a constant teuperszture bath at 25° Ce
The design of the saturators follows closely that of Bichowsky and

Storch 82/, except that the connections were made with 10/30 standard
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taper joints. The connections to the absorbers were made wilh 12/4
spherical joints so that the absorbers could be removed readily for
weighing. Corning-low gtopcock grease was used on all the glass
Jjoints, The connecting tubes between the saturators and between the
saturators and absorbers were painted black and illuminated with a
250-watt infrared lamp at a distance of about three feet to prevent
solvent wvapor from condensing in the connecting tubes, The ether-
dry ice mixture was used to trap the solvent vapor since Washburn
and Handorf g1/ reported that this mixture was nearly as efficient
as liquid air for condensing ethyl alcoholw-cyclohexane vapor. Open—
end manometers were placed in the system before the firsd serieg of
saturatérs and after the first series Qf absorbers to measure the
presgure in the system. The flow of nitrogen was adjusted so that
after a steady state wae reached the pressure was 3 mm., on the first
series of saturators and 1.5 mm, on the second. The absorbers were
weizghed on a chainomstic balance before and after a run to debermine
the amount of distillate collected., The distillate composition was
determined frow its refractive index by use of a calibration curve,
The refractive index of the solvent mixture in the third of the first
series of saturators was neasured afber each determination to detect
any change in solvent composition durding the course of the run,
There was no appreciable changze for the mixtures which were studied.
An electric fan was used to pass air over the absorbers before each
welghing so that the surface of the absorbers would be rapidly equili-
brated with the laboratory air after being rewmoved from the ether=

dry ice bath, Baromeiric readings were taken before, during, and
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after each run; since there was little change during the course of
the determination an average value of the pressure was used, The
solvents were the same as those used in the light scattering ex-
periments with the exception that normal hexane was substituted for
60-70% b.pe ligroin.

Trial runs were made with acetone in both sets of saturators
and minor changes were made until the weights of distillate col=
lected in the two zbsorbers agzreed to within one per cent,

The method of caleulation, briefly, is as follows: Since
the vapor pressure of pure acetone is known ég/ and since the number
of moles of acetone which were condensed in the second series of
gbsorbers is known, the number of moles of nitrogen which were passed
through the systen can be caleulated, The vapor pressure of the
golvent mixture is given by the total pressure multiplied by the
ratio of number of solvent moles to total moles; the former can be
caleulated fror the weight and composition of the mixed solvent dise-
tillate. The partial vapor pressure of each solvent species is
given by the product of the vapor yressure of the mixture and the

mole fraction of that solvent species. The results, for the four

gystems, are tabulated in Table 11.
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Table 11

Partisl Vapor Pressures at 25° C,

Acetone~fiexane
Concentration, Hexane Partial Vapor Pressure

#ole Fraction Weizht Fraction, Cl* of Hexane, ma,

040275 0.0418 12,6

0.0536 0.083¢ 43,1

0.,0784 01254 5346

0.1015 0.,1672 68,0

0,1240 G 2090 7645

1.00 : 153.5

Acetone~Butyl Acetate

Concentration, Bubtyl Acetate Partial Vapor Fressure
lole Fraction Weight Fraction, C,* of hcetone, mn.
0.00 0,00 229,2
0.0271 0.0556 223,8
0,0528 0.1112 221,8
0,0772 0.1668 219.5

0,1002 042224 216,0



Table 11 (continued)

Partial Vapor Pressures at 250 C.

Acetone~-Butyl Chloride

Concentration, Butyl Chloride Partial Vapor Pressure

liole Fraction Vieight Fraction, 01* of Butyl Chloride, mm.
0.0334 0.0553 Ba7
00646 0.1101 16,7
040940 0,1652 23,3
0,1215 042201 30.2
041480 0.2752 34,9
1,00 156.0

Acetone~Diethyl phthalate

Concentration, Diethyl phthalate Partial Vapor Pressure

liole Fraction Weight Fraction, Cl* of Acetone, mma%*

0.00 0,00 229.,2

0.0182 0.0708 227,0

0.0358 041416 223.5

0,0527 042124 217,0

0,0692 042832 21440

0.0850 0.3540 210.2

* Grans per gram of acetone

o Butyl acetate and diethyl phthalate were for practical purposes
non~-volatile at this temperature and these concentrations
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Treatment of Data

The light scattering data presented in Figures 28 to 32 can

be fitted by an empirical equation of the form

Ha%: Ko + K tKaCa+ KsCCa + Ky >+ KsOl 4" (28)

and the values of the K's can be determined from the experimental
data. KO ig the value of the Ha.-%"' intercept at cl = 0O and is the
reciprocal of the weight average molecular welght of the nitroe
cellulose, K2 is the slope of the light scattering curve when

cl = O K1 and K4 can be evaluated from the best empirical egua-
tion of the curve obtained by plotiing thelks%? intercept against

¢ K is determined from the initial value of the slope of the

1* 73
curve obtained by plotting the slopes of the light scattering curves
against ey

The values of the G's in equation (24) ean readily be calculated
from the K's determined above and in turn all the interaction constants
of equation (25) except B can be calculated from the G's,

112
The expression for B___ involves the ternm, All* which is defined

112
by equation (26) and which can be caleulated from partial vapor
pressure measurenents on the solvent systems in the absence of nitro-
cellulose.
If the assumption is made that the partial vapor pressure of

the solvent component one is a measure of its activity the value

of All may be obtained with the aid of the relation
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A 7
An¢, + Bui* = -(0762';"&1"::,(1"7355) (29 )

which follows from equations (21) and (26).

A plot of logePl/bl versus ¢; for the hexane-acetone, water-
acetone Z§/a and butyl chloride-acetone systems is shown in Figure 33.
Some indication of the probable error in the measurements ig given
by the diameter of the experimental points but even so it is not
possible to make an unambiguous extrapolation of the data for the
hexane~acetone system. A straight line extrapolation was made
although it is quite possible that more accurate data would estabe
lieh a curvature at low values of Cqe

The value of All for the above systems was determined from the
initial slope of a curve obtained by plotting the quantity on the
right side of equation (29) azainst Cye

Values of All for the butyl acetate~acetone and the diethyl
phthalate~acetone systems cannot be determined in the above manner
since the component one was not volatile in either system. The
activities of the butyl acetate and diethyl phthalate can in prine
ciple be calculated from the activity of the acetone by the aid of
the Ebbs~bDuhen equation and a graphical integration device described
by Lewis and Randall 83/, Once the activities of the couponent one
are known the value of &ll can be determined as above with the aid
of equation (29).

The value of A _ for these systems can also be obtained from

il
the expression *

* This expression was suggested by Professor K. M. Badger
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Ane,+ 2By, ¢ - Nl dloge R -7

Y de (30)

which follows from the Gibbs-Duhem equation and the definition of All'
Fach of these methods of evaluating All give a value not sig=
nificantly different from zero for both butyl acetate and diethyl

phthalate.

A complete tabulation of the data on nitrocellulose in binary

solvents is presented in Table 12,
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Table 12

A Tabulation of Data for Nitrocellulose in Binary Solvents

Constant Water-~ Iligroin~ DButyl acetate~ DButyl chloride~ Diethyl phthalate-
Acetone Acetone Acetone Acetone Acetone

Experimental Constants from Light Seattering leasurements

KO + 10 ch l&B 1'3 1.3 103
K, * 10° <09 «2.2 X 140 w0348
K, * 100 1.9 1.9 1.9 1.9 1.9
K3 * 107 wheb  =4i5 =047 ~4s8 ~hots
K, *10° 0 2.6 7,0 0 0.6
Ks 0 0 0 0 0
Bxperimental Constants from Refractive Index Lieasurements

ko 0.82 0.15 0.26 0426 1.03
oL, 2,8 0uld 0430 0,30 0,58
Ls 0 0 0 » 0 0

Experimental Constants from Partial Vapor Pressure Heasurements

All -3 ~1(hexane) O = 0.6 0
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Table 12 (continued)

A Tabulation of Data for Nitrocellulose in Binary Solvents

Constant Water~ ILigroin~ Butyl acetate-
Acetone Acetone Acetone

Derived Constants

GlO "'0.5 "l¢7 “"107
O 150 150 150
&, -350 =340 -50
GQO 0 2.0 543
Gog 0 0 0
A]_z "003 "5.:7 -302
Bll2 "0013 509 4w8
Ay, * 1% 1.5 1.5 1,5
[ ] —-3 o — —

A21 10 1-4 5&0 20()
B 0 0 0

1 =4,

Byyp * 20% 0.0 Lay Oug
Byy * 100 <0u  5u 34

Butyl chloride=
Acetone

w0 o8
150

~360

..1.4_

0.8

Hethyl phthalatew
Acetone

~0,6

=043
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Discussion

The results of the light scattering experiments on solubions
of nitrocellulose in binary solvents can be interpreted from either
of two viewpoints: that of Ewart, Hoe, Debye, and kcCartney, or
that of Kirkwood and Goldberz. The data will be discussed first
in the language of the former authors.

