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Abs~9,ct 

A description is g;l..ven of various instruments 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 experiments; and instru­

ments for l:Lght; scattering experiments, including a photoelectric 

photometer, a prisr:1 differential refractometer, and an angular scat­

tering camera. 

Osmotic pressure and intrinsic viscosity measurements on solutions 

of nitrocellulose fractions were used to establish a new value of the 

Staudinger Constant, 9.39 • 10 ... J, 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 weight average molecular weight of a polymer 

va:r:ies with the degree of molecular heterogeneity. The use of this 

criterion indicates that nitrocellulose manufactured from wood pulp 

is dJ,,_f3tinctly 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 ni·trocellulose solutions. Carbon di• 

sulfide is recommended as a light scattering standard. The values de­

termined for the absolute scattering power of carbon disulfide for 

light of wave len;th 4358 Rand 5461 Rare, respectively, 15.l • 10-5 

and 4,3 • 10-5. 



Light scattering measurements on solutions of' nitrocellulose 

fractions indicate that the molecule is relatively stiff, and i .s 

nearly fully extended up to a degree of pol;ymcriza tion of about 100. 

The 11 effective bond length" is about 10 times the len6rth of the 

monomer unit. 'l'he su1..;gest,ion is made that the validity of the 

Staudinger viscosity relation for nitrocellulose is .fortuitous and 

results .from the f act that t here is little change in the value of 

frl.J/ l over a range of z whi.ch is usually encountered. in ni tro­

cellulose samples. 

The interaction between nitrocellulos e and the components of a 

binary solvent has been studied by light scattering and the results 

have been interpreted in terms of the recent Kirkv/Ood-Goldberg theo­

ry. The data indicate that there is considerable interaction between 

nitrocellulose and certain non-solvents; for example, water, ligroin, 

butyl chloride. 

An investigation has been :made of the special probleir.tS involved 

in the application of the light scattering method to the study of 

protein solutions, and a technique has been developed for making such 

measurements. The method has been used to errtabl:tsh the molecular 

weight of an antibody from rabbit seru..11. 

A tentative value has been established f or the molecular weight 

of a preparation of Blood Group A-specific substance on the basis of 

light scattering and osmotic pressure data in conjunction ,Nith 

A. Pardee•s viscosity and diffusion data. 

A prelim.i ... nary investigation has been made of the usefulness of 

tbe light scattering method for the study of heat denaturation o:f 

serum proteins. 
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Part 1 

A Study of the Molecular Properties ot Nitrocellulose 



Introduction 

Nitrocellulose, or more properly, cellulose nitrate., was 

apparently prepared as early as 1832 by Braconnot in J!'rance, who 

treated-wood, cotton, and paper with concentrated nitric acid•* 

Nitrocellulose has long been the techni cally most important 

derivative of cellulose because of its use in the explosives, 

plastics, and lacquer industries, although its use as a plastic 

has declined in recent years because of the fire hazard. It has 

also been a popular material for the ecienti.fic investigation of 

high molecular weight substances because it is readily $Oluble in 

a variety of solvents~ Since cellulose is now believed to be a 

linear macromolecule built up from monomers of anhydroglucose., 

nitrocellulose is considered as a chain of glucose units nitrated 

to varying degrees of completion. 

'l'here are features of the chemical eonstitution of nitro,.. 

cellulose which are not yet understood; for example, presence of 

carbo:xyl groups, but since this investigation has dealt with the 

physical properties these w:Ul not be discussed. 

In spite of the many s.cienti.fie investigations of the molecular 

properties or nitrocellulose in the past there are feature.a which 

are not yet understood. The purpose of this investigation was to 

carry out as s~ratematic 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 .E,. c. 
Worden, 'l'echnology !! Cellulose Este:rs, Volume r, E. 0 41 Worden, 
Millburn, N .. J. 1 1921 • 
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permit in order to gain information about the mean molecular 

weight of nitrocellulose, the molecular heterogeneity., and the 

interaction \vith. solvents in dilute solution. 'l'he 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 out on 

a research project at the California Institute of 'l'echnology under 

contract -with the Office of ticientific Research and Development 

(Contract OE.Msr-881).* 

Section I gives a brief description of the proper procedure 

for drying nitrocellulose. 

Sec·tion II contains a description of procedures for meaaur­

ing viscosity of nitrocellulose solutions. 

Section III is devoted to a description of the technique of 

osmotic pressure measurements, results, and application to the 

estima-tion of molecular heterogeneity. 
1/~ 

Section IV is a description. of the application. 0£ osmotic 

pressure and viscosity measurements to the study of the stability 

of double-base powders. 

Section V describes the development of a precipitation titra­

tion teclm:i.que for the estimation of molecular heterogeneity. 

I n ;3ect i on VI, after a brief summary of the pertinent part 

of the theory oi' light scattering, a description is given of the 

* This work which has·ooen de-cl..asdfied is contained in OSED 
Final Report No. 5946, PD No. J0759, Linus Pauling, Official 
Investigator 



light scattering instruments and teehniques which have been devel­

oped during the course of this investigation. 

Section VII contains a summary of light scattering data on 

nitrocellulose and its interpretation in terms of the size and 

shape of the nitrocellulose molecule. 

Section VII I describes a brief investigation of the shape of 

the nitrocellulose molecule in different solvents. 

Section IX is devoted to an inveatigation or the interaction 

in dilute solutions between nitrocell.ulose and mixed solvents and • . • 

an interpretation of this interaction in terms of the Kirkwood­

Goldberg t heory. 
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Section r. Procedures for Drying Nitrocellulose 

Commercial nitrocellulose as received f'rom the nitration plant 

usually contains about thirty per cent of water which has been 

added to reduce the possibility of detonation du.ring 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 desiccation has in all cases 

been continued until a five ... gram sample of nitrocellulose loses less 

than 0,5 mg. during a two.hour period of evacuation• Most commercial 

nitrocelluloses will come to constant weight after twenty four hours 

of vacuum desiccation., although nitrocelluloses of low nitrogen 

co:,tent apparently lose water less readily than do ni·l;rocelluloses, 

of higher nitrogen content• 'l'he removal of moisture by this pro ... 

cedure is apparently satisfactory because representative desiccated 

samples lost no weight when they were iubsequently heatad for a 

few hours at 100° O,. 

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 conetant weight at 100° c. without detectable de• 

nitration, but this procedure Will of-ten cause a distinct decrease 

in the intrinsic viscosity of its solutions. Figure J. shows the 

chcUlSe in intrinsic viscosity with time of heating at 100° 01 £0.:r 

two representative commercial nitrocelluloses. 

The desiccation procedure is slow, and a sample ma.y be dried 

more rapidly by heating at ?0° c., especial].y if an oven is available 
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wh.ich circulates warm air under forced dr aft. Selected sa."l'l:ples 

of nitrocellulose have been heated at 70° c. for as long as 100 hours 

Without any detectable change in intrinsic viscosity or nitrogen 

content, 

This latter procedure was not emplo;y--ed in this investigation 

because of the soinewhat elaborate safety precautions which should 

be observed when nitrocellulose is heated in an oven. 
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Section II. Viscosity Measurements on Ni trocellul-ose Solutions 

Viscosity measurements are eo1muonly used for the character• 

ization of' solutions of high molecular weight substances. Many of 

the procedures which are used conunercially involve measurements on 

concentrated solutions, because re-su.lta of great use in the empirical 

characterization of mat,erials can be obtained from experiments in 

which the control of conditions need not be inconveniently precise. 

More val.µable Nsults from the scientific standpoint can be obtained 

from ~"J«.su;.~mente o.f visccsi ty on very dilute solutions and the 

extrapolation of the data to infinite dilution. 

In the oour(te of studies of the properties of nitrocellulose, 

measurements have been made or the viscosity of dilute and concen­

trated solutions of several nitrocelluloses in various salvents. 

The use of these measureinent~ for evaluating molecular weights Will 

be described in a subsequent s-ection,. 

Purification of Solvents 

Technical grade butyl acetate was dried over calcium oxide and 

fractionally distilled under reduced pressure. 'I'he middle fraction, 

which boiled at 53° c. under 55 mm. pressure1 was used,. 

c. P. grade acetone was stored for a day over potassium p.er­

manganate and distilled. The distillate was dried over potassium 

carbonate• decanted into a flaak containing anhydrous calcium sulfate., 

and re.distilled. The resulting material was used for studies of 

dilute soliitionsi untreated acetone was used for preparing the con• 

centrated solutione, which were :i.ntended to resemble those u$ed for 
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rout,ine measurements in industri al laboratories. 

The alcohol used in preparing the concentrated solutions was 

commercial 95 per cent ethanol. 

Most of the nitrocelluloses used in t hese stud.i.es were repre­

sentative commereial samples. 

Measur&-nent of Intrinsic Viscosity 

The intrinsic viscosity,[7/J, of a solute in a particular 

solvent is defined as follows lf: 

= lim ~ = 
C ➔ O C 

( l ) 

in which ~ rel = relative vlscosity.: 1l solution/ 'l solvent 

C = 

specific viscosity• >1 rel -1,. and 

concentration of solute in grams per 

100 ml. of solution 

'l'b.e Viscosity cf the solutions and the solvent were measured 

at 25 .• 0° ± 0,1° c. with an Ostwald•Fenske viscometer calibrated 

according to the procedure recommended by Ha.tschek Y• It was 

found necessary to pass all solutions through Pyrex Fine sintered 

glass funnels prior to the viscosity determination in order to 

fecure reprodu9ible flow times. 

1:be folloWing x-outine procedure was adopted for obtaining the 

necessary da~ for the extrapolation required by equation ( l ). 

A stock solution containing 3 grams per 100 ml. was pr epared by 
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weighing the required amount of dry n_i. trocellulose. 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 Solutiona 

The measurement of the viscosity 0£ concentrated solutions 

of nitrocellulose is described in the follo'Wing publication., 
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Reprinted from ANALYTICAL CHEMISTRY, Volume 19, Page 131, February 1947 

Copyright 1947 by the American Chemical Society and reprinted by permission of the copyright owner 

A Capillary-Type Viscometer 
For Use with Solutions Containing Volatile Solvents, with Application to 

Measurements of Viscosities of Nitrocelluloses 

DAVID P. SHOEMAKER, EARL HOERGER1, RICHARD M. NOYES2, 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-baII 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 splutions containing volatile solvents. 

THE 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 10% solution. The accuracy claimed for 
the determination is ±3.8%,· 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 measurements 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 a 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 University, 
New Yol'k, N. Y. 

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 thi:i 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 
raI\ge 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 i~to 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 scre:w cap is removed, the vis­
cometer assembly is i=ediately 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; it is 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 10% 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 
!inters 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 
5248 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 10% 
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 witli 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 

ANALYTICAL CHEMISTRY 

TIUE·0F·FLOW MARKS 

3 ml. - -­
BULB 

CAPILLARY TUBING... 
10 mm. O.D. 
2.7 mm. 1.0. 

30.5 cm. 

GLASS VIAL. 
40 ml. 
26 mm.J.D. 

FIDUCIAL MARK ( TO BE ADJUSTED 
TO THE LEVEL OF THE MENISCUS OF 
THE LIQUID BffORE THE VISCOMETER 
TUBE IS flllED l 

Figure I. 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 reco=ended 
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 III. Osmotic Pressure 

Solutions o..f high moiecuJ.ar 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. A.fter Ostwald JI pointed out that data on colligative 

properties of solutions of hi@'! 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 !t,/ presented the first conclusive experimental evidence 

that the osmotic pressure of a solution of a high molecular weight 

8Ubstance 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 eould be estimated from a eompar ... 

ison of' the number.,.avera.ge molecular weight from osmotic pressure 

with the weight-average molecular weight from viscosity and light 

icattering. 

Since this work was completed a number of articles have been 

published Yd:.lich describe similar apparatus and techniques for 

measuring osmotic pressure ~a 62• 7/ • r!iy work with the osmotic 

pres~ure 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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Membranes and Solvent 

The validity of osmotic pressure data depends on the efficien­

cy of' the membrane which is employed. An ideal membrane would 

have the following charac·!;eristics:. it would be readily permeable 

to the solvent but impermeable ·to the solute molecules; the mem• 

brane wou.ld not change w-lth time by excessive swelling or dissolv­

ing in the solvent, absorbing solute molecules, or beeom:lng im­

permeable by mechanical plugging; j_t would have sufficient strength 

to support itself in an osm01netcr; and finally, it is desirable 

that the membrane material be one that is easily obtained or 

SL~ple to prepare. 

Since there are a large number of commercial fi~ns now avail­

able a semi-quantitative study of ·t.he permeability of these films 

was made. The permeability was tested by the use of the apparatus 

shown in 1''igure 2. F..a.ch film was clamped between the brass junctions 

and the apparatus was filled with solvent, 'l'he rate of flow of 

solvent though the membrane was determined by measuring the rate 

of movement of the solvent throug1 t,he capillary tube B. Since 

the pressure on the membrane doe3 not change appreciably during 

a determination; that is, since the level of the solvent in tube A 

does not change very much with the movement of the solvent along 

the capillary tube B, the rat~ of flow of solvent was taken as 

being proportional to the permeability of the film. 

The permeability of various films to butyl acetate and acetone 

is presen·ted in Table 1. 'l'he 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 

is arbitrarily compared With that of a cellophane membrane; that 

is, if a film was one--half as permeable as cellophane it is rated 

as two; 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 001lll'ilereial duPont cellophane (gauee 300, or o .oooa inches 

thick) whieh had been conditioned by soaking for fifteen minutes 

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

rinsed succe~sively in water, absolute a.lc.ohol1 and acetone. 
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Table l 

Relative Permeability of Various li'ilms 

Membrane Material 

Conditioned Cellophane 
Gauge 300 

Pliofilm 120 (P4A) 

Pliofilm 140 (NI) 

Cellophane lio •. ,300 

Victory Film 200 (P9) 

Animal Membrane 

Parafilm 

CeUophane No. ))0 
Untreated 

Pliofilm 140 (NI) 

Pllofilm 120 (P4A) 

Rubber film 
(0.002 inches thick) 

Nylon 
(0,001 inohes thick) 

Animal Membrane 

Saran Gauge 12; 

Polyvinyl Chloride 

Solvent 

Acetone 

Butyl Acetate 

Butyl Acetate 

Butyl Acetate 

Butyl Acetate 

Butyl Aoetate 

Butyl Acetate 

Acetone 

Acetone 

Acetone 

·Acetone 

Acetone 

Acetone 

Acetone 

Acetone 

Permeability 

l 

Impermeable 

Impermeable 

Impermeable 

Soluble i n Solvent 

So.lu'ble in Sol vent 

Soluble in Solvent 

5 

6 

Impermeable 

6 

Impermeable 

Impermeable 
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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 cellophane which 

had been soaked in water for twelve hours and then rinsed With 

acetone served just as well as the especially conditioned cello­

phane• This treatment gave a membrane satisfactory for use With 

nitrocell'1].ose Which had an average molecular weight greater than 

20;000~ If the molecular weight was much lower than this, a small 

frac·t;ion 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 films were completely impermeable to acetone. 

Since the films did not become impermeable merely by soaking 

in acetone it seemed as if the now of solvent through the pores 

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 same. 

Morton§/ 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 

c0llected in a stainless steel container. 

In order to check the possibility that acetone might dissolve 

Bomething from the brass parts of the apparatus which might affect 
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the permeability of films, silver-:plated metal parts were sub­

stituted in the apparatus. Following this substitution the results 

were, the same as had been observed m:th the brass apparatus. 

Thie ttplugging'' of membranes apparently does not affect the 

osmotic equilibrium in a. static osmometer, since only a small 

amount of solvent flows through the membrane during a determinationj 

Osmometers 

The oemotic pressure of a solution may be determined by two 

general methods. The .f'irst, the so..called sta tie 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 

membrane. The second, the dynamic method, involves the determina• 

tion of the rate at which sol vent diffuses through the membrane 

into the solution, as a function of pressure applied to the solution 

side of the membrane. 

A dynamic osmometer shown in figure:, was constructed from a 

design which is essentially the same as that used by other workers. 

This instrument has several advantages 91 10/. . The large membrane 

permits equilibrium -~o be attained rapidly. The la:rge heat capacity 

of the st,ainless steel block reduces errors duo to temperature 

nuet.uations. l'he 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 dynamie osmometer 

was dit;Jeontinued, The membrane was fou.-id to sag for several hctn•tt 
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as pressure was built up on the solution side, and this spurious 

eapillary rise reduced the usefulness of the osmometer 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. 

All of t,he actual osmoM.c pressure measurements were made 

with the static osmometer shown in Figure 4,. The design £allows 

that described by Wagner "f}/,, 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 eorreeting for 

the capillary rise 'W• ?:ne assembled osmometer is placed in a 

glass cylinder with enough solvent to cover the lower end of the 

short section of eapill~y tubing. If the two tu.bes have exactly 

the same radius, and if the suri'aee tension of th.e solvent and 

solution are essentially the same, the difference between the 

levels ot solvent and solution in the respective ca.pillaties is 

a.direet measur$ of the osmotic pressure 0£ 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 o~motic pres-sure appHratua Cl,~1sists of five 

osmometers assembled in a rack which is submerged in a cyli ndr:lcal 

glass water bath, The rack ean be rotated to bring each osmometer 

in turn to a point convenient for observation. 'J:he water bath was 

held at a temperature of 2;~00° ± 0.005° c. With the aid of a.n air 

bath around the entire assembly. 'l'his degree of temperature control 

was necessary because a ohan,ge of 0.01 ° C., was sufficient to cause 
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a change of O .2 mm. in the hei t~ht of the solution ir. t,he cG.p:i.:t.:L:,_:cy 

due ·t;o the 11 therrnomet,er ef£ect11 in the osmomtrter . 

The procedure for making a rueasureraent was as follo·ws: 'l'he 

osmometEc~r was assembled as slw-wn in Fi6-ure 4. Sir.Ce ";:he :;1J'.:t:b:::-2~1e 

oi' conditioned cellophane could not be allowed to become d:J.•71, it 

was placed in t.b.e osmometer while water-wet and then was washed 

free of water With acetone. Tht:l membrane ·would shrink somewhat 

when washed vd th acetone and become t,aut enough to remove wrinkles. 

The osmometer cell was then filled with the ni trocellulos€ 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. 'i.'he height 

of the solution was adjusted to be about midway of the length of 

the capillary. l 1he osmometer was then placed in the cylindt';r 

i.mich contained enoug...'1 solvent ·to cover the lower end of the 

auxiliary capillary tube. Usually five osmometers ·were assembled 

for each determil:iat,ion of the same nitrocellulose. These were 

then placed in the rack and mounted in the constant temperature 

bath. After two hours the co!1tents of the osmometers were assumed 

to have reached temperature equilibri un1 with the ba.th, and the 

difference in the height of the solirent and of the solution in 

the respective capillary tubes was measure to the nearest O.l mm. 

w'lth a cathetometer. Subsequent observations were made at two­

hour intervals dur"lng the normal working da.y i'or the next twenty ... 

four to t.hirty-.six hours. 
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'treatment of Osmotic Pressure Data 

A graph was made by plotting the observed differences in 

height of the capillaries against e .. t where tis t he time in 

units of ten hours. The difference in height at equilibrium 

was determined by extrapolation to infi nite time. The density 

of the solution j_n the osmometer was assumed to be the sr.me as 

its density before the measurement was made. From the value of 

·t;he density of' the solution and of the difference in height of' 

the solvent and solution in their respective capillaries at equi­

librium, the osmotic pressure was calculated. 

The results of an osmo·tie pressure determination can he 

given a simple interpret,ation only if the membrane is truly im­

permeable to solut,e molecules. If the data eou.ld be extrapolated 

to a definite value for the equilibrium pressure, and if less 

than 0.5 per cant of the nitrocellulose diffused through the 

membrane during a determination, the assumption was rr.a.de that 

the observed pressure did not di.f'fer significantly from the 

true osmotic pressure. 

At sufficient dilution van•t Hoff's law in its simple form 

as a limiting law is applicable to solutions o.f' nitrocellu.lose °W• 
Since osmotic pressure determinations Which are made with extremely 

dilute solutions are not very accurate, molecular weights can be 

determined more satisfactorily by extrapolating to inf1..· nite dilution 

the results of measurement~ on solutions of a relatively high 

concentration. 

'l'he usual me·thod of treating osmotic pressure data is to plot 
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the osmotic pressure div:i.ded by the concentration, fr /e, against 

the concentration and extrapolate the curve to a value of tr/c 

at infinit;e dilution. 'rhis type of plot does not differ signif­

icantly from a straight line and has a slope which w:l thin the 

limits of exper-lmental error, is independent of the molecular 

weight of the solute, but is different :for different solutes or 

solvents !!zj. 

This method is illustrated by .F'igure 5. '1'he ni troeelluloses 

are fractions 'Which were supplied us by Dr. J. w. Williama 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: 

in which 

( 2 ) 

~ is the number average molecular weight 

l1 is the gas constant in 100 ml. atm./mole degree 

1T is the osmotic pressure in at.rnospheres 

Tis the absolute temperature 

c is the concentration in grams per 100 ml• of 

solution., and 

( 1T /c)0 ➔O ia the value of fr /c obtained by extrapolation 

to infinite dilution 



(/) 

w 
a: 
w 
I 
Cl. 
(/) 

0 
~ 
1-
<t 

z 

8.0 

s-1,1-4 

0 

0.5 1.0 1.5 
CONCENTRATION, GRAMS PER 100 ml. 

2.0 

Figures. Osmotic pressure data for four nitrocellulose fractions 

in acetone solution 



21 

Application of the Osmotic Pressure Hethod to the Study of 

Nitrocellulose 

The use of osmotic prf;lssure data to evaluate the Staudinger 

Constant for nitrocellulose and to estimate the degree of molecular 

heterogeneity of nitrocellulose is descri bed 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 

1 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) 

in which Mn is the number-average molecular weight, f; is the fractional weight 
of the ith species in the mixture, and M; is the molecular weight of the ith 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: 

(2) 

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

M'° = --Z,f;M, 

and (11] is the "intrinsic viscosity" of the solute defined by the relationship 

( l 
_ 1. In 1/rel 

1)-Iill--
c-o C 

(3) 

(4) 

where 1/rel is the viscosity of the solution relative to that of pure solvent and c 
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 JC 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, 
Ks, were prepared by Dr. J. vV. 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 takenfrom 
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 thisway 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, 1r, divided by the 
concentration, c, against concentration and extrapolating the curve to a v~lue of 
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1r/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 

(5) 

in which 1' is the absolute temperature, R is the gas constant in 100 ml. atm.jmole 
degree, and the other quantities have been defined previously. 