The change in turbidity of a polymer solution upon the addition
of a second solvent component may be attributed to two effects: first,
a change in the shape of the swollen polymer molecule in solution;
and second, a change in the effective refracﬁive index of the polymer
molecule due to selective gbsorpiion of solvent, The first effect
will be operative at finite polymer corcentration and in general
will change the slope of the light scattering curve bubt will not
alter the valuve of the //;.-%"- intercept at infinite dilution., The
second effect will either increase or decrease the value of the inter-
cept depending on the relative refractive indices of the solvent com=-
ponents and the magnitude of the change will depend on the amount of
the selective absorpiion, -

Bince the addition of each of the second solvent components to
the nitrocellulose solution in acetone resulted in a decrease in
the i/,.-%_," intercept, and since in all cases acetone had the lowest
refractive index of the solvent components the light scattering
data presented in Figures 28 to 32 can be explained only if the
second solvent components, namely, water, ligroin, butyl acetate,
butyl chloride, and diethyl phthalate were preferentially absorbed

from solution, This result was not unexpected for bubtyl acetate
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and diethyl phthalate, which are nitrocellulose solvents, bub seemed
anomalous in the cases of water, ligroin, and bubyl chloride. The
attraction of these latter fluids to nitrocellulose might be explained
in that the nitrocellulose wolecule contains both polar and non=polar
groups, and that each of thoese groups may attract molecules which

are noct solvents for the entire nitrocellulose uolecule,

The nore detailed theory of Kirkwood and Goldberg does not rely
on any particular mechanism, but views the change in turbidity as
being due to thermodynamic interaction between the polymer and the
sonponents of the solvent., The degree of interaction can convenignte
1y be expressed by the change in the activity coefficient of the poly-
mer upon the addition of the second solvent component.

The xtivity coefficient of nitrocellulose in the five solvent
mixtures can in general be calculated by the use of equation (25)

and the values of the interaction constants presented in Table 12,

b?e&'z = R t A2 € + 80 G* + 28,5 €, 0s + Baza C’a.t"'"‘( 25 )

Care has bo be exercised in the interpretation of these activity
coefficients because of the errors in the magnitude of the constants
and because of uncertainty in the range of validity of equation (25).

An inspection of the derivation of this eguatior indicates that
it is valid only for smell values of cl and Cys SO it may be reason=-
able to assume that it is useful for concentrations ss great as 0.001,

The magnitude of the error in the interaction constants is

difficult to estimate. Values of KD and K2 can be deternined with

a probable error of about 5 per cent since these constants refer
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to nitrocellulose dispersed in pure acetone, Values of Kj, Kj,
and K4 are determined for a solution in z binary solvent, and the
possibility exists that considerable error might be introduced
because of changes in refractive index of the solution due to
evaporstion of the solvent., Although care was used to reduce
evaporation the precision of determining the latter constants
was less than for KO and Kz since it was somebimes difficult to
reproduce the light scattering curves, especially those for the
butyl acetate-acetone systen.

The percenbage error in the A constants is essentially the sanme
as that in Kl’ but this error is magnified in the B constants bgcause
the value of Alz is used several times in the caleculation of B

112

and B, For these reasons the values of the interaction constants

212"
in Table 12 are given with not more than one significant figure.

If the use of equation (25) is limited to a concentration
range of e = c2£ 0,001 errors in the B constants are not sige
nificant because the value of lage Y o Will then be controlled by
the values of AZl and A22. Since the value of Azl is negative and
macn larger than A22 the presence of a very small amount of component
one will cause a large decrease in the value of the activity co=
efficient of nitrocellulose, This large change in the activity
coefficient is difficult to understand as is the fact that butyl
acebate apparently decreases the activiity coefficient more than
does water or butyl chloride, but less than lipgroin,

Unfortunately there are no other experimental methods for de-

termining the activity coefficient of nitrocellulose of tiis
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molecular weight with sufficient precision to compare with the
values calculated from lizht scattering measurementss There is
also little to be gained by trying to correlate them with the
results of kinetic experiments, such as the rate of solution., The
magnitudes of the activity coefficients calculated from light scate
tering will have to stand alone for the present.

Although the activity coefficients camnot be directly correlated
with earlier observations of the intersction bebtween nitrocellulose
and the components of a mixed solvent (see inbroduction), lighb
scattering experinents appear to be a convenient method of evaluating
such interaction, This method, therefore, has great potential use
in the investigation of polymer-solvent systems; in particular, the
interaction between polymer and the "non-solvent" type plasticizers,

It is evident from the magnitude of the error which has been
assigned te the interaction constants that the technique of making
the light scatbering and refractive index measurements should be
refined, Such refinement will consist largely of developing pro=-
cedures for carrying out the measurements with a minimum of change

in the refractive index cf the solution due to evaporation of solvent,
Summary

A brief summary is given of the recent Kirkwood-Coldberg theory
of the light scatbtering of multicomponent systeums,

The required light scattering, refractive index, and partial
vapor pressure data have been obtained for the application of the

theory to the problem of evaluating the nitrocellulose-solvent
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interaction in five binary solvents.
A complete tabulation is given of values of the interaction
constants for nitrocellulose in five binary solvents, and a dise

cugsion is given of their probable sccuracy and significance,



Part 11

Light Scattering Studies of Protein Solutions
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Introduction

The observation thalt protein solutions are often quite turbid
was one of the first reasons advanced for the belief that protein
were high molecular weight substances, liost of the early experi-

nental work was on the lizht scattering propertiesz of gelatin 84,35, 86, 87/,

which was, perhaps, an unfortunate choice because the turbidity of
solutions of this material is markedly influenced by small changes in
t, ionic strength, temperature, and trace amounts ol inorganic ions

in a way which is not yet completely understood, ter work was done
on casein solution 88/ the turbidity of which is influenced in much
the same manner as that of gelatin, and on ovalbumin which is now
recognized as having been a poor choice because of the ease with
which it undergoes surface denaturation 89, S0/ «

The first light scattering investigation of proteins which
were more typical than gelatin or casein was that of Putseys and
Brosteaux 91/ on ovalbumin, amandin, excelsin, and a hemocyanin
(of Helix pomatia) which had been, at that time, well characterized
in Svedberg's laboratory, These investigators concluded that when
extreme care was taken to remove denatured material and "dust" from
the solutions, the relative turbidities were proportional to the
molecular weights from ultracentrifuge data. They found that small
variations in pH and ionic strength of the solution had little
effect on the observed turbidity.

With the revival of interest in light scattering in 1944 and its

gubsequent application to the study of high polymer solutions, several
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laboratories became interested in the use of the method for the
study of protein solutions. Relatively little of this work has as
yet appeared in the literature.

The 1light scattering experiments on protein solutions which are
described in Part 11 were undertaken after some experience with the
method had been zained during the study of nitrocellulose solutions,.

Section I describes the application of the light scattering
method to the stedy of agueous solutions of protein materials and
presents values of the molecular weight for several serum proteins,

Section II is a study of the size and shape of molecules of
woup A-Upecifie Substance from hog gastric mucin, Uata from vise
cogity, osmotic pressure, diffusicn, and light scabtering experie
mentes are presented,

Section LI is a brief 1lizht seattering investigation of the

thermal aggregation of serum proteins,
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Section I. Light Scattering Studies on Selected Serum Proteins

The first and perhaps the most important problem was to learn
how to preparc protein solutions for light scattering measurements.
All exploratory experiments were made with solutions of human serum
albunin and human serum globulini* These proteing were chosen because
they have been well characterized by other methods, because they were
readily available, and because they are relatively insensitive to

surface denaturation,
Preparation of Solutions

Considerable difficulty was experienced in preparing a protein
solution which was free of obvious dust. Although solutions could
easily be prepared which seemed perfectly clear in ordinary labora-
tory lighbing, these same solutions were seen to contain scattering
particles when placed in the light scattering apparatus and observed
at small angles to the incident beam. The customary filtration
through an asbestos pad in the Seitz apparatus was not satisfactory
and at times seemed to increase the amount of suspended material,
Apparently there was some denaturation™ of the protein as it was
foreced through the pad, or perhaps there was some slight disinte-

gration of the pad., TFilter paper -did not clear the solution

# 1 am indebted to Professor L. d. Cohn of the Harvard Ledical School
for the preparation of these proteins, %The albumin was described as
Fraction V Run 35 and the globulin as Fraction II Run 64. The fraction~
ation procedure by which these proteins were prepared has been

described 92/

#% The term denaturation is used here amerely in the sense that a very
small fraction of the protein becomes insoluble and is observed in the
Tyndall beam as small irre ularly shaped particles and fibers
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sufficiently, even the hardest which was available (Schleicher and
Schull, Ho. 576)%

The best filtering mediuvm found was a Pyrex Fine sintered
glags funnel which had been blocked with finely powdered silica,
but even this did not give optically clean solutions,

Centrifugation at 32,000 g for twenty minutes, the procedure
for nitrocellulose solutions described in Part I, Section VI, was
finally adoplted as a routine procedure. If extreme care was exer-
cised in transferring the centrifuged solution to a clean scatter-
ing cell the solubion remained essentially free of obvious contam=
inatioan.