TABLE 1 
Staudinger constants for nitrocellulose fractions in acetone 

NUMBER·AVER· 
AGE MOLECULAR 

rNTR.INSIC STAUDINGER 
FR ACTION NUMBER WE IGHT, Mn DEGREE OF 

CONSTANT NITROGEN POLYMERI ZATION VIS COSITY 
(OSMOTIC K, X 10' 
VALUE) 

per cent 

S-3 ,4 . .... . ..... . ... . ... 13.36 41,000 144 1.32 9.15 
S-1,1-4 . . .. .. .. .. , .. ' ... 13.44 64,700 227 2.24 9.88 
P-3,2 ..... . . . . .. . ... . ... 13.41 130,800 459 4.37 9.52 
P-4,2 .. . ... . . . . . . . . . . ... 13.42 216,400 759 6.83 9.00 

Average . . . . . . . . . . . . ... ... . . . . . .. .... . . . .. . . . •· . . . . . . .... . . . . . . . 9.39 

V iscometric 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. 
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Fm. 1. Dependence of Staudinger constant in acetone on nitrogen content of nitro­
cellulose. e, determined in these laboratories; 0, calculated from the data of Wannow 
with the use of the other point. 

TABLE 2 
Heterogeneities of commercial nitrocelluloses 

NUMBER- WEIGHT-

NITR.OCELLULOSE AVERAGE INTRINSIC DEGREE OF AVERAGE 

NUMBER 
SOURCE NITROGEN MOLECULAR VISCOSITY, POLYMERIZA- MOLECULAR Ii,.iii.n 

WEIGHT, Mn fol TION -
WEIGHT, Mu, 

---
per cent 

6278 . ... . . ... 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 . . ... . ... 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 absolut.P 
values of all points are based on the assumption that the fractions used in thesf' 
experiments were molecularly homogeneous, and the relative values of thP 
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 p;epared 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. 
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Section IV. Application of' Osmotic Pressure and Viscosity 

Measurement$ to the Study of Smokeless Powder 

Considerable time was spent durine the war i n maki ng osmotic 

pressure and viscosity measurements on nitrocellulose samples 

.from domestic and foreign double•base powers. Most of this 

work is still olass.if'ied., but the .following application of these 

methods has been released in OORD Report No. 5946, PB No. 'J0759, 

During the course of an investigation of the stability of 

double-base powders various samples of powder were heated at 65° c .. 

to acee'lerate the ageing process. Samples of a cordite, JP ?6, 

'Which were heated for periods longer than ,0 or 40 days, were 

found to contain matetial which was insoluble in acetone and 

all common nitrocellulose solvents• One or two drops of dil:11te 

ammonium hydroxide, When added to 25 nil. of a suspension of thie 

insoluble material in acetone I would cause immediate soluti on. 

Dilute sodium hydroxide had the same e.ff' eot • while dilute aeid 

apparently had no effect. The nitrogen content of the material 

was not significantly different from that ot the pomer which 

did not insolubilize. An X•ray diffraction photograph of the 

insoluble material was practically indistinguishable froni similar 

photographs .of nitrocellulose of the same nitrogen content. 

These preliminary e.xper:1.menta suggested that the material 

was a nitrocellulose which had become insoluble by so.me Chemical 

reaction which resulted in the formati on of cross-Unkagei;s between 

niolecules, rather than by extreme denitration. A 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 Measurement of the Osmotic Pressure 0£ Solutions 

of Powders 

If the msmbrane which is used in osmotic pressure measurements 

is permeable to all species of molecules in solution except the 

nitrocellulose molecules, the preee.nce of substances other than 

nitrocellulose should have little effect on the osmotic pressure. 

The osmotic pressure 0£ a sample of JP 76 was measlll'ed e.nd 

the result compared with that of a similar measurement on a sample 

of the same powder wbich had been extracted With ether to remove 

the nitroglycerin, plastici.~er, alld stabilizer. 'l'he osmotic pressure 

of the two solutions reached the same steady state value., but the 

solutions o.f unextracted powder took a.bout tw"lee as long to reach 

equilibrium. The slopes of the eurve.s made by plotting tr/c against 

o for the two solutions were the same within experimental error, 

The procedure adopted for preparing a powder sample for an 

osmotic pressure determination involved the extraction of the 

powder with a suitable solvent; the removal of most of the solvent 

.from the residue by several houx·s of vacuum desiccation, and the 

preparation or a iolution in chemically pure aeetone• After twenty ... 

four hour-s of -mix:1.ng1 the insoluble material was renroved by til• 

tra:tion, and an. osmotic pressure. determination ,1as made on the 

aolution,. 'l'he vrej,_ght of ni trocelluloae 111 solution was calculated 

from the letn01m percentage of nitroeelluloee in the unextracted 

powder and ~m the amount of :insoluble material as determined in 



a, sep.g.re;te experiment. 

Procedure £or Viscosity Measurement of Soluti(>ns of Po-wd.ers 

Viscosity measurements were made on solutions of the soluble 

:material from the whole powder• 'l'he assumpt1ion was made that 

constituents other than nitrocellulose had but little effect on 

the v-lacosity of the solutions and that this effect waa substan-­

tia:J.ly constant throuf,h any series of hea~d samples of powder• 

1',or the purpose of eomparing the viscosities of solutions 

prepared from samples of powder degraded to different degrees, 

a function of the vi.soosi ty was calculated which was called: the 

«apparent intrinsic VieeositY'1 and was defined as follows: 

in which 

[ 11 lapp = c 1~ o loge 11. rel 
C 

[1l 1 app is the apparent intrinsic viscosity, 

rel :i.a the relative Viscosity of the solution,. and 

c is the calculated grams of nitrocellulose 

per 100 ml. solvent 

Results and Dtscu&sion 

Viscosity and osmotic pressure data on heated samples of 

JP 76 are tabulated in Table 2 and presented in Figure 6-
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Table 2 

Viscosity and Osmotic Pressure Data fo1" Heated Samples of JP 76 

Time of Percent Apparent Corrected Number Average 
hea"ting o.r Intrinsic Appa1·ent Molecular Yfeight 
at 65.5° c., Uitrogon Viscosity Intrinsic from Osmotic 
days in Acetone Viseosit~ Pressure• 

0 1.2.1s 2111? 2,.17 5.3,000 

14 12.14 lti90 1.91 48,000 

36 12.05 2.02 2.05 46,ooo 

57 ll/76 2.10 2.17 41,000 

l.14 u.78 1.s, ltt9'2 .22,000 

145 11.63 1.16 1.23 26,000 

* Co1-rected to the Viscosity the sample would have if the n:i. trogen 
content had been 12 .,lC--per cent . The data o:r Wannow ti/ Were 
used for the calculation of t,b.ia correction. • 

striking, With the exception of the anomalous point at l.14 days 

the osmotic pressure {number...average) molecular weight decreases 

continually With tir!le of heating. ':l'he visco$ity cloes not show 

a correspondingly rapid decrease in the early stages, and indeed, 

passes through a minimum at abm.1.t 15 days of heating• This .minilnur11 

is followed by a slight maximum before a final more rapid decrease 

sets in. 'l'he powde:r begins to contain i nsoluble material after 

about 50 days of heating With 0.8 :pt?.r cent of insoluble material. 

at 57 days and 12.5 per cent at 145 days. 

A plausible interpretation can be a.dvaneod to accotmt foJ.• 

these observations" It is olear from the osmotic pressure data 



·that an u.nintorrupted degt'-adation of the nitrocellulose is occurring• 

This degradation, however, appears to be opposed by some polymeri• 

zation reaetion which may well involve the type of process referred 

to as cross ... linking. The production of a relatively small fraction 

of very large molecules in this ma,."L.~er can more than co:.npens~te 

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

is proportional to the weight-average molecular weight. Eventual~ 

the association process culminates i.11 complexes which are so large 

as to be insol1.ible. As these complexes are removed :from solution, 

the general degradation is no longer coir.ipsnsated for, and the 

viscosity of the solution then experiences a tapid drop. 
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Section V, Characterization o.f Mitroeellu.lose by Me.~ns of Pre­

cipi tation Titration 

The suggestion was made in Section III that the ratio of t he 

number•average and weight-average molecular weights of a nitro­

cellulose is of value in estimating the det:,rree of molecular hetero• 

genei ty of the material. Such a ratio is valuable in that it 

gives eome information about the distribution of molecular wei ght 

in the nitl'ocellulose but it is limited in t hat it indicates only 

the average degree of heterogeneity. It is coneeival>le that two 

nitrocelluloses of widely different molecular weight di-strlbutions 

could give the S-ar!te ratio of weight•a~crage to number-average 

molecular weight. 'l'he ideal approach to the problem of the hetero­

geneity of. nitroeellulose would be to evaluate completely the 

Ill(.!)lecular weight distribution curve, This would involve the sepa• 

ration 0£ e~eh molecular s-peoiea and the determination of the molec­

ular weight and relative amounts of e--ach .. 

There are several methods o.f estimating the degree of molecular 

heterogeneity other than that, described in Section III.. The exi.st­

enee of different molecular weight species in a heterogeneous polymer 

sample can .apparently he es·tablished on the basis ot dif i'usion ex­

periments !f?/ • Isolation of fractions of di.fi'erent average xnolee• 

ular weight by a chromatographic adsorption procedure have been 

reported 17; l.8/. Ultrac;~ntrifuge experiments on a polymer solution 

can ·o-~ int,erpret,ed in 't'.erms of the wldth of a molecular weight dis• 

tribution curve, if certain assumptions are made. 
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A fractional precipitation or fractional solution procedure 

can be used to isolate si.zable portions of fractions of different 

molecular vveight. 'i'he fractional precipitation method, the one 

most frequently used, involves the separation of small increments 

of the ;X>lywer from solution by means of the addition of a non­

solvent and the determination of the avera&ie molecular weight and 

relative amount of each increment. From these data it is possible 

to plot an integral distribution curve for the polymer. This pro• 

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 vdll 

become turbid after a certain amount has been added and the turbid­

ity of the solution will increase until the nitrocellulose is com• 

pletely precipitated. If the solubility of each molecular weight 

species is a simple function o.f its molecular weight 19, 20/ and 

if the turbidity of a solution is a measure o.f the amount of nitro­

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 



amount of' precipitant a.dded t he curve will bear some resemblance 

to an integral molecular weit ht distribution curve £or the sample. 

Description of Apparatus 

An apparatus was designed, and constructed which records the 

decrease in light transmission of a solution of nitrocellulose as 

the nitrooellul.ose is progressively precipitated. '!'he appa1~atus 

was built around a precipitation cell which is sh()'Wl'l in Figure?. 

The cell 1$ constru..eted of Pyrex glass; part A is from a section 

et tubing Yib1cb was sel.eeted to be tree of imperfections wh1eh 

might aft en the ligllt t.rans.i-nission. The propeller, whieh is driven 

by a small motor controlled by a Variae, is pitched so as to throw 

the liql.iid clown into that part ot the cell which will be .in the 

light path. 

1'ran&m1S$ion messurements were made 'With a Fisher Eleetro .. 

photometer and were recorded 'With a General Electric Photoe:teetric 

Recording Potentiomet~r. The only modification of t he Elect..ro­

photometer Wae the installation of a double-pole dou.bl.e-thrGW 

Pitch so that the recorder coul.d be substituted. tor the galvanom­

eter in the instrument's circuit. 

Pt>eeip:i.tant was added. by a graVity feed from a large reservoir. 

With a head of about 90 cm., and a reservoir of one liter capacity 

it was found that .. repr oducible amounts of preeipi tant eould be 

added to the cell merel.y by measurtng the time of flow with a stOP­
\ 

1,,,1 t.:: i., . Su.ffieier,::.ly good temperature eontrol was secured by plaeing 

a jaeket around the 4~livery tube from the reservoir and pumpi ng 
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water .from a constant temperature bath through the jacket. 

Experimental Procedure 

The nitroeelluJ.o:se to be studied was dispersed in a mixture 

of three parts 0£ ethyl alcohol and five parts 0£ acetone and was 

made up to a concentration or 1/3 mg• per ml. The alcohol was 

added to the acetone to reduce its solvent power so t:nat a smaller 

amount of precipitant could be added during the course of a. determ­

ination. A 30-r..u.. portion o:f.' the solution together with l ml. of 

a 0,05 per cent aqueous solution of Duponol M.E. waa introduced 

into the cell and the cell was plaeed in the regular oell holder 

of the Electrophotometer. 1'he stirring motor was connected to 

the cell and water as a precipitant was added at a comitant rate, 

the cha11[:.te in light transmission being followed by the recorder., 

Experimental Precautions 

The temperature of the solution had an effect on the rate of 

precipitation, and the t,urbidity curves for aliquot portions of 

nitrocellulose solutions varied rather widely until a reasonable 

degree of ·temperature control was maintained. All solution~ were 

b:rought to 25° o,. before they were introduced into the cell. The 

water whioh was used as the preoipitant was ma.intai11ed at t:hie 

tempera.tun by a water jacket on the inle·t tube, 

The addition of a traoe of wetting agent v1as .tou.nd to be 

e:s$.ential for the rep1 ,,dtic:i.billty of the turbidity curves+ 

Duponol M.E. was used, but <>thC'.r wetting agents may be satisfactory. 



The addition of Duponol increased ti1.e ma>.--lmum t1irbidity of t,he 

solution by about ten per cent, apparently insured reproducibility 

of the precipitation, and stabilized the particle size so that the 

turbidity of a solution after precipitation would not change over 

a period of several hours. 

The additl.oh of one or t wo drops of dilute hydrochloi-:tc acid 
/ 

had a large effert on the shape of the turbidity curves. Apparent,ly 

a little acid ca."f).ses t,he ni. trocellulose to precipitate more rapidly, 
I 

and after preciptLtation the rnaterta.l coag1.ua:ted, i 'trace of calcium 

I 
chloride also carsed the nitrocellulose to precipitate more rapidly 

' 
than normal, while ammonium hydro:xide had l i ttle effect. 

These experiments emphasize the importance of making sure 

that no impurities were introduced into the nitrocellulose solutions. 

:f'races of salt and acid ions have a large effect on the .forma·tion 

of the colloid particles and as in all turbidiraetric procedures 

care must be exercised to use well-characterized mat.erials and 

to reproduce ti1e preGipi tation procedure in every detail '?Jl • 

Experimental Results 

Eatrt determination vras ma.de with 30 ml. of solution which 

con tained 10 mg . of nitrocellulose and a trace of Duponal ?,'I . E. 

Turbidity curves were plottE:ld vf.i.t,h per cent transmission as ordinate 

and ml. of water added as the abscissa, Selected curves are shown 

on Plate 1. 

An inspection of these curves reveals the following-.: 

(i) The maxi.mum turbidity wrdch a given concentration of nitro­

cellulose w-111 give depends on some unrecognized property of the 
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Legend for Plate l. 

Figure A• The e.f.f'ect of change of concientratio..'11 oi' ni trocelltt­

lose on the shape of the precipitation OUl'Ve .♦. Hercules No., 2917; 

ll.89 pe~ cent nitrogen; intrinsic viacoaity, 2.81 

Figure B,. , Precipitation curves for a variety 0£ unblended nitro ... 

celluloses 

Nitrocellulose 
Hercules No. 

5167 
1087 
1948 
5665 
3234 
2917 

Nitrogen 
Content 

t( 
P, 

l)i.t46 
ll,99 
u .. a2 
u.01. 
l0,96 
ll,89 

Intrinsic 
·viscosity 

Source 

eotton 
wood 
cotwn 
cotton 
cotton 
cotton 

Figure C ~ Precipitation curves £or two commercial. ni troeellu­

loses Which are blends of materials of ·different rrl.tl"ogen contents 

Nitrocellulose 
Hercules Mo, 

l04ll 
10405 

Nitrogen 
Content 

~ 

Intri.nsic 
Vi$CO$ity 

3.12 
3.26 

Source 

cotton 
wood 

Figure D. Precipitation curve for a 50-50 mixture of two nitro• 

celluloses which differ both in viscosity and nitrogen com.tent 

Nitrocellulose 
Hercu,les No_. 

5167 
5168 

ratrogen 
Content 

% 

lntrim1ic 
Viscosity 

:,.so 
2 . .,$5 

Source 

cotton 
cotten 
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Legend for Plate l {continued) 

Figure E. Precip:l.tation curve for a 50 ... 50 mixture of two nitro ... 

oelluloees which differ rather Widely both in viscosity and 

nitrogen content 

Ni t,rocelluJ.ose 
Hercul.es No • 

5168 
;3234 

Nitrogen 
Content 

% 

12,.60 
10.96 

Intrinsic 
Vi$Oosity 

2~85 
o.;5 

Source 

cotton 
cotton 

Figure F. A p:r-eoipitation curve for a mtroeellv.lose of undis.,­

closed oti,gin which was found by a gnVimetrio fractionation 

procedure to contain a small amount e£ a very high nitrogen content, 

higb viscosity material, and two l.argw components, ea.oh of lower 

nitrogen content and viscos-ity 
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nit,rocellulose or on some impurity in the sol vent., 

(ii) The point of first precipitation depends on both th.e nitrogen 

content and ·tb.e viscosity of the nitrocellulose., but is more strongly 

influenced by the nitrogen content. 

(iii) The slopes of the aurves are more strongly influenced by 

viscosity than by nitrogen content. 

(iv) Blended materials give curves with smaller slopes and lower 

maxi.mum turbidities than do unblended materials" 

(v) Nit,rocellul.oses from wood pulp give su.i.aller slopes than do 

those from cotton linters of equal rdtrogen content and viscosi.ty. 

(vi) Blended nitroeellul0$es give curves whieh are chAraeterized 

by points of inf'lec·tion. SQme i.nforma tion about the nature of the 

component nitrocelluloses can be gained .from the relative po:,ition 

of the inflection points, 

Disc~asion 

An article was published while this ir.1vestigation was being 

conducted in which the authors attempted to calculate differential. 

distribution curves from precipitation titration data on oellt:lose 

acetate butyrate W. 'I'he procedure involved the experimental 

deter·.mination., by means of carefully prepared fractions, of the 

point of first appearance of turbidity as a f'unotion both o.t' con• 

centrat:lon and of molecular weight of the polymer., A precipita­

tion titration curve on an unfractionated 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 pre ... 
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eipitant was increased. By making several assumptions and utilir&­

ing nomograms 1 a precipitation t,i tration curve could be analyzed 

and a differential distribution curve constructed for the sample 

of pol;ymer • 

The application of a simil.:u- :method of calculation to the 

data for nitrocellulose did not seem to 'be justified, An important 

feature of the method is Ji;he assumption of a constant relation 

between turbidity and amount of precipitated polymer. This asarump• 

tion implies that the particle size of the precipitated polymer 

is the same in all exper:iments and does not change during the 

course of a. determination .. 

The data presented in the .figures of Plate l indicate that 

alt,hough the turbidity is approx:imately proportional to the amount 

of precipitated nitrocellulos.e fot solutions containing different 

amounts of the eam.e nitrocellulose (t'ig:ue A)• solution$ contain­

ing the sa.-ne amount of different nitrocellulose gave different 

turbidities when the precipitation was com.plete. 'l'his 'Uncertain­

ty in relation betwee1-1 the turbidity and the amount of precipitated 

nitrocellulose made it impossible to give an unars.tbi.guous interpre­

tation of ·the precipitation titration curves, 

As a strictly empirical met-hod• the precipitation titration 

procedure was of considerable value in ·the investigation of nitro­

cellulose from foreign propellants. As a preliminary experiment, 

titration curves were made of the unknown nitrocellulose. The 

shape of this curve suggested whet,her or not the material was a 

blend, and if so, the approximat,e v-.lscosity and nitrogen content 
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of' the components. 'l'bis information was useful in the $election 

0£ a so1.vent-nonsolvent system for a graviluetrie fractional pre• 

cipitation and as a guide in carrying out this procedure• 'J.'he 

possible presence, however, of unknown constituents which mi ght 

affect the particle size of the pre-0ipitated nitrocellulose made 

it inadV:i.sable to rely on the precipitation titratiQn method• 

Sum.'llary 

Instruments and a techni,:1ue have been developed :f'or the 

estima'tion of t.he degree of molecular heterogeneity of nitro• 

cellulose by means of a precipitation titration procedure,. 'l'he 

method has been found to be useful in indicating the wi dth of a 

moleculP...r weight dist:r:i.bution, but it does not give unambiguous 

information as to the shape of the distribution curve. 
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Section Vl . Application of the Light Scattering Method to the 

Study of Nitrocellulose in Solutions* 

Introduction 

A theoretical basis for the calculation of t,ho molecular 

weight; of large molecules from the measurement of t.he amount 0£ 

light ~cattered from solution has been established during recent 

years 231 24/. The theory is not in it.a final form at the present 

time, but is being developed by workers both in this country and 

abroad 2,5, 461 27/. 

Experimental im'estiga-tions have shown that the light scatter• 

ing rnethod is capable of giving a value for the moleeu.lar wei ght 

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 solution 28, 29 z ')9/. 'l'he 

results of these experlments have emphtutized, however, that further 

developments are desirable both in the design of instruments and 

in t he technique of preparing solutions. 

After a very mef suunnary oi' t,he pertinent part of' the theory 

0£ light seattering, the purpose of this section is to describe 

1.natruments Which have been constructed in this laboratory and 

teebniques 'Which have been developed for making light scattering 

* This secti on is a $omewhat expanded version of a paper enti tled 
"The Determination of the Size and Shape of Nitrocellulose Molecules 
i n Solut ion by Light Scattering u:ethods. I• Experimental Pro-

. cedures1t., Blaker, R. H •, Badger, R. M .• ., and Gilman, T • s • ., J, Phys • 
Pd Coll.., Chem., ,a2, 794 (1949) 



measurements on solutions of nitrocellulose and other high molec-

ular weight substances. 

1'heory 

The fi.rst t heoretical t,reat,merrt of ligh t scattering waa 

carried out by Lord P..ayleigh JJ:/ some ei3hty ;,·ears ago when he 

derived an e.1..'}iression for the turbidity of a. perfect gas as a 

problem in electro1.1.1.gnetic theory• This treat,ment became quite 

complicated when the attempt, was made to apply it to the case of 

real gases and liq,uids because of inter,molecular interactions. 

A different and more successful approach due to Btnoluchowski 'a/ 
and Binstein 'J2/ considered turbidit,y as being due to statistical 

fluctuations in the refractive index of a :mediu.'ll. In a binary 

solution of a single solute ;uoleeular species these fluctuations 

r.iay arise .:from two e:f'f ects; one caused by density fluctuations 

and the other by c-one.antrat.ion fluctuations though.out the liquid• 

If Id.1'.dV is defined as the a;nount o.f light scatt,ered by a 

volu.1.e 0leme:ut dV of solutions int,o a solid angle dll at CJ,:J0 to 

the incident beam, the quantity I can b e r·epresented by the ex ... 

pressio:o.: 

( 4 ) 

in which l 1 represents the scattering due to densit,y fluctualtions 

and r 2 that due to concent:r·ation i'lt:.ctuati.ons. Ii' the solute 

particles are small compared With the wave length of light, a 

consideration of' the 1"1--ork neces~ary to produce these fluctuations 



43 

leads to t,he equations 

and 

. I, -
L,= -I -

0 { 5 ) 

( 6 ) 

in which 

I is the intensity of the unpolarized incident light. 
0 

(Intensity is here d'-¼fined as the energy carried 

through l cm.~ per second.) 