Protein concentration was calculated frow the value of total
nitrogen determined colorimetrically by the use of a modified
Nessler's reagent, In the fow instances in which a nitrogen~con-
taining bulfer was present a colorimetric method involving the

Folin-Ciocalteu reagent was employed 93/.
Depolarization of 3cattered Light

Heasurements of the depolarization of the scattered light
were made in all experiments in order to evaluate the Cabannes
factor. 7The value of the depolarization for unpolarized incident
light was 0,032 £ 0,02 for the serum proteins which have been studied
and is apparently independent of concentration in the range of 1 to

10 mge per ml, The value of the depolarization for horizontally

3

One filter paper gave promising results but unfortunately it was one
small sheet from a sample booklet distributed by a German firm before
the first world war,
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polarized incident light is evidently influenced by the presence

of large particles in solution since the value increased after the
solutions were centrifuged. For example, a filtered but uncentrie-
fuged human serus globulin solution gave a value of 0,55 for the
depolarization for horizontally polarized light; after the solubtion
was centrifuged for 20 minutes at 32,000 gz the value was 0,76, All
serum proteins which were studied gave values for the depolarization
for incident light horizontally polarized which seemed to approach
0490 alter extended periods of centrifugation; therefore, the wmagnie
tude of this value was used as an indicabtion of the effectivencss

of a given centrifuzation,
Bffect of pH on Turbidity

Since sarly work on gelatin ahd casein solutions had shown the
marked effect ol change of pH on their turbidity, the variation of
the turbidity of human serum albumin solution with pH was measured.
The turbidity of an uwnbuffered 0.15 N sodium chloride solution cone
taining 0,25 per cent of human serwa albuwmin was observed as the pH
was changed by the addition of dilute HCL and Halis The solution
was centrifuged after each change of pl. The results, shown in
Figure 34 indicate that the turbidity of the solution increases
rapidly ncar the isceleciric point of the protein, but that there
is little change in turbidity when the pH is changed from 9 to 6,
Below pii 4, however, the scattering increases enormously, probably
bécause the protein becomes denatured. Subsequent light scattering

experiments on serum proteins were usually made with a pH of the
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solution between 7 and 9 so as to minimize the effect of pH on the
turbidity.

Similar experiments, made to learn if the depolarization of
the scattered lizht was affected by the pH of the solution, were

inconeclusive because of the relstively large experimental error,

Refractive Index Increment

The differential refractomeber was used 4o determine the re-

fractive index increment of the proteins, Before these measurements

were made the solutions were carefully dialyzed to insure that the
value of n-n, as determined by the instrument was really due to
protein and not to unequilibrated salt. As & routine procédure

10 ml+ of each protein solution was dialywed with stirring against
2 1, of solvent for 24 hours and then for another 24~hour poriod
against another 2 L. of solvent. In the few instances in which
static dialysis was employed two wecks were allowed for equilibraw
tion, All'dialysis experiments wecre carried on in the cold (20 to
6° ¢.)

The change of refractive index increment of human serum album
min with pH was hardly more than the experimental error; however,
recent work 94/ indicates thalt the increment of bovine serum albu-
min changes about 1 per cent between pH 5 and 2,3 at the same wave

length employed in this investigation,
Bffect of Ionic Strength on Turbidity

A few short experiments were performed to learn the magnitude
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of the effect of ionic strength on tho turbidity of protein solutions.
The turbidity of human serum albumin solutions in 0,05 N, 0,10 ¥, and
0,15 I sodium chloride were found to be the same within experimental
error; hence it was apparent that small changes in ionic strength
would not be important for this protein,

The effect of ionic strength on the turbidity of human serum
globulin was then studied briefly, 2 solution of the protein was

talyzed agsinst perlodically rencwed distllled water until the
euglobulin precipitated, This fraction was then dissclved in 0.1 K so~-
diwm chloride and the turbidiiy was measured, The solution wus again
dialyzed against distilled water for about 75% of the time required

for the protein to precipitate during the first dialysis, After

the solution had been centrifuged in the usual manner the turbidity
was found t¢ have increased by a factor of about four,

This brief experiment suzgests that as salt is removed from a
globulin soluticn the molecules begin to aggregate, but that it is
not an "all or none" reaction. The observed increase in turbidity
is not due to a few very large particles (which would have been cenw~
trifuged out of solution), but to a2 larger number of small particles.
Digsymuetry measurements wight give an indication of the shape of

the molecular aggregates but these measurements were not made,
Molecular Weight of Serum FProteins from Idght Scattering

The procedure for determining the molecular weight of proteins
is summarized in the following article on the rabbit antibody against

p-azophenylarsonic acid,
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[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
PasADENA, No. 1178]

The Purification and Properties of Antibody against p-Azophenylarsonic Acid and
Molecular Weight Studies from Light Scattering Data

By DanN H. CaMBPELL, ROBERT H. BLAKER AND ARTHUR B. PARDEE!?

It is becoming increasingly evident that many
fundamental problems dealing with the structure
and behavior of antibody molecules must be
studied with purified antibody preparations in so-
lution of known composition rather than in com-
plex solutions such as serum. Methods which are
devised for the isolation and purification of anti-
bodies on a practical scale are hence of consider-
able interest and importance. The following re-
port describes a method for the isolation and puri-
fication of antibody against p-azophenylarsonic
acid in which the antibody is removed from the
antiserum by specific precipitation with a poly-
haptenic dye and recovered from a solution of the
dissociated antigen—antibody complex.

The recovery of antibodies from specific anti-
gen-antibody complexes has been accomplished
by a variety of methods.!® Perhaps the best
known is the one described by Heidelberger and
Kendall? and Heidelberger and Kabat,? in which
159, sodium chloride solutions were used to pro-
duce a shift in the antigen—antibody ratio of spe-
cific precipitates of SSS or of intact Pneumococcus
and antipneumococcus serums favoring the libera-
tion of antibody. Liu and Wu* were able to ob-
tain as good if not better yields of antibody pre-
parations by acid dissociation of similar antigen—
antibody complexes at about pH 4.0 with subse-
quent isolation of antibody by salt precipitation or
removal of antigen by centrifugation if bacterial
cells were used. Recently, a report has been made
by Haurowitz, et al., which describes the isolation

(1a) Present address, McArdle Laboratory, University of Wiscon-
sin, Madison Wisconsin.

(1b) Dan H. Campbell and Frank Lanni, “The Amino Acids
and Proteins,” edited by D. M. Greenberg, Chapt. XII, “Im-
munology of Proteins,” Thomas Publishing Co., in press.

(2) M. Heidelberger and F. E. Kendall, J Exptl. Med., 64, 161
(1936).

(3) M. Heidelberge:r and E. A. Kabat, ibid., 67, 181 (1938).

(4) S. C. Liu and H. Wu, Proc. Soc. Exptl. Biol. Med.. 41, 144
(1939).

(53 F. Haurowitz, Sh Tekman, Miervet Bilen and Paula Schwerin.
Ji§ cnem J., 41, 306 (1947)

and purification of antibody against p-amino-
benzylamine, anthranilic, arsanilic, and sulfanilic
acids by the use of methods somewhat similar to
those used by us in the present investigation.
The principal difference was their use of an acid-
insoluble conjugated protein for a precipitating
antigen. Our own investigations of a number of
antigen-antibody systems have indicated that, in
general, acid dissociation is the method of choice,
at least for the systems involving ovalbumin, poly-
saccharide, and arsanilic acid antigens. The last
of these is a particularly good system since simple
polyhaptenic dye antigens can be used for specific
precipitating agents. The physical properties of
such antigens are so different from those of the
antibody proteins that the dissociated complexes
can usually be separated into the antigen and
antibody components without difficulty. Certain
dye antigens have the added advantage that they
have a low solubility under acid conditions and
hence upon dissociation of the antigen-antibody
precipitate the antibody dissolves and the antigen
remains behind as an insoluble acid.

Purification of Antibody.—Several methods
were studied for the dissociation of antibody
from antigen-antibody complexes and its sub-
sequent recovery from the dissociated mixture.
For example, treatment of precipitates by alkali at
pH 9.0-10.0 resulted in considerable dissociation,
as evidenced by solution of the precipitates, but
the yields of antigen-free protein were low because
of the high solubility of the antigen and its tend-
ency to remain attached to the protein. Fur-
thermore, some denaturation of antibody protein
always occurred and the purity of antibody as
based on the ratio of specifically precipitable pro-
tein to total protein usually gave values of only 10
to 20%. Another method which was used with
some success was dissociation of dye—antigen com-
plexes with a simple hapten such as arsanilic acid
and subsequent dialysis against the hapten until
the solution was free of the dye antigen. This
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method was limited to precipitating antigens of
sufficiently small molecular size to permit diffusion
through the dialysis membrane. Such antigens
are rather inefficient precipitating agents, and
considerable time was required to dialyze away
first the dye antigen and then the arsanilic acid.
The method of choice in most instances and the
one used for the antibody preparation in the pres-
ent study was (1) the use of a good precipitating
dye antigen, (2) dissociation of the antigen—anti-
body complex with arsanilic acid and then acidi-
fication to about pH 3.5, and (3) precipitation of
the dissociated antibody with salt. The purified
antibody used in study of physical properties was
a pool obtained by mixing several purified prepara-
tions, but all were made by essentially the same
method.

Serums from a number of rabbits which had
been immunized over a period of many months
with sheep serum-p-azophenylarsonic acid were
pooled and a preliminary precipitation titration
was made in order to determine the antigen-anti-
body ratio for optimum precipitation as well as to
obtain an approximate idea of the antibody con-
centration. The antigen used for all preparations
was a trisubstituted resorcinol dye having the
following structure

oH
105 NN O NNNNC NN Saso,
OH
NN NN SasoH,

The antigen solutions was adjusted to pH 8.0 and
dilutions were made which varied by a factor of
2 from 1:1000 to 1:256,000, and these were added
in 0.5 ml. volumes to tubes containing 0.5 ml. of a
1:4 or 1:5 dilution of the pooled antiserum at pH
8.0. The mixtures were allowed to react for about
two hours at room temperature and forty-eight
hours at 4°. The precipitates were then washed
with 1.09, sodium chloride solution and analyzed
for protein by the Folin—Ciocalteu method as mod-
ified by Pressman.® Most of the pooled sera
gave maximum precipitation in slight antigen ex-
cess with antigen dilutions around 1:40,000 under
the above conditions, and antibody protein values
of from about 6 mg./ml. of serum to as high as 15
mg./ml. For precipitation of antibody from an
850-ml. batch of pooled serum which showed a pre-
liminary titration maximum for antibody pre-
cipitation of 1:10,000 (1:40,000/1:4) was ad-
justed to pH 8.0 with 0.5 M sodium hydroxide, di-
luted with one volume of saline, and mixed with an
equal volume of 1:20,000 antigen solution. After
several hours at room temperature and about sev-
enty-two hours at 4° about half of the supernatant
was siphoned off and the remainder centrifuged
and the precipitate washed free of soluble dye and
protein with 1.09, sodium chloride at room tem-

(6) David Pressman, Ind. Eng. Chem., Anal. Ed., 15, 357 (1943).
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perature. The insoluble antigen—antibody com-
plex was usually dissociated first with sodium
arsanilate and was then acidified. Although acid
dissociation alone was fairly successful it was
found that hapten dissociation facilitated sepa-
ration and gave higher yields. Thus the precipi-
tate was first suspended in 25 to 50 ml. of 109 so-
dium arsanilate at pH 8.0-8.5 and the mixture
carefully stirred until no further solution was evi-
dent. This required from two to four hours and
usually resulted in a solution with only faint tur-
bidity. When precipitates were allowed to de-
velop over a period of longer than seventy-two
hours the dissociation with haptens required much
longer time and in a few extreme instances were
not complete at twelve hours. The antigen-anti-
body-hapten solution was then quickly adjusted
to pH 3.2 and again carefully stirred for about one
hour at room temperature. At this pH most of
the dye antigen became insoluble and the antibody
protein remained in solution. A small amount of
antibody usually remained with the insoluble dye
and arsanilic acid but practically all was recovered
in one washing with saline and was added to the
original acid extract. The small amount of anti-
body which remained with the insoluble dye was
easily recovered by washing. The antibody was
precipitated by addition of a satu-
rated sodium chloride solution in a
final concentration of 4.0 M. Traces
of dye which remained soluble in
the acid solution were removed by
the careful fractional precipitation
with salt solution. The dye being
relatively insoluble precipitated with much less
salt than was required for antibody globulin. In
such instances, 10-209, of the antibody would
precipitate with the dye but could be recovered by
further fractional precipitation with saltat pH 3.2.
The final salt precipitated antibody was then re-

TABLE I

DATA ON THE PURIFICATION OF ANTIBODY FROM RABBIT
ANTI-SHEEP SERUM-$-AZOPHENYLARSONIC ACID

Volume Total
of Maximum¢  protein
pooled antibody re-
serum, Type of pptd., covered,d Yield,
ml. antigen mg./ml. mg. % Purity ¢
25 R 14.81 368 97 98
850 Rl 6.27 4487 84 87
230 Rl 14.81 3390 99 96
400 R 9.05 3158 87 93
750 XXX 8.68 4100 63 71
100 XXX 8.68 685 79 83

o The trisubstituted resorcinol dye described in text.
® A chromotropic acid derivative containing two azo-
phenyl-azo-arsonic acid groups. These antibody prepa-
rations were not used in the present study. ¢ Subse-
quent experiments with the purified antibody indicated
that less precipitate was obtained in the presence of serum
proteins, hence these values may represent only relative
amounts of antibody. ¢ Protein based on microkjeldahl
analysis. ¢ Purity = specific precipitable protein/total
protein in solution.
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suspended in 0.9%, saline and dialyzed against
saline until the pH became practically neutral.
Representative values for several batches of
pooled serum are given in Table I. It will be seen
that the preparations obtained by use of the tri-
substituted dye antigen were better than those ob-
tained by use of a chromotropic acid derivative.
This was due largely to the fact-that the latter
antigen showed an appreciable solubility at pH
3.5 and hence tended to complex with the soluble

protein. Serums with lower titers always gave
smaller yields.
Electrophoretic Pattern.—Electrophoretic

studies of the purified preparations in the
Tiselius apparatus indicated a very high degree
of homogeneity. The experiments were made
with approximately 1.09, protein solutions in 0.15
M sodium chloride plus 0.04 M phosphate buffer
at pH 7.2. The current used was approximately
15 ma. and the pattern allowed to develop for two
to three hours. The electrophoretic mobility was
very similar to that of the gamma globulin frac-
tion of serum.

Molecular Weight Determination. (a) From
Osmotic Pressure.—The molecular weight de-
terminations by osmotic pressure were made
with simple osmometers of the static rise type
with a Visking cellophane bag used for the mem-
brane. The protein concentration was 2.0%, in
0.15 M sodium chloride and 0.04 M phosphate
buffer at pH 7.3. The values obtained varied
from 136,000 to 144,000, as compared to the cur-
rently accepted values of 158,000. The slightly
lower values were probably a reflection of the pH
at which the determinations were made.

(b) From Light Scattering Data.—Measure-
ments of the turbidity, refractive index, and de-
polarization of a protein solution can, under cer-
tain conditions, be used to calculate the molecu-
lar weight of the dissolved protein. The
theoretical bases of these calculations are due prin-
cipally to Rayleigh,” Von Smoluchowski,? Ein-
stein,® Raman,* and Debye.!

If the dissolved particles are small compared
with the wave length of light the following equa-
tion gives a relation between the turbidity of the
solution, its concentration, refractive index, de-
polarization, and the molecular weight of the sol-
ute.

32m3n? bn) 2
c

B2nint (O
p= (T (B o
(1/r + 22

where

h is the extinction coefficient due to scattering

n is the refractive index of the solution

¢ is the concentration

dn/dc is the refractive index increment of the solute

(7) Lord Rayleigh, Phil Mag., 12, 81 (1881).

(8) M. Von Smoluchowski, Ann. Physik, 25, 205 (1908).
(9) A. Einstein, ibid., 88, 1275 (1910).

(10) C. V. Raman, Indian J. Phys., 2, 1 (1927).