R is the gas constant (in cm1-atm. per mole degree) 

Tis the absolute temperature 

i is the isothermal compressibili·ty (in reciprocal 

atmosphere-s) 

l is the wave length (in vacuo) of the light used (in cm.) 

N i~ Avogadro's number 
0 

f' is the density of the scat,tering medium (in grams 

per cm3 .) 

n ie the refraeti ve index of the scattering medium 

1\ is the molecular weight of the solvent 

c2 is the w•eight i'raction of the solute (in grams per 

·, gram of solution) 
.. 

f 1 is the fugacity of the solvent 

Vis the scattering volume (in cm~) 

r ia the dis·tance (in cm.) at which the scattering is 

observed 
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lf the plausible assumption is made that I 1 and 12 are essen­

tially independent of each other in dilute solution, r1 may be re­

placed by I 8 where I 8 d.n. represents the light scattered per unit 

volume o.f pure solvent. The quantity, Iv can thus be determined 

as the difference between the scattering from the solution and 

that from the solvent. 

The value of r2 bears the following relation to the turbidity 

of the solution if; as Rayleigh showed was true for solutions o.t 

particles small compared to the wave length or light, the angular 

dependence of scattering obeys a (1 + Oos2 e) relation. This 

expression ist 

1: = ( 7 ) 

where 't is the turbidity of the solution due to scattering de­

fined by the relation: 

- 't'I< 
It = I e. . 0 ( 8 ) 

It is the intensity of the light which has traversed a layer of 

scattering medium .of thickness x. 

The assumptioM whieh were used in the derivation of equat:tons 

(5) and (6) lead to the conclusion that With unpolarized incident 

light the scattered light should be linearly pol,ari~ecl in a. plane 
.. /' 

perpendicular to the plane formed by the incident beam and the 

direction of observation. Actually, a certain amount of depolari• 

zation is observed • . Oaba;nnea 'J!:/ has shown that,. in certain 

oircumstanees at least, t.he 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 fa.cto:r 

knoWn as the Cabannes f'aetor 

6 + 6 l1 
b -7 ll 

( 9 ) 

in which the depolarizat:i.on, A, is the ratio o.f the intensity 

of the parallel and perpendicular components 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 eontr-ibut:ion to the observed turbidity of fluctuations due 

to random orientation of anisotropic particles• The turbidity, t , 

and the 908 scattering, 12, are not increased equally by d.epol.ari• 

zation since the angular dependence of scattering does not follow 

the (l + Coo4 e) relation if' the scattered light is depolalt'ized" 

The proper correction factor to apply to the turbidity is lz/a 

6+JA 
6 - 7 A 

( 10) 

De bye w proposed that the ·quantity ( - J lOfe nJ from equation 
J f~ P,7' 

(6) be related to a eolligative property of the solution, in 

particular, to the osmotic pressure• Since in terms of osmotic 

pressure 

{ ll ) 

where Vl is the partial .molal volume of the solvent, fr is tbe 

osmotic pressure, and since the osmotic pressure o:f a dilute 
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solution of a high molecular weight substance can be e:xpressed 

( 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. 

pression is ordinarily written ast 

r = [ 1;:;: (#Je•l 
- + ~e1A fl,/,- ll.,,, 

t-t3A 

This ex ... 
' 

( 13) 

where~ 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 oo:n.siderably 

reduced because of intramolecular interference. This interference 

also causes the radiation envelope to differ from the simple 

(l ~ Oos2 8) relationship which holds fo:r small parti cles. 1'he 

dissymmetry of the radiation envelope is a func.tion of the s:tze 

and shape of the dissolved molecules and offers a valuable means 

for the investigation of the shapes and absolute dimensions of 

lar ge molecules• Various equations have been proposed Which re• 

late the angular distribution of scattered intensity to the size 

of particle for several molecular models 281 . 36/. The applica•tion 

of these models to the angular scatteri ng data for nitrocellulose 

solutions will be described later in this Section and in Section VlI. 

'l'he above paragraphs have presented that part of t,he light 

scattering theory which is applicable to the experimental dat,a 
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of this and the subsequent two Sections. More com.vlete reviews of 

the method have been presented recently by several authors 37, ,'.H!1 3W• 

Light Scattering Instruments 

When the investigat,ions to be described were und.ertaken, no 

commercial instruments were available which were regarded as suit­

able for the experimental determination of light scatter:i.ng data. 

It was consequently necessary to design and construct three special 

instruments 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 into equation (l:3), 

the refractive index of the solution and the refractive index 

increment of the solute. 'l'be first of these presents no special 

problem. The determination of the refractive index increment of 

the solute is not practicable W1 th 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' nitro­

cellulose is only about 0.001. A Pulfrich refractometer might be 

used, but a differential instrument is much to be preferred since 

it great-ly reduces the difficulties of temperature control. 

A differential refractometer consequently was built which 

allows the measurement of the difference between the refractive 

index of t he solution and the solvent with an a.ccuracy of about 
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J • 10-6 • . This instrument consists of a double, hollow, c;o0 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 t he instrument. The 

light; source is a GE 100-watt AH ... 4 mercury arc, The f:llters wrdch 

give monochromatic light are those which are used in the photometer 

to be described below. Lens 1 and Lens 2 have i'ocal lengths of 

26 and 61 mm . respectively,. The eyepiece m.orometer is one which 

was purchased from the American Optical Companr. 

The prism is a block of stainless steel With two milled aper• 

tures which is enclosed i n a short length of ,tainles.s steel tubing. 

Pieces of 6-mm. plate glass are cemented to the faces of the prism 

and onto the ends of the tube wit,h sodium silicate• This cement 

is not very durable, but no ,more suitable substance with resistiv• 

ity to acetone has been found. Figure 9 gives details of the con• 

struction of the prism. 

If the two cavities of the hollow prism contain liquids 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 w:i th a liquid whose 

refractive index is not Widely di.:f:'ferent from 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 prisrn, 

* This instrument is a modification of the refractometer described 
by Rau and Roseveare !J9/ 



EYEPIECE 
MICROMETER 

LENS 2 LENS I 

F-lgure 8,. D1fi'er•ntial refractometer 

SLIT FILTERS 



PLUGS WITH TAPER FIT 

ENO VIEW SIDE VIEW 

i!'igure 9. Prism of differential ref :r-actomet-el" 
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which reduce the magnitude of the def'lectiQn 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. 

'fhe image deflection, X, can be calculated from the equa.tion gf. 

( 14) 

Where f is the focal length of lens 2 

A is the top angle oi' the prism, and 

n - ~ is the difference in re.fr~cti ve index between the 

two liquids in the cavities 0£ the prism. 

Absolute measurements may consequently be made, or the re­

fractometer .rrt3.Y be calibrated by raeaauring the image deflection 

when one cavity contains pure water and the other contains aqueow, 

solutions of known re.f'raetive ind.ex. Absolute measurements made 

on the refractive index increment of sodium chloride and sucrose 

in aqueous solutions were .found to be in agreement wl th previously 

reported vaJ.ues 42 4 4~/, 

No special precaution was taken to control the temperature 

ef the prism since the value of n - n.
0 

is insensitive to small 

temperature changes. 

Light Scattering Photometer 

A photoelectric photometer which was const-ructed for me,asu.ring 

the 90° scattering and the depolarization of this se.atter-lng :l.s 

illustrated in Figure 10 and is described below. 



SCATTERING 
CELL 

/ 

\ 
DOUBLET LENSES 

) 

PHOTO CELL 

NEUTRAL 

SjEEN 

COMPARISON CELL 

SOURCE 

74 LAMP) 

Figure 10. Scheme ot the optical pa.th in the photoelectric 

photometer. (Figure is from an article by Blaker, 

Coll. Chem ♦, 21, 794 (194-9).) 
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The light source, an AH-4 mercv.ry arc operated by a constant 

vol·t;age transform.er, is focused on a vertical slit about J x 18 mm., 

before which are located filt,ers for monochromatizing the beam. For 

isolating th~ 4358 i line, 4 mm. of Corning No. 58.5 in cmubination 

with a thickness of Wr atten No. 2A is used. The 5461 2 line is iso.,.. 

lated with 4 mra . of Corning No. 5120 and 2 mm. of Corni ng No. 3486. 

The r ed l i ght transmitted by this coiabination is unimportant because 

of the insensi tiVity of' the photocell to long wave lengths• At some 

little distance behind the slit is a rotatable disc With three aper­

tures (not shown in the f igure) , 'l'.'ffi> oi' these apertures are covered 

,nth Polaroid sheet (Polaroid J film.), thus permitting polarization 

of the incident beam in either of two U1utually perpendicular plane~, . 

The beam is then diverted upward by a mirror at 41' and enters the 

scattering cell. Immediately in front of the mirror a lens pair 

serves to focus an image oi' the slit in the s-cattering solution 

at a point opposite to the observation window in the side of the 

cell• The illuminated volun1e is consequently a thin sheet some­

what over 3 mm. in average thickness. 

Opposite the window a third pair of lenses focus the scattered 

light on a .square aperture, l em, on edge., much defines t he two 

additional dimensions of the ei'feotive scattering volume. A slide 

With three openings (not shov.rn in the figure) is located between 

this square apertut'e and the photl)cell, Two of the openings in 

the slide are covered with Polaroid. sheet urientect 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 be&'l by means of a second photocell which r eceives 

light diverted by a thin gl ass plate mounted immediately behind 

t he slit and a·t 1~5° to the direction of the entering beam. The 

two phot;ocurrents are compared by the use of a bridge circuit. 

Adjustment of' one of t he potentiometers is made until a null 

reading is obtained on a galvanometer. Direct calibration has 

shown that measurements of relat;ive intensity may be made with 

an error not exceeding one per cent, 

The photocells employed are RCA elect ron multiplier tubes 

type No,. 931-A. The tubes c1r e normally operated at 90 volts per 

stage by a conventional 1000-volt power supply with electronic 

voltage regulation. The complete electrical circuit is shomi 

in Fib:rure ll. 

Itlectron raultiplier photocells are quite sensitive to t he 

direction of polarization oi' light inci dent upon them. This effect 

may give rise to errors in the polarization measurements and has 

been compemrnted f or by t he introduction of a suitably inclined 

glass plate wh:l.ch slightly polarizes the light just be.fore it enters 

the photocell. 'I'his plate is orientated ir. such a manner that the 

photocell will give a correct indication of the ratio o.f.' the in,.. 

tensities of vertically and horizontally polari~ed l ight. 

'l'he instrument polarizes t he incident beam slightly because 

of the use of a glass plate to re.flee·~ light to the comparison 

photocell and because of' the reflection by the mirror. This effect 

is compensated i'or by a slight inclination of the glass filters 

loea ted before the ini tial slit, 'l'he instrument was adjusted 
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until the measured value for the depolarization of tho light scattered 

from carbon disulfide agreed v,.ith the value reported by p-ceVious in­

vestigators. 

The scattering cell used in the apparatus described above was 

constructed from a 20-cm. section of Pyrex tubing, 35 mm. in out ... 

side diameter, with a 24/40 standard taper joint on the top, and a 

disc of polished Pyrex glass cemented to the bottom with an easily 

fusible glass !dJI. The standard taper joint is closed with a short 

nhorn" which serves as a light trap. 'The outside walls and top of 

the cell were painted with opaque lacquer except for a va.ndow 

2 x 3 cm+ near the bottom, which is opposite the viewing lens 'When 

the cell is located in the photometer. 