(11) P. Debye, J. Applied Phys., 16, 338 (1944).

DaN H. CaMPBELL, ROBERT H. BLAKER AND ARTHUR B. PARDEE

Vol. 70

M is the wave length of the incident light

Np is Avogadro’s number

M is the molecular weight of the solute

B is a constant which describes the deviation of the sys-
tem from van’t Hoff’s law

R is the gas constant

T is the absolute temperature

p is the depolarization of the scattered light.

In practice it is difficult to measure % accurately
so instead the amount of light which is scattered at
an angle of 90° to the incident beam is measured.
For solutions of particles which are small com-
pared with the wave length of light the angular
distribution of intensity of scattered light obeys a
(1 + cos?) relation where 6 is the angle between
the direction of the incident beam and the scat-
tered beam. The relation between £, I, the in-
tensity of the original heam and ¢, the intensity of
the light scattered at 90° to the incident beam, is

= BT, ®
3

The direct measurement of the quantity, ¢/I,
is a time consuming task so that routifie measure-
ments in this Laboratory are made by comparing
the light scattered from a solution with that scat-
tered from a sealed tube of purified carbon disul-
fide. Various investigators have reported values
of 1/I, for carbon disulfide and in addition the
value has been redetermined in this Laboratory.!?
The value of 7/l for carbon disulfide which has
been used in this investigation is 4.4-107° for light
of the wave length of 5461 A.

The instrument which was used for the measure-
ment of the scattered light is one which was de-
signed and built in this Laboratory. A slightly
convergent beam of monochromatic light from a
mercury arc (GE-AH-4) is passed up through the
bottom of a cylindrical glass cell. The light which
is scattered in directions near 90° to the incident
beam is focused on a 931-A electron multiplier
phototube. A small fraction of the incident beam
is reflected to another phototube and the outputs
of the two tubes are balanced against one another
by means of a potentiometer arrangement. A
constant voltage transformer reduces fluctuations
in the mercury arc and in the supply of a voltage
regulator and rectifier which provides a source of
high potential for the plates of the phototubes.

A diaphragm arrangement is installed in the
path of the scattered beam which permits sections
of polaroid film with known orientations to be
switched in and out of the light path. This device
gives a convenient way of measuring the de-
polarization of the scattered light.

The refractive index increment is measured with
a differential refractometer similar in design to one
which has been described in the literature.!3.14

(12) A more complete description of the light scattering apparatus
and technique which have been developed in this Laboratory will soon
be published.

(13) D. Rau and W. Roseveare, Ind. Eng. Chem., Anal. Ed,, 8, 72

(1936).
(14) P. Debye, J. Applied Phys., 17, 392 (1946).
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Four solutions of the protein were made with a
dilute salt solution (0.15 M sodium chloride) and
were dialyzed against the same solution for two
weeks at 4°. The pH of the protein solution at
the end of the dialysis was 7.5. The solutions
were then centrifuged for twenty minutes in a
field 32,000 times that of gravity to remove any
suspended dust, placed in a scattering cell, and the
intensity of the scattered light compared with that
scattered from carbon disulfide for a wave length
of 5461 A. Depolarization measurements were
made. The refractive index increment was com-
puted from the difference between the refractive
indices of the solution and the solvent. Two of
the solutions were slightly colored. Optical den-
sity measurements were made on these solutions
with a spectrophotometer at the wave length used
so that the’magnitude of the scattering could be
corrected for the true absorption. Concentrations
were determined as described in the previous
section.

The molecular weight of the dissolved protein is
given by
AN,

2
27r2n2(g%1) (c/ificss)e—sa(To/ics2)

M = 3)

which follows from (1) and (2)

¢/i/icsy is the concentration of the solution
divided by the ratio of the intensity of the light
scattered from the solution to that scattered from
carbon disulfide. This quantity is corrected for
the depolarization of the scattered light and is
extrapolated to zero concentration.

A plot of ¢/i/icss vs. ¢ is given in Fig. 1. The
refractive index increment of this protein is 0.171.
The depolarization of the solution is 0.032 and
apparently is independent of concentration.

The value of the molecular weight which is
calculated from light scattering measurements,
158,000 = 10,000 compares favorably with previ-
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Fig. 1.—Light scattering data for purified rabbit antibody.
ously published data from sedimentation and os-

motic pressure studies.
There is evidence, however, that the turbidity,

‘depolarization, and refractive index of a protein

solution change somewhat with pH and perhaps
with salt content.® Not enough work has yet
been done to understand how these changes should
be taken into account when a value of the molecu-
lar weight is to be calculated.

We wish to express our thanks to Professor
R. M. Badger and Dr. Stanley Swingle for.their
suggestions and assistance.

This work was supported in part by a Grant
from the Rockefeller Foundation.

Summary

Methods are described for the isolation and
purification of rabbit antibody against p-azo-
phenylarsonic acid. The purified preparations
were electrophoretically homogeneous and similar
to gamma globulin.

Molecular weight studies from osmotic pressure
and light scattering data gave values of approxi-
mately 140,000 and 158,000, respectively.

(15) Unpublished work on solutions of human serum albumin,
human serum globulin, and blood group A-Specific substance.
(16) S. Armstrong and others, THIS JOURNAL, 69, 1747 (1947).

PasapeENA, CALIF. RECEIVED FEBRUARY 6, 1948
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Additional molecular weight data from light scattering on
serum proteins is presented in Table 13, The solutions, with the
excepbion of the bovine serum globulin, were unbuffered and were

adjusted to an ionic strengbh of 0.15 with sodium chloride.

Table 13

tolecular Weight of Serum Froteins

Protein Remarks dn/dec pll  Molecular  Acceoted
Weight Lolec b‘*L | ﬁ
Wedzght
Human Serum
Albuwin 04209 6.8 72,000 70,0G0
Bovine sery .
Globulin 0e193 Be4 170,000 174,000
Human Serum
@obulin filtered; not 0,191 Ted 442,000 176,000
cenbrifuged
centrifuged at 285,000

32,000 g for

20 minutes
* Armour and Coupany, Fraction 11 of bovine plasma
™ Solution in borate butier

¥ Values given by Cohn and Edsall 95/

Mo preparative treatument for the human serum globulin solution
was found witich would reduce its turbidity to that expected from the
accepted molecular weight. %Yhis sample of protein may have under-
gone some change during the fractionation procedure or during sube
sequent handling and storage whidh was responsible for the high ture

bidity of its solutions.
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Sumnary

The application of the light scattering method to the study
of protein solutions is described. The effect of changes of pH
and ionic strength on the turbidity of protein solutions was studied
briefly. The light scattering method was used to determine the £o~

lecular weight of various serum proteins,
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Section II, Studies of the JSize and Shape of lolecules

of Croup A=-Specific Substance from Hog Gastric Juecin

In 1936 Landsteiner and Chase 96/ isolated a substance from
hog gastric mucin wiich was effective in inhibiting the isoazglu-
tination of human type-i erythrocytes by type-L serum. Since that
time substances of similar properties have been isolated from other
sources 22/ bub the hog stomach remains the most convenient starting
material.

Group A=specific substance (which will be referred to as A=
subatance) has been found to consist of polysaccharide material
with about 25 per cent of amino acids., It has numerous reactive
groups and a quite low isoeleciric point. The material is generally
considered to be a high malécular weight substance, although most of
the experimental work has been with related probein waterials, Ezact
comparisons can not be made between published data because different
preparations from similar sbarting waterial may be degraded more or
less, or changed in size and shape in the process of isolation,

Landsteiner and Harte 98/ have given viscosity, osmotic pressure,
and ultracentrifuge data on degraded and "unedegraded" preparations
of A=-gubstance from hog stomach. At 22.5° C., 1 per cent solutions
had relative viscositiea of 1.2 and 3.7, and sedimentation constants
of 3.6 and 6.9 Svedbergs, respectively. These data indicate a mini-
mum moleculsr weight of 40,000 for the degraded material, The authors
state that the ultracentrifupge patterns indicated homogeneous prepe=

arations, Osmotic pressure measurenents gave a molecular weight of
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70,000 for the degraded preparation and a variable value of from
120,000 to 200,000 for the un-degraded material. Occasional pase
sage of bilologically active material through the celiophane membrane
was noted, ‘

lieyer and Palmer 99/ concluded on the basis of viscosity and
appearance of the precipitate that their preparations from hog gastric
mucin consisted of thread-like molecules of different lengths.

Blix and Snellman 100/ found that hyaluronic acid, a somewhat
distantly related compound, consists of molecules from 4,000 to
10,000 it long. Assuming a diameter of 10 ﬁ they calculated the
molecular weizht to be in the range of 200,000 to 400,000, Their
infornation was obtained by measurements of the double refraction
of flow,

Extensive electrophoretic measurements have been made in this
laboratory by U. Brown and B, Bennett on preparations of A-substance
gimilar to those studied in this investization. They found that the
mobility was very low and that the preparations seemed to be electro-
phoretically homogeneous,

The following investigation of the size and shape of A-substance
was carried on between December, 1946 and Harch, 1947 with the cole
laboration of A. Pardee 101/,

The A-substance used in this investigation was prepared by
G, lolzman, under the direction of Professor Carl Niemann. The
essentially identical substances, R18«F10 and Kl8-F1ll, were iso=-
lated in 5.9 per cent yield from Wilson gastric mucin by three

precipitations with 50-60 per cent ethanol and two electrodialyses.
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R18=~F1l was adjusted to pH 3 and ionic strength 0,001l with hydro-
chlo:ic acid. The 15 per cent which precipitated was given the number
R19-F2a; the 85 per cent in solubion was listed as RlO-Fla, Hew
peated treatment of these fractions showed that the solubilities

were actually different. All of the above samples had the same Aw
activity, about five times that of the original muecin, KL8-FL0 and
R18-F11 had similar absorption spectra while R19-I'2a showed diminished
absorption in the ulbtraviolet as compared with Ri9-Fla. H18-F2 was

a crude preparation obtained in an early stage of the purification

of H18-F10, A detailed description of the preparative procedure has

been submitted for publication 102/.
Light Secattering Measurenments

The technigue of making light scattering measurements was the
gsane as bthat described in Part II, Section I, Fraction Hl2-F2, the
fraction which had undergone a minimum of preparative work, gave a
very turbid solution when dissolved in a 0.15 K sodium chloride so=-
lution but gave a clear solution when dispersed in formamide, leas-
urement of the rofractive index increment indicated that the probable
reason for the clear solution was that A-substance has nearly the
same refractive index as formamide. The molecular weight which was
calculated for this fraction in formamide was 4 106 but this value
has little significance because of the large experinental error
involved in the determination of the refractive index increment,

The material which had undergone more extensive fractionation
gave reasonable turbidities in saline, 7The molecular weights were

6

calculated to be 1.7 » 106, 1.1 * 107, and 0.9 - 106, respectively,
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for Fractions R18-F10 in 0.15 I sodium chloride solution and
Fractions HlO~F2a and R19-Fla in phosphate buffer of pH 7.2 with
sufficient sodium chloride to give an ionic strength of 0,15, The
refractive index increment was 0.14 and was not detectably different
in the two solvents. The 1light scatiering curves are shown in

Figure 35.
Osmotic Pressure Hdeasurements

The osmotic pressure was measured in a simple osmometer which
was essentially a bag of Visking tubing attached to a l-mm, capillary
tube. The static osmometer deseribed in Part I, Section III was not
suitable because the salt solution atbacked the stainless steel parts.
Four measurements at 25° C. gave an average value of 220,000 * 20,000
for the molecular weight of Fraction R1l8-~I'10, The solvent was

0402 i phosphate buffer at pH 7.1 plus sufficient sodium chloride

to give an ionic strength of 0,15,
Diffusion Measurements

Diffusion measurements were made by A, Pardee in a Neurath
type cell ;gg/ by use of the thermostat and schlieren optical system
of an electrophoresis apparatus. Pictures of R18«Fl0 were taken at
two concentrations over a three-day period, The differential dife
fusion curves at the higher concentration were symmetrical but those
at the lower were slightly skew, The diffusion coefficient was cal-
culated by two methods., The first, which depends on the height and

area of the curves 104/, gave 0.60 % 0,06 « 10"7cm.2 sec, as an
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average for five pictures, and the second method, which depends
on the width at several heights of the ecurves, gave a value of
0455 £ 0,04 » 107 cm.z sec., The two concentrations gave resulis

whieh agreed within the experimental error.
Partial Specific Volume

The partial specific volume of Fraction E18-F1l0 in 0.15 I so=-
dium chloride solution is 0,73. This value was determined by

A. Pardee,
Viscosity*

An Ostwald-Fenske viscometer was used to measure the viscosity
of samples of Hl9=-Fla and Hl9~F2a at 25° C., at several concentrations,
and at different applisd pressures. The solvent was 0.02 I phosphate
buffer at pH 7.2 which was adjusted to an ionic strength of 0.15 with
sodiwm chloride. The viscosity increment, V, was calculated from the
times of flow of solvent and solution, to‘and t, respectively, and

the volume fraction of the solute, § , by the expression*%
¢

The veloeity gradient,;?; which is a mean value for liguid
flowing through a capillary, was calculated by the use of an ex-

pression due to Kroepelin 105/

*
These measurements were made by A, Pardee

The viscosity increment when extrapolated to zero concentration
is clogely related to the intrinsic viscosity defined in Part I,

Section II; that is, {1! T, where p is the partial speclflc
volume of the solute 2 " /oo



— gV
= 3mrit (32)

where V is the volume of liquid flowing through a capillary of
radius r in tine &,

Values of the viscosiby incrsuent at gero concentration and
at zero velocity gradient were obtained by a two-stage extrapolation,
The exbtrapolation to zero velocity gradient was puided by a theorete
ical curve of Kuhn and Kuhn for the viscogity of a suspension of
ellipsoids of revolution as a function of wvelocity gradient ;gé/.

The viscosity data are tabulated in Table 14,
Table 14

Viscogity of A-Substance

§0103 V V vV v

(4= 10200) (=540)  (F=1200) (p- 0.0 )

F19-Fla

3.91 150 207 302

1,96 126 168 256

0478 144, 20

0.00" 110 135 225 230"
K19-F20

Ful% 183 254, 400

1.65 170 219 330

0,66 167 217 294,

0.00% 153 200 265 275*

p Extrapolated
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Discussion

A considerable structural viscosity exhibited by solutions of
A-substance is an indication that the molecules are larze and are
quite asymmetrical, Such solutions in general exhibit two limite
ing values of the viscosity increment. AL very low velocity gradie
ents the molecules are distributed at random, the resistance to
flow is high, and the viscosity increment, Hé s is high, With very
high velocity gradients the molecules are orientated predominantly
parallel 4o the stream lines of the liguid, their influence on the
visgcosity is a minimum, and the viscosity increment tends towards
a lower limiting value, V.

Assuming that the molecules of A-gubstance are asymmetrical,
there are two models:s the random coil, and the elongated ellipsoid,
which might be applicable, A statistically coiled molecule should
have a fairly constant viscosity increment until a high velocity
gradient is reached, especially if il is not easily deformed. On
the other hand, a rod-like molecule would orientate itself, and the
viscosity increment should decrease considerably at high velocity
gradients. The variation of V with velocity gradient of Awsubstance
agrees fairly well with theoretical curves for the rod model pre-
sented by Kuhn and Kuhn 107, 108/,

Hydrodynamic treatments have now been made of both 4 and /%
for suspensions of both elongated and flattened ellipsoids 63, 109/.
Yehl, Oncley, and Simha 110/ have presented extensive tables based
on Simha's calculations ég/ of the relation between the viscosiily ine

crement , ¥ s and the axial ratio of suspensions of elongated
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ellipsoids, If these calculations are assumed to be applicable to
solutions of A-substance with /o = 230 and 275, respectively, for
fractions R19-I'la and Rl9-Fla, the A-substance molecule has an axial
ratio of about 60 to 1,

A value for the molecular wcight of A-substance csn he calculated
from the viscosity and diffusion data if a variety of assumptions are
made,

finstein ;}}/ generalized the earlier reasoning of Nernst,
Sutherland, and Stokes and showed that the diffusion constant of a
solute is a function of the dimensions of the molecules and the vise
cosity of the liquid, Perrin 112/ carried this approach further and
found that the diffusion constant, D, of an ellipsoid of revolution
ig given by D = Dofo/f, where Do is the diffusion constant of a sphere
of the same mass and velume as the ellipsoid and fa/f is the ratio of
frictional coefficients of the equivalent sphere and the ellipsoid,
Values of fo/f for a suspension of elonzated ellipsoids can be cale
culated in terms of the axial ratios following a treatment by
Perrin 112/, and a tabulation of such calculations hae< been given by
Svedberg and Pedersen ;;g/. D0 can be calculated by the use of
Einstein's relation if the molecular weight, partial specific volume
of the soluts, and the viscosity of the solvent are known,

The molecular weight which is calculated for A-substance from

the following expressions is 5.0 ¢ 106‘
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with D = 0,58 * 107 cu. sec., £/f = 3.2 (for an axial ratio of

60 to 1), ¥= 0473, t = 25° C., and % = 0,01 poise.