Absolute Calibration of the Light Scattering Photometer 

The selection of a scattering standard was neoeasary since the 

photometer is capable of giving only relative values of scattered 

intensity, Some previous workers have made calibration measurements 

using a diffusely renecting screen for comparison• This method 

has some difficulties and may imrolve a number of corrections, since 

.scattering by a volume in one case, and by a surface in the other 

case, is compared. 'I'he use of a standard scattering liquid is con­

sequently much more convenient in routine measurements. 

Carbo11 disulfide has been found to be a very convenient standard 

since its scattering power is comparable with that of the sclutions 

ordinarily studied, and it can be rather easily prepared in a dust,..,. 

free condition. In a sealed vessel it is stable if not exposed to 
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violet li1ht. One sample of carbon d:isulfide used for three years 

as a standard, chiefly with light of 5461 X., showed no sensible change 

in scattering power. 

The scattering standard was prepared in the following manner. 

The top of a scattering cell was drawn down and sealed to a U-tube 

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 

pen1;oxide 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 temp,~rature. The distilled carbon di .... 

sulfide was svr.i.rled gently ;_n the cell and then run back into the 

bulb. This process was repeated a n-wnber of timea until the scatter• 

ing 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 !t:iJ 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 0£ light scattered bye. freshly ground 

porcelain plate when the angles of incidence and scattering were 

both 4;0 • In the second experiment the intensity of the 90° "volume" 
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scattering of carbon disulfide was compared with the ''surface11 

scattering of the porcelain plate, with angles of incidence and 

scattering again at 45°. 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 the plate to be compared with the volume scattering of carbon 

disulfide was then obtained by integration under the plot of intensity 

versus plate position. 
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The results of t he calibrat,ion experiment are presented i n 

'!able 3 together WJ:th the ret:ults of earlier investigators• 

'.Cable 3 

Scattering Power of Carbon Di.sulfide 

Investigator Wave Length •.remgerature 
i C 

Bai M!;' 4J58 30 

Cabannes* !ii/, 
Bha;;avantam "It}/ 5461 15 

Martin ft2./ 4358 20 

P..aiff 51~61 30 

'l"nis investigation 4358 2; 

This investigation 5461 2S 

Sc:Jttering Power 
i/Io 

120•10-6 

44•2•10-6 

138•10-6 

39•fr.•10-6 

151•10""6 

/;,7•8•10-6 

In view of the difficulty of eliminating systematic errors the 

final value ·:or the sc.a tterlng power o.f carbon disulfide may be some­

what in error. Since the resul ts obtained by .four i nvsstigato.re are 

not w;:i.dely d;i.fferent,, an average value has been taken as more repre ... 

sentative of the true value than t he val:).e obtained by any one inves• 
\ 

tigator. 'l'he values of i/I0 for carbon disulfide which iit' e used in 

t his laborauory are, t heretore, 43•9,•10-6 for a wave length o.f 

5461 i and lJ6•10-6 for 4358 l. 

---------·-----------------------------
* Cabannes gives the sel'lttering power of benzene. The sca.ttet·ing power 
of carbon disulfide is calculated by t ile use of the relatiVJ?. scattering 
po11'1--er of carbon disulfide and benzene given by Bhagavantam. 

·)M'l- Ca lculated from Bai 1s value of the sca,t·!;erlng at 4.358 5t with the 
a.id of the Lorenz-Lorentz formula. 



56 

Camera for :Measurement of Angular Distribution 

The camera designed to measure the angular dis•t.ribution of 

intensity of the scattered light is somewhat similar to one preVi• 

ously described by P., P. Debye W, but has eeve.t-al improvements, 

The photographic method of :measurement was chosen because it was 

desired to have sa tisi'actory angular resolving power. This is 

a t tended wi:t;h low intensity levels and makes photoeleetrj_c measure­

ments somewhat difficult. Furthermore the intensity of light 

scattered st various angles can be measured s:i.LGultaneoualy and 

consequently a:ny error which might be introduced because af periodic 

fluctuations or drift in the sensitiVity of a photoelectric inatru• 

ment can be avoided. The camera designed permits the direct com­

parison of light scattered at any angle With that scattered at 90<>. 

Th~s feature practically eliminates r~:rors due to lack of uniformity 

in the photogr8ph:Lc film, and mak$s 11:.1,unµci,~~sisary to correct for 

effects due to the "spreading" of the scattered bemn because of 

refractior, as it passes through the cell Window. It reduces 

errors (hi,. 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 nflt 

be the same. 

The essential features of the camera are shown in Fi gure 12. 

The light from a merc1.ll:'y arc is focused on the rectangular aperture 

2 x 3 mm. (0). Lens (L) renders the light essentially parallel and 

the diaphrag~ (D) limits the beam to a narrow shaft 4 mm. by 18 mm• 



BOTTOM 

H 

TOP 

Figure 12. Camera fo:r the determination of the angular di.stribu• 

tion of scattering. (Figure is frrirn an article by 

and Gilman,, T .. , s., 

J. Phys. and Coll. Chem., ~, 794 (1949).) 
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This beam ·chen passes up through a cylindrical scattering cell• 

Scattered light passes through aperture (U) and is recorded on a 

strip of film (l!'} held in place by film holder (H). 'l'he sliding 

shutter (E) is located just in front of the .film and has 16 equally 

spaeed apertures, each 7 mm. by 36 rrJID. A step wedge of nine steps 

is held tightly in place against the inside surface o.f the shutter. 

'l'he position of this shutter can be shifted the distance of' a width 

of one ap(➔rture by a rack a.nd pinion at (J) • This device allows a 

record to be made of the scattering at 16 angle~,. The position of 

the shutter is t hen shif'ted to mask the exposed areas on the film 

and to allow a second exposure to be made,. In the second exposure 

the 90° seattoring is recorded on the film adjacent to each of the 

exposures which record the angular scattering. Fo.r this operation 

the first lamp is turned off and the cell is illl.lminated through 

the side slit (V)., 3 mm. by 50 mm., With a parallel beam of light 

from a second mercury arc. The film now receives light which is 

scattered at gJO to the incident beam and which passes through 

the cell window at the same a..>-igles as the angularly scattered 

light. 

'l"he complete angular scattering apparatus is shown in Figure 13. 

Light from an AH-4 mercury arc in the small lamp housing is made 

monochromatic by passage ·through a ;Jet of Corning filters in a holder 

, on the housing. '!'he light is focused on the aperture (designated 

as (0) in Figure 12) of the camera after being refl.ected by a mi rror 

set at 45° to the beam. The l ight is polarized With the electric 

vector perpendicular to t he plane indludi.ng t he incident and scattered 
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beara by a section of Polaroid film located just before the aperature 

of the camera. Light from an AH•4 arc in the large lamp housing 

0 illuminates the ca.raera for the 90 exposure. The filters for this 

light are located in the camera body just before the side slit (V) 

of Figure 12. 

In practice, a solution is carefully introduced into the scatter• 

ing cell• A 2-inch by lO•inch strip of film* is placed in the film 

holder, and the small lamp is turned on. An exposure of about three 

hours is used fer solutions of normal scattering., ·rhis lamp is then 

turned off and the shutter is moved so as to cover the exposed area 

of the film and to uncover the unexposed part of' the film. 'l'he 

second lamp is then turned on for a three-hour interval. 

The developed film has :32 exposed areas, each of vmich has 

received light through the nine steps of the step wedge• Density 

readings are made With an Eastman Densitometer (Model D). A com­

parison is made between the density of an area which received angu­

lar scattered light and the two areas <>neither side which received 

the 90° scattered light, An interpolation is made to determine 

v1hich steps of the step wedge allowed equal intensity of the angu­

lar scattered light and the ~o scattered light to fall on the film. 

Since the transmission of the various steps of tlle 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• 'l'he aper• 

tures cover the range of 22° to l.61° in air. 

----------------------- ~ -------- -- - - _ _ , _ ______ _ 
* Eastman cut film, Panchromatic Super XX 
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1'he symmetry of construction of the camera was tested by 

measuring the angular scattering of carbon disulfide. With ver­

tically polarized incident light there should be no angular de­

pendence of scattering. Slight changes were made in the original 

design until the observed scattering curve of cai-bon disulfide showed 

no angular dependence between angles of EIJ0 and 1208 as measured in 

the liquid. 

Preparo.tion of Solutions for Light Scattering Measurements 

Great care must be used in the preparation of solutions for 

light scattering measurements if the results are t o have signif­

icance• Low molecular weight ma'lieria.ls, such as impurities in the 

solvent, ma y cause slight error because of t heir influence on the 

refractive j_ndex increment of the solute• A more frequent and 

serious source of error is the presence of particles which are 

large if! comparison with the solute molecules. Since the molecular 

weight which is calculated from light scattering nteasu.rements i s the 

weight average molecular weight a relatively small amount of a high 

moleculaI' weight impurity can compl etel,- invalidate a molecular 

weight determination. The presence of a trace of a high molecular 

weight impurity may also affect t he angular di'stribution of seat-

· tered light so much that the estimation of molecular size and shape 

beeemes impossi ble• 

It has been found impossible to prepare satisfactory solutions 

for light seattering 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 work:ed 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 vd th soap 

and warm water. It is then rinsed successively with water which 

contains a little Aerosol o.T., with 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. Most of this material is removed by boiling out the 

cell with acetone vapor. A water jacket is slipped on the scatter­

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 the condensing acetone. 

The solution is made up with chemically pure solvent. If the 

solution is obviously turbid it is forced through a Seitz filter 

disc (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 centr-lfuged in a field which will throw 
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dm1;n all particles of a molecular weight from ten to a hundred times 

greater than the :molecular weight of the material which is being 

studied. Most of the solutions arc centrifuged in a field of 

32,000 g for 20 minutes in a centrifuge which was designed and built 

in this la.boratory1
~ . 

While solutions which are prepared i n ·this manner can concei va.bly 

contain some impurity of an appreciably higher molecular weight than 

the solute, experience has shown that its presence can usu.ally be 

disregarded. 'l'his has been found to be true for n:i.troeellulose and 

The arnount of material Whioh is centri fuged out is usually very 

small, often so small that no change can be detected in the concen• 

tration of the solution, 

The turbidity of the solution and the dissyrrunetry of scattering 

are usually markedly decreased by this treatment. Figure 14 snows 

the effect of preparation on the angular distribution of the light 

scattered from a nitrocellulose solution. The molecular weight 

which was calculated from the turbidity of the filtered solution 

of this nitrocellulose was )?3,000t v.hil.e that from the centrii'uged 

solution was 185,000. The value from viscosity and osmotic pressure 

measurements was 16:, .. ooo. 
The calculat;i.on of a value for the molecular weight requires 

that the turbidity of a solution be measured a ·t several concentra­

tions and that a value of concentration diVided by tur•bidit,y at zero 

* This centrifuge., constructed under the direction of Dr. Stanley 
S'Wingle, is capable of running at 20,000 rpm {50,000 g) for 30 minutes 
Without undue heati:1g. 
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concentration be d~termined by extrapolation. The. foUow.i.ng pro• 

cedure has been adopted for makin:~; these measurements • 

A portion of solvent and solution are centrifuged,. A clean 

scatt,ering cell is weighed on a Chainom.atic balance. 'l11e centri­

fuged solvent is introduced, the cell l>'eighed, and the scattering 

measured. A small portion of solution is carefully added to the 

cell; the- contents are t horouEhlY mixed by gentle but extensive 

swi rling; the cell is weighed; and the scattering is measured. 

rl'he process is continued until sufficient data is obtained for 

making the frctrapolt:ition to :infinite dilution. This procedure has 

been found to give bettei· results than the reverse process whereby 

a solution is progress ively 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' contamit1..ation is 

decreased. 