The values of the molecular weight from light scattering are
not inconsistent with this value., The light scattering measurements
were made before the angular scatbering equipment was constructed;
hence the reported values of the order of one million were calcu~-
lated from the 900 scattering alone. The correction factor which is
calculated from the angular scattering (see Part I, Section VI,
Figure 19) could easily be 3 or 4 for a rod-like molecule of reasorn=
able length and could bring the light scattering molecular weight in
essential agreement with that from viscosity and diffusion. The
different slopes of the 1light scatbering curves for the different
preparations and the appreciably lower intercept for Fraction R18«F10
may be due to the fact thal the solutions were at different pk and
ionic strength, The effects of pi and ionic strength on the light
scattering of protein solutions are not yet understood although such
data might be interpreted in terms of a treatment similar to the
recent Kirkwood-Uoldberg theory of light scatbering in multicomponent
systems (see Part I, Section IX).

The molecular weight from osmotic pressure data, 220,000 for
Fraction R18-F10, is not in agreement with the above results unless
the difference is ascribed to molecular heterogeneity of the prepar-—

ations. It is conceivable that the presence of a few per cent of a
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rather low molecular weight material could give such a value for

the number-average molecular weight., The observation of Landsteiner
and Harte 98/ mentioned earlier that biologicélly active material
diffused through the membrane during their osmotic pressure measure-
ments is consistent with this hypothesis. The fractions are not
extrenely heterogeneous, however, since the two methods of calculat-
ing the diffusion cohstant, one of which is sensitive to heterogeneity,
gave essentially the same result,

The only earlier work which is at all suitable for cogparison is
that of landsteiner and Harte 98/. By use of their value of the
sedimentation constant for "un-degraded" A-substance,
8201= 0.5 * lO"lssec., and values for the diffusion constant and
partial specific volume, respectively, of 0,58 » 10'Vém? sec, and

0,73, the molecular weight is calculated to be 1,1 * 1 6.
Summary
light scattering, osmotic pressure, diffusion, and viscosity
measurements have been made on preparations of A-substance, The
values of the molecular weizht which is calculated from diffusion
and viscosity is 5 » 106. Light scattering data indicate only that
the molecular weight is greater than 1 ¢ 106. The much lower value

of the molecular weight caleculated from osmotic pressure, 0,2 ° 106,

might be ascribed to molecular hetereo; reity of the preparation.
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Section I1I., Thermal Aggregation of Serum Proteins

Aqueous solutions of proteins (gelatin is an exception) become
turbid when heated to temperatures of the order of 60° C., and in
general, proteins become completely insoluble after extended periods
of heating at this or somewhat higher bemperatures, This process of
coagulation of proteins in solution is usually taken as evidence of
denaturation since the amount of denaturation determined by this
criterion usually agrees with that determined by other methods: for
example, change in amount of detectable suifhydryl groups.

Hardy }}é/, many years ago, proposed that heat denaturation of
proteins really involves two stages, the first of which is an actual
change in the physical properties of the protein, and a second, which
is the coagulation of the already altered protein, The mere coag=
ulation of a protein is not sufficient evidence of denaturation,
for there are numerous examples of aggregation of native proteins
for example, precipitation of serun proteins by the addition of
salt, or the coagulation of euglobulin during dialysis against
distilled water,

Cooper and Neurath iié/ recently investigated solutions of
horse serum albumin which had been heated for various lengths of
time at 70° C, and concluded on the basis of viscosity, diffusion,
and electrophoretic measurements that there was actually molecular
aggregation at certain values of pH and ionic strength even though
there was no obvious coagulation, At pH 7.6 the heated solutions
exhibited a higher viscosity; the electrophoretic pattern and mobile

ity were different from that of native protein; and finally, the
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heated protein was found to be more susceptible te tryptic digestion.
Bier and Nord 116/ found that the turbidity of solutions of oval-
bumin at pH 4.20 was changed markedly by heating at 400 Ca, although
there was no detectable increase in free sulfhydryl groups and no
change in the ability of the protein to crystallize,.

The measuremncnt of the turbidity of protein solutions was
widely used during the war as an empirical means of evaluating the
thermal stability of plasma preparations derived from blood cole
lected by the American Red Cross 117/, but little effort was made

to analyze the data.
Experimental

A brief light scattering investipgation of the thermal aggre-
gation of human serum albumin and bovine serun gldbulin was nade to
learn whether useful information about protein denaturation could
be gained in this way. The light scattering apparatus has been
described in Part I, Section VI, and the proteins were those described
in Part II, Section I. The proteins were dispersed in borate buffer
of pl 8 or in barbital buffer of pH 8,6, each with sufficient sodium
chloride to give an ionic strength of 0.15. The solutions were
centrifuged, transferred to a dust-~frec scattering cell, and the
cell was immefsed in a constant temperature water bath. After the
required period of heating the cell was removed, brought rapidly
to room temperature, and the 90° scattering was determined., The
scaﬁtering was measured at only one concentration since the data

in Part II, Section I indicate that the light scattering curves
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for serum proteins at this pH and ionic strength have nearly zero

slope, The dissymmetry measurements were made in the usual manner,
Resulis and Uiscussion

The turbidity of solutions of humanm serum albumin changed
very slowly with time of heating at 57,8° ¢, A4 solution of 3 mge
per ml, in barbital buffer of pH 8.0 gave a five~fold increase in
turbidity after 13 days of heating, which corresponds to a final
molecular weight of about 350,000. Solutions which were heated longer
than 13 days and then stored for some hours in the cold showed some
coagzulation, |

The study of human serum albumin was not pursued further because
of the greater interest in the heat denaturation of &  globulin in
connection with the proposed mechanism for the manufacbure of antie
bodies in vitro 113/.

Solutions of bovine serum ¢ globulin were heéted at various
temperatures and at various concentrations of protein in borate
buffer of pH 844, U = G.15. The results are plotted in Figures 36
and 37, where I is the ratio of the intensity of the 90° scatter-
ing to that of carbon disuifide, and ¢ is the protein concentration
expressed as weight fraction. The vaiue of I/c is proportional to
the weight average molecular weight of the scatbering if, as mentioned
above, the slope of the light scatberiiiz curve is neglibible and if
the scattered light exhibits no angular asymmetry.

Angular scattering measurements were made on a bovine ¢ globe

ulin solution in the above buffer, The dissymmetry coefficient, for
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Figure 36. Effect of temperature on seattering power of heated
solutions of bovine serws globulin, Initial protein

concentration was 0.3 mng. per ml,.
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Figure 37, LIffect of inditial protein concentration on the sCate
tering power of heated selubions of bovine serua

globulin, The solubtions were heated at 57.8° €,
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a soluti&n which contained 3 mge of protein per ml, of solution,

was zero within the experimental error. This result was expected,
gsince the maximum dimension of the globulin molecule is considerably
less than the wave length of light. This same solution was then
heated for 20 minutes and 76 minubtes, respectively, at 57,8° Csy but

there was no detectable change in the angular scattering.

If a solution of this protein at the above concentration is
heated at 57,8° Ce for extended periods of time the turbidity of
the solution continues to increase for a time, as shown in Figure 37,
but reaches a maximum value after about 100 hours, With continued
heating there is little change in the turbidity of the solution until
the protein begins to precipitate. The appearance of a precipitate
was noticed after 380 hours of heating at this temperature,

A differential centrifugation experiment was performed on a
solution containing 3 mge. of protein per ml. of solution vhich had
been hested for l2d‘hours at 57.80 C. in order to learn something
about the distribution of particle weights in the solution. It
was found that the concentration of protein remaining in sclution
decreased regularly with increasing tinme of centrifugétion; go it
is evident that there was a distribubion of particle weighls among
the aggregates in solution. About half of the protein imitiaily in
solution was found to have been centrifuged out of solution after
540 minutes. 3ince this time of centrifuzation at 32,000 g is suf-
ficient to remove from solution all particles having a molegular
weight greater than about 2 » 107 it is clear that a considerable
percentage of quite large aggregates are formed in the heated solue

tion.
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This data may be interpreted as indicating that there are but
few large particles in solution before 100 minutes of heating, but
after 100 hours of heating quite a large proportion of the total
protein is in the form of large aggrepates.

The data presented in Figures 36 and 37 indicate that the rate
of change of turbidity of a heated ( globulin solution at constant
ionic strength and pH is dependent on the initial concentration of
protein, the tempsrature at which the solution is heated, and the
time of heating, If these curves represented a change in the amount
of denatured protein with time of heating it would be easy to estab-
lish the order of the denaturation reaction and to determine the heat
of the reaction. The rate of change of turbidity of such solutions
is, however, a measure of the rate of aggregation of protein which
has presumably undergone thermal denaturation and is therefore no
simple measure of the rate of the denaturation,

A possible method of analysis of the turbidity curves would be
to consider that heat causes the native protein to change in some
manner by a first order reaction and that the altered protein then
aggrezates according to a second order reaction, The primary reaction
of protein denaturation is usually considered to be of first order,
and Smoluchowski ;;2/ has proposed thai the coasulation of colloid
particles obeys a second order reaction.

The rate of change of Ydenatured" protein molecules would then

be given by the expression
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-t
’J'AI'-"KN;‘I'dNoe *

dt (34 )

where N is the nuuber of “"denatured" protein molecules,
K is the Smoluchowski rate constant for coagulating systems,
K, is the initial nuwnber of protein molecules, and

& is a first order rate congtant for thermal denaturation.
The turbidity of a polydispersed system can be expressed as
.1y
t=A7 MV (35)

where A is a constant for a given system, and ﬁj is the mumber of
particles per unit volume of the jth kind each having a volume V _,
If the scattering particles are simple aggrezates of primary particles,
thén the volume of the Je-mer is J times the volume of the primary

particle, V , equation (35) can be written as
T = AL 3N (36 )

In principle the turbidity of a heated protein solution can
be expressed as a function of time by means of equation (36), with

Hj determined by the solution of equabion (34).
Sumnary

The change in the light scattering of solutions of bovine
globulin with time of heating has beern measured at constant
ionie strength and pH but with different initial concentrations of

protein and different temperatures of heating,
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An incomplete analysis of the data suggests that although
the primary reaction of protein densturation is involved 1n the
change of turbidity of the heated solubions, the most important

factor is the aggregation of the denatured protein molecules,
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Propositions

1. Comparison of values of the "apparent molecular weight"™ of
proteins is at best unsatisfactory and at worst may lead to in-
correct interpretation of data. For example, the conclusions of
Fraenkel-Conrat and Yechan 1/ concerning the state of aggregation
of ovalbumin in an aqueous solution containing urea and iodoacet
amide could be questioned,

Although there is no evidence for the aggregation of serum albumin
in an isoionic condition in the absence of electrolytes the osmotic
pressure of an electrodialyzed isoelectric bovine serum albumin
solution has given variable resulte for the molecular weight 2/.

It should be relatively simple to determine the molecular weight

of isoionic salt~-frec sevum albuwin by lipht scattering,

* " : . o

The value of the moleculayr weight which can be caleulated from
the magnitude of the osmobtic pressure of a solution containing a
high molecular weight solute by the use of the van't Hoff equation,

;/ Fraenkel-Conrat, He, and Hechau, U. K., J. Biol. Chem., 177, 477
(1949) ""’

2/ Scatchard, G., Batchelder, A., and Brown, A., J. Am. Chem. Soc.,
68, 2320 (1946).

2. It is the practice of certain moonghiners in the Allegheny
mountains when preparing spirvits for the trade to steep plugs of
chewing tobacco in raw distillate for 43 hours., Although this proe
cedure admitbedly gives the product a desirable color and eliminates
the "slop" taste and odor it probably alse rcduces the fusel oil
content, This hypothesis results from observation of physiological
reaction and not from chemical analysise

3s A recent study of the liguid phase adsorption of acetone by
nitrocellulose from an acctone-iigroin mixbture was based on the
assunption that there is no interaction between nitrocellulose and
ligroin ;{. This assumpbion is contrary to conclusions reached in
this thesis 2/,

An independent method of evaluating the magnitude of possible ad=-
sorption of ligroin by nitrocellulose from acetone-ligroin mixtures
would be the "equilibrium dialysis" procedure 3/. It might be found
netessary to use ones of Phe wore sophisticated interferometers to
evaluate small changes in solvent composition,

1/ Campbell, H., and Johnson, F., J, Polymer Sci., 4, 247 (1949).

2/ This thesis, Part I, Section IX,

3/ Klotz, I, M., Arch, Biochem., 9, 109 (1946).
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4 Putman's remarks on the mode of dernaturation of proteins by
detergents do not include the consideration that surflace active
agents may be atlracted to the protein-soivent interface, Although
many factors are lnvolved in protein denaturation this effect should
be considered.

The experiments of the Stanford group g/, Klotz 3/, and others on
the adsorption of small molecules by proteins can be interpreted as
evidence of decided differences in the confijuration of certain
protein molecules.

1/ Pulman, F. ¥,, "The lotcraction of proteing and synthetic deterw
gents® in Advances in Protein Chemistry, Vol. IV, edited by Anson, li. L.,
and Fdsall, J. Ls, AcCademic Press, lew tork, 1948.

2/ Papers by Boyer, Ballouw, lLuck, and others, prineipally in J. Biol,
hem., 1944 to 1948,

3/ Klotz, et al, J. Am. Chem. Soc., 68, 1486 (1946) and other papers

5¢ It is often desirable to measure the light scattering of colored
solutions. If a solution is colored the optical dielectric constant

is no longer given by the square of the ordinary refractive index

but is given by the square of a complex refractive index. If the
absorption is due to a low molecular solvent component it can be

shown thet the usual light scatbering equation can be used to cal-
¢culate a wolecular weight for a high molecular weight solute, If,

on the other hand, the absorpition is due to the high moleculer

weight solute the usual light scattering eguation is no longer valid ;/.

1/ Kenyon, A., and later, V., J. Coll, Sci., 4, 163 (1949).

6+« The Bureau of Ordnance specifications for the analysis of nitro=-
glycerin solutions should be changed, It would be desirable to
sarry oul the reduction of nitroglycerin to ammonia by means of
Devarda's alloy in alkaline solution with subsequent distillation
and titratior of ammoniaz with standard acid. The present specifi-
cations call for the reduction of nitroglycerin by ferrous ion in
acid solution and subsequent back titration of ferric ion with
standard titanous chloride solubion,

7+ The validity of the Staudinger viscosity relation for nitroe
cellulose solutions is fortuitous and results from the occurrence
of a broad flat maximun in values of [/z for values of z usually

encountered in nitrocellulose samples 1/,

1/ This thesis, Part I, Section VIII,
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2. The general equation given by Kirkwood and Coldberg 1/ for
the light secattering of mulbicomponent systems, when constrained
to a two-component system, gives a simple expression for the light
scattering of a mixbure of two low molecular weight fluids,

A light scattering method might be developed which would enable the
caleulabion of ligquid-liquid interaction with ss much accuracy as
does the determination of partial vapor pressures.

1/ Kirkwood, J. G., and Coldberg, R., J. Chem. Phys. (in press).

9, Although it is inevitable that technical and scientific workers
will give different definitions of wrat constitbutes a ;ood solvent
for a high polymer, there now exists a variety of definitions of

" aood solvents® in the high polymer literature. A statement which
is less ambiguous than most is that of two solvents the betber sol-
vent is the one in which the activity coefficient of the polymer is
least.

It is difficult to predict the ability of solvents to dissolve nitro-
cellulose, I have found empi rlcallz_that good nibrocellulose sole-
vents give values of the quantity - which are little different
from one another, AL is the dlpole moment, € is the dielectric
constant, and D is the relative internal pressure as determined

from the heat of vaporization 1/. Ostwald has proposed the use of
the quantity'égf in this connection 2/,

1/ Hildebrand, J. H., Solubility, Chemical Catalogue Co., New York, 1924.
2/ Ostwald, %o., and Ortleff, H., Kolloid-Z., 59, 25 (1932).

10, The classical experiments of Perrin L/ on suspensions of gamboge
particles led to values of Avogadrot's number which were about 10 per
cent higher than the value accepted at present, The mean square
digplacement method probably gave high values of Avogadro's number
because the resistance factor for such particles is not adequately
represented by 6Tyr 2, 3/

The high values of Avogadro's number which were determined by
the gravity sedimentation equilibrium method may be attributed to
the deviation of the system from perfect solution behavior. The
following equation should be a better representation of sedimentation
equilibrium of colloid particles than the one usually given.
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N -m
Indes 2200 g ) 2B ()

where N is the mumber of particles of mass m per unit volume,
h is the height above g reference point,
g is the acceleration due to gravity,
K the Bolbzmann constant,
? the absolute temperature, and
B a econstant for a given system

fde fols
43 3 <: I S 6]

%/ Perrin, J., Aboms, translated by D. L. Hammick, Constable and
Company, London, 1920,

2/ Millikan, R, A., Ihe Electron, Univ, of Chicago Press, Chicago, 1925.

3/ svedverg, T., Colloid Chewistry, The Chemical Catalogue Company,
New York, 1923,