Treatment of Light Scatt.ering Dat,a 

If t he scattering particles are small compared With the wave 

length of light the angular distribution of scattered intensity 

obeys Rayleigh 's relation (l+ Cos2 e ), and therefore equation {l3) 

is directly applicable to the data.. In general the direct deter­

mination of the turbidity, 1"', is not practicable because of its small 

value and because of the complication often presented by true ab­

sorptioµ., In practice the value of the turbi dity is calculated by 

the use of equ.atinn (7) from the experimentally determined value of 

the intensity of the 90° scattering. 
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1 £ a plot of c/"t against c is made and the value of c/7; at 

infinite dilution is determined by extrapolation, the molecular 

weight is given by the expression 

I~ = 
3;ur3 " i ( it' )"( ~) ~c,. 't ~~-, o 

( 15 ) 

which follows from equation (13). 

The working equation, however, is 

~ rr~n"(gJJ )1 ( £!:. ) (~ ) 
Jc~ 'Ii.,,,. e .. -,o <-~a qo 0 

( 16) 

where i/ics;2 is the ratio of the intensity of the 90° scattering 

of the solution to that of carbon disulfide. This value has to 

be multiplied by the proper Cabannea factor • .By use of a value of 

( le,a-) = 4•4•10•5 and a wave length of 5461 R this expression 
Io 10• 

reduces to 

IJ.o 

na. (.211).(..!:- ) 
dC• '/ le.s. ~:to 

( 17) 

In general the molecular weights calculated by the above 

equation will be low because most solutions of high molecular 

wei ght materials exhibit a definite angular diasymm.etry. li'or 

particles larger than about a tenth of the wave length of light 

the 90° scattering is reduced because of intermolecular intf1r .. 

ference, and the scattering envelope around the illuminated particle 

becomes quite asymmetric• 'l'he general treat raent of such scatter­

ing is quite difficult and has been handled r::i.gorously only for 

homogeneous spherical particles 49, 50/., 

By the use of various approxin1ations wnong which are, that 
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there is li.ttle difference between the refractive index of the 

solvent a.nd the solute, and that t he solute particles are of a 

size comparable t,o the wave length of light, Debye ?&/ and Kuhn 'J!:/ 

have derived expressions for the angular scattering of suspensions 

of spheres, rods, and randoi.rJ.y coiled chains when such suspensior..a 

are irradiated -:.nth vertically polarized li6ht, 

Plots of the angul ar distributions given by these models are 

shown in Figures 15 to 17 • S/'). for each model is the ratio or a 

characteristic dimension of the particle to the wave leneth of l ight, . 

D for diameter of the sphere, L for leni;th of the rod, and R :for the 

distance between the ends of a randomly coiled chain, 

Alt,hough in principle direct comparison of the experimental 

angular sca.t tering • curves Wi t i1 the theoretical curves would es.,. 

tabl:i.sh the shape of the scattering particle., such a comparison 

is of l i ttle value because the shapes of the theoretic.al curves 

differ but little from one another for the values of S/'). usually 

encountered. This approach would require greater experimental 

a.ccuracy than the l ight scattering method is now capable of giving. 

In practi ce the angular scattering curves r-..ave been merely 

characterized b'.r a dis symmetry coeffi cient, q, v1hich has been 

defined in this investigation as the ratio of the scat te!'ed in­

tensity at two angles, namely at (:IJO and 120° measured in solution.­

The value of q is sufficient characterization since the eurves are 

monotonic. '!'he value of q could be determined merely from two in­

tansity measurements, but it is more reliably determined from a 

smoothed plot o.f data taken over a range of angles., 
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F'or a given va.lue of q,, d:l..mensions of the scattering particle 

equivalent to each of the th~""e mo,:~le can be evaluated from plots 

of the theoretical angular intensity for the various models. The 

relation be-tween q and these characteristic dimensions is shown in 

:figure 18. 

The correction factor which must be appb.ed to the value of 

the molecular weight determined from the 90° scatteriug is merely 

the ratio of the intensities of the scattering at o0 and 90°, re• 

spectively. This factor for different values of S/'}.., again cal­

culated from the theoretical scattering curves .for the three models, 

is shown in Figure l9. 

Summary 

A description is given of three instruments which were designed 

for use in a light scattering investigation of nitrocellulose. These 

are: a di.ffert . .mtial refractometer, a photoelectric photometer for 

measuring 90° scattering, and a camera which measures the angu.lar 

distribution of scattered light. 

The use of carbon disulfide is recommended as a light scat­

tering standard., and a new determination of the absolute scattering 

power of carbon disulfide has been made,. 

A detailed procedure is described for the p:ieparation of solu ... 

tions for lizht scatte:ripg measurements. 

A brief summary of the pertinent part of the light scattering 

theory is presented and a description is giYen of the methods of. 

handling ligr1t scattcr;i.og cata4 
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Section VII" The Determination of the Properties of Nitrocellulose 

Molecules in Solution by Light Scattering Methods* 

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 section. 

This section will describe the application of these methods to a 

study of a series of nitrocellulose fractions which has resulted 

in rather definite conclusions regarding the character of the nitro­

cellulose molecule in solution. The r esults obtained from the light 

scattering 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 S-4,3; S-3,4; s-1,1-4; 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 desi gnated as A and B were kindly supplied 

by Dr. R. L. Mitchell of Rayonnier, Inc. The solvent used in all 

1, "'l'he Determination of the Size and Shape of Nitrocellulose 
Molecules in Solution by Li,~ht Scattering Methods II. Experimental 
Results and Interpretation" by Badger, R. M., and Blaker, R. H., 
J. Phys. and Coll. Chem. (in press) 

•a The details of the fractionation procedure are described in OSHD 
Report No'f 412.3, PB No. 18861, 11 1'he Characterization and Solubility 
of Fractionated Wood Pulp and Cotton I.inters Nitrocelluloses" by 
J., w. Williams et al. 
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experiments was ehemically pure acetone. 

Viscosity Measurements 

The viscosity measurements werei all made at 25° C • ·with an 

Ostwald capillary vi.seorieter according to p:r•ocedures described in 

Section II. 

Ref'racti ve Index Increment 

With each of' the specimens examined the difference between 

the ref:cacti ve index of solution and pure sol vent was determined 

at three concentrations below one per cent, with the use of the 

differential ref.ractonieter described in Section vr. hleas~rements 

were made at 25° C. With the 5461 R and the 4358 i mercury lines• 

In all cases the l"l1.fracti ve index was found to increase linearly 

With concentration, Within e.>.-perimental error., The refractive 

index increment., &1/dc, was obtained from a plot of n versus c. 

No dependence of this quantity on molecul<;r we:i.ght was obsf.:rved 

but a marked dependence on nitrogen content is shown in '.£'able 4 

and :Figure 20. 

The trend. of dn/dc with nitrogen content is similar to that 

reported by Jullander a,/, but the absolute values obtained by that 

investigator appear to be slightly low. 
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'.fable 4 

Refractive index increment of nitrocelluloses of several ni trogen 

contents in acetone. The concentration o is expressed as weight 

fraetion. 

Nitrocellulose 
Designation 

Hercules 2917 

Hercules 5250 

Hercules 2465 

H.ayonnier A 

10.98 

11.89 

12.55 

13.91-, 

13.96 

99.a 

93.5 

95.0 

o/J .3 

90.0 

Light Scattering and Depolarization Measurements 

102.2 

101.0 

96.8 

93.0 

The general procedure employed in the light scattering meas• 

urements has been described in Section vr . As \'fas there discussed, 

no filtration procedure has been found at all adequate for pre.paring 

solutions in polar solven-t;s, and the acetone solutions were conse­

quently cerrtrifuged for 20 minutes in a field of 32,000 g . which was 

found adequate to remove dust particles. All measurements here re­

ported were ma<lo at a ppro::d.mately 25° G. with the 5461 1f mercury line. 

T"' t .f' t· 90° t .1- • ' • th , -- • d ' • 11e measuremen O.i. ne • sea ·uenng was maae vrl. unpo.i.cu~ize i nc:t.-

dent light . .and the absolute int,ensj:t,;; ,-.!' scattering was deternri.ned 

by comparison with a carbon disulfide standard. In Figure 2l. repre ... 

sentative plots are shown of c/i versus c, where c is the concentra­

tion in weight fraction and i is the intensity of scattering at CJJ0 
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relative to that of carl:>on disulfide. 

In connection with the 90° scattering measurements the de .. 

polarization of scattered light was determined with the incident 

light unpolarized. No dependence on concentration or on molecular 

weight was observed.. The average depolarization for four rri. tro­

eellulose fractions of 13.4 per cent nitrogen v1as found to be 0.029. 

In studies of the angular distribution of scattering the inei• 

dent light was polarized with the plane of vibration perpendicular 

t-0 the plane including incident and scattered beams, since this 

simplifies so:,iewhat, the interpretation of the results., Measurements 

of the intensity of scattering relative to t,he intensity at 90° were 

made at a series of angles bet,·teen 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 Rayonoier Bare practically 

identical and coincide in the plot. 

In the concentration range O .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 W• 

Results of Measurements 

Although in principle direct information regarding molecular 

shapes should be obtainable from the shapes of the an,gul.ar distri• 

bution curves, this is in practice not yet possible. 'i'he curves 

calculated for different molecular models differ little in shape 

in the an5'lllar range of practical measurement, and very high accura­

cy of measurement would be necessary to determine uniquely the molec­

ular model which is a pplicable. Consequently the scattering curves 
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have been characterized merely by a dissymmet:i--y coefficient q, 

which is the ratio of scattered intensity at two angles, namely 

at 60° and uo0
, measured in the solution!' This quantity can, 

however, be obtained more reliably i'rom the smoothed plot of data 

taken over- a. range of' angles than from two meas1..-;rements alone; 

With the 1.tse of this dissymmetry coei'f icient a characteristic 

dimension has been calculat;ed for th1tee different molecu..i..ar models, 

the sphere, the rod, and the random coil, by the use of met.hods 

much have previously been described in the literature and have 

recently been rev:i.ewed 'J1!/. 'l'he dimension calculated in the re ... 

spective cases is the sphere diameter D, the rod length 11 and the 

root mean square dista11ce between ends of the coil, ~av, which 

we shall designate simply 'by R.., These quantities are given in 

Table 6!' 

It should be mentioned that the behavior of the Rayonn:i.er 

fraction B seemed to be somewhat anomalous in regard to the low 

asymmetry of scattering as compared With the high molecular weight 

and high viscosity. The quantities calculated from the asymmetry 

a.re consequently of somewhat d,oubtful significance• 

In tte determination of molecular weights fron1 t he lig.½.t scat-

tering data not only ri..as the Ca.bannes factor been applied in all 

cases, but for all except the fraction of loi.rest molecular weight 

for which the a.syi .. @etry of scattering was negligible,. equation (13) 

has been corrected by multiplication of its right hand member by 

a factor calculated from the clissymmetry of scattering. 'l'his factor 

is the ratio of the intensities of scattering at o0 and 90°, re• 

spectively. Since t,he scattering at o0 is not observed it mu.st be 
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calculated from t he observed dissyrnmetry of scattering, by employ­

ing one of the probable molecular models, Molecular weights ca.lcu• 

lated on t he bas i s of three models are given in 'l'able 6. They differ 

significantly only for the hi e;her molecular weights. 

At very high molecular weights t,he spherical model may have 

some validity, but the two models of particular interest are, of 

course, the ra...-1dom co'.Ll and the rod. As wi l l be shown below, vmen 

the degree of polymerization, z, is much less than 100 the rod model 

is presumably the more nearly applicable. At higher molecular weights 

the ' cellulose molecule presumably assumed 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 equations later to be discussed, are based 

does not adequately represent the cellulose molecule .. Consequently 

it is not certain to what extent these equations are applicable to 

celh:lose and t he present considerati ons must be ragarded as tenta­

tive. 

A portion of t he molecular model upon which existing sta-tist­

ical considerations of the random coil molecule have been based is 

shown in (A) of Figure 2.3. The internal confi guration of such a 

cluti.n is specified by one set of coordinates, 9!t, the angles between 

successive bond pairs. This model is presumably adequate for repre­

senting the behavior of' polyethylene and other similar substances. 

Now in cellulose the two bonds connecting the two glucoside o.xygens 

to a given glucose ring may be approximately parallel, but their 

projections are certainly far from coincident. Consequently it 



A 

Figure 2.3, Portions of t wo models for the random coil molecule 
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one represents the cellulose molecule by a simplified model con­

sisting of a string of oxygen atoms connected by bonds represent ... 

ing the gl.ucose rings, these bonds fill.lat ea.eh have an "offsetn, 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 :rota­

tion of the "kinked bonds" about axes parallel to their extensions. 

The importance of the new degrees of freedom is shown in the f'is.,'1.l!'e, 

which presents four of the sixteen possible planar eonf'igurat,ions 

corresponding to one planar configuration of the polyethylene model. 

A theoretical treatment oi' the cellul,.,se model must certainly 

be made before one can be quite certain that conclusions based on 

statistical considerations of the sill'1pler polyethylene model are 

valid in the case of cellulose and its derivatives. If t,hese con­

clusions are valid we should expect that R, the root mean square 

distance betw~n ends of the molecule, would increase With the square 

roqt of z, the degree of pol;ymeriza.tion, provided that z is not too 
l 

small. Actually the calculated R/z·z is found to decrease slightly 

with z, as may be seen in Table 7 and Figure 24. An even stronger 

trend was observed for cellulose acetate by Stein and Doty 'l.9./• 
Whether this trend is due to the reasons just mentioned or results 

from experimental error remains to be determined. 

The results of the light scattering and viscosity measurements 

are presented in Table 5 and quantities derived from them in Tables 6 

and 7. For correlation with these data diffusion constants .1re much 

to be desired, but unfortunately- accurate diffusion m.ea.surements on 

nitrocellulose fractions do not appear to have been made• We con­

sequently include approximate diffusion constants determ.ined in this 
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laboratory by ·a rapid method 8J which may be sufficiently accurate 

to be of use in the following discussion,. These const:,mts show pre­

cisely the same trend with molecular ·weight as was found by Jullander 

for unf'ractionated material 21:J, but are about 25 per cent smaller . 

This difference is not unreasonable considering that the two sets of 

measurements involve fractionated and unfractionated materials, re ... 

spectively. 

'.l'able 5 

Data on Light Scattering, Viscosity and 

Diffusion of Nitrocellulose F'raotions in Acetone Solution 

Sample No. Nitrogen Intrinsic ~ Asymmet ry Diffusion 
Content Viscosity (random coil) of Scatter Const~t 

<1}' 

[1l] ( q = I 6(5/I 12c:f' ) (cm2sec·x107) /:> 

(D) 

S-4,3 13.18 0.30 9,400 (-1) 24 

s.3,4 13.36 1.30 35,000 1.10 10,6 

S-l,1-4 13.44 2.22 50,000 1.13 6.9 

p ... 3,2 13.41 2.98 93,000 1.22 4.5 

P-412 13.42 6.86 319,000 1.38 

Ray B 1.3.96 14.90 400,000 (1.31) 

Ray A 13.96 21.00 518,000 1.86 



Table 6 

Molecular Weight$ and Dimensions for Three Different 

Molecular Models 

Light Scattering Molecular Weights 
(v ) 
~ 

Sampl e Sphere 

S-4,3 9,400 

S-3,4 35,000 

s-1 ,1-4 49,000 

P-3,2 87,000 

ftod Coil 

35,000 35,000 

49,000 50,000 

89,000 93,000 

29s,ooo 312,000 319,000 

356,000 370,000 400,000 

394,000 518,000 

D 
(sphere) 

605 

685 

800 

1080 

Molecular n1mensiori (A) 

L R E.."'C.tended 
(rod) (coil) Len "'th-it• 

1::.) 

805 

890 

1210 

170 

645 6.30 

?25 900 

960 1670 

1250 5700 

(965) (1450) (1120) 6550 

1470 2008 9200 

* Calculated on basis 0£ the molecular weight for the random coil model 

Table 7 

nstaudinger Constant" and ''Effective Bond Length'' 

for the Random 
1 

Sample z z2' 
rn.P .) 

s .. 4,3 33 5.8 

s ... 3,4 123 11.1 

s ... 1,J.-4 176 13.3 

P-3,2 327 18.l 

P-4,2 1120 33.5 

Ray i3 1360 J6.9 

Ray A 1760 1.,1.9 

Coil Molecule 

[111/z X 1oJ 

9,1 

10,5 

12.6 

9.,1 

6,.o 

11.9 

10.8 

l 
R/z2 

(A) 

37.2 
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lation between d:lffusion and viscosity data., but since this relation 

is rather more explicit in the Ydrkwood...:Risemann theory, and is 

based on a more definite molecular model, our discusiion will be 

largely restricted to that case, Both theories represent ade.,. 

quately the molecular 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.­

Itisemann theory will be referred to as the K-H theory .. ) 

In attempt ing to apply either theory to cellulose and its de­

rivatives one rueets With serious difficulty. If the parameters 

are so chosen as to i'it the decrease in [11./ /z which sets in with 

z"'-400, the region in which it is relatively constant is not well 

represented, as will be shown below. The reason for the failure 

of the theory in the low molecular weight range is obvious if one 

considers the data in Table?,. The statistical methods employed 

are valid only when z is not too small, and the more restri cted 

the rotation of groups in the molecular chain the larger the value 

of z at -which the theory becomes applicable. The lower limit of 

applicability may be roughly estimated as follows,. The statistical 
J. 

treatment yields the result that for z sufficiently large, R:: bz2., 

where R is the root mean square distance between ends of the polymer 

chain, and the proportionality constant bis an 11 e.ff'ective11 bond 

length. The more restricted the rotation the greater will be the 

ratio of b to bo, the actual length of monomer unit. But since it 

is phySically impossible that R > bz we may expect that, the statis­

tical method will be al-)1,licable only when boz ) bz½, or when 

z ) (b/b0)2 . Now all measurements agree in indicating that the 
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molecules of cellulose and derivatives are rather stif f, and at 

moderate molecular wei ghts are nearly fully extended. In the case 

of nitrocellulose our l ight scattering data yield the value b- 54 !{, 

as shown in 'fable 7. From X-ray data. on cellu.lo.se we may take 

Q 
b0 ""'" 5 .1 i-t. Consequently we 11ay e:x.pect the K-R. t hGory to i'ail when 

z <. 100, and t.o predi.ct too hi gh val ues of ['U/z for smaller values 

of z. This indeed appears to be the case . 
' ,,,o 

There are few viscosity and molecular weight dat.a for z I. 100, 

but examination of all reliable data on fractionated cellulose ace­

tate or nitrate with which we are familiar suggests a rather sur­

prising fact, namely that ['1f.llz appears to have a broad maximum 

at z, 120. No one set of data by itself at all adequatel.y supports 

this conclusion. In sorue cases the measurements do not extend to 

sufficiently low molecular weights for the assumed decrease of (,Z//z 

to be observed., In other cases t he data have not been interpreted 

in the manner now regarded as most acceptable. It is, however, 

rather i mpressive that seven sets of data, involving molecular 

weight determinations by four methods, all more or less strongly 

support the conclusion. 'l'hese data are quoted in Table 8, and 

a few sets are represented. i n Fi i;ure 25. 

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

be rather difficult since the ran,-;e of special interes t :i.s preci sely 

that in which molecular wei ght deter mination becomes very difficult. 

One c.an, ho·wevcr, make a rough estimat,e of the behavior t,o be ex• 

pected in thi s region. 
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'l'able 8 

Cellulose 
Derivative 

Molecular Wei ght 
Determination 

Invest:i,.gators References 

Nitrate 

Nitrate 

Nitrate 

Nitrate 

Acetate 

Acetate 

Acetate 

lic;ht scattering 

equilibrj_urn sedimentation 

osmotic pressure 

osmotic pressure 

osmotic pressure 

o:,mot,ic pressure 

sedimentation rate 

Blaker 

Mosimann 

Blaker et al. 

Badgely and f:Jark 

Sookne and Harris 

Singer, Sookne, 
and Harris 

?Y 
2tl 
ff2j 

w 
fill 

621 

* 'l'hese authors used a thermodynamically unacceptable fur1ct,ion to 
extrapolate the reduced osmotic pressure to zero concentration and 
the reported molecular weights are consequently somewhat in error. 
If' the data are recalculated according to accepted practice the 
values of (17.1/z show a trend in reasonable agreemtnt with other 
data . 

Vi11en z is small the length of the stiff cellulose molecule 

61/ 

v.Jill increase with a power of z which is at first nearly unity, but 

gradually decreases with increasing z. I n this region the Simha §1,/ 

treatment of the elongated prolate ellipsoid should be reasonably 

applicable and t1] / z may be expected to increas e with a power of 

z at first somev,hat less than unity, and slowly diminishing. As 

the slight .flexibility of the molecule accumulates, the random coil 

model will eventually become applicabl~ and [1/.l /z 1,•rlll decrease a.s 

is predicted by the newer viscosity theories, and as is observed for 

z "> 120. 

'the approximate validity of the simple Staudinger relation over 
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the range of ruolecu.lar wei ght s whi.ch is of most practical inter est 

is consequently seen to be rather acci dental and results f rom the 

occurrence 1Nithin that range of a f lat maximum of [1'/]/1. in the tran• 

sition region where the cellulose molecule loses the character of a 

rigi d rod and gradually assumes t hat of a r andom coil,. This maxi­

mum may have inLeresting consequences when ·!;he Staudinger equation 

is used for estir,1ating weight average molecular wei ghts of hetero-

geneous materials. 

1l'he viscosity and diffusion data on cellulose and derivatives 

are inadequate for maki ng a really satisfactory test of the K- R 

theory in the re6"ion in which it may be expected to be valid. We 

nevertheless present our ovm data together with t hose of other in­

vestigator~ on cellulose acetate., .for comparison. In Fi gure 26 t he 

diffusion data are plotted. A.ccord:i.ng to the K•R t heory t,he plot of 

Dz versus z~ should be a straight line_. AlthOUf)l the data on nitro­

cel lulose are admittedly not precise they show the same trend as 

data on unfractionated material obtained by Jullander ffJ:/ and we 

consequently believe that the slope of the line drawn through the 

points can not be greatly in error. 

'lhe K•R viscosity and diffusion equations involve two molecular 

para.meterst b, an eff ective bond length, and J" the f rictional 

constant, of the monomer unit. Values of these constants obt ai ned 

from the slopes and intercepts of' the plots o.f Figure 26 are given 

in the first row of Table 9. In the case of the nitrate the effec­

tive bond lengt h, b, lies within t he limits determ.ined from our 

light scattering measureuents. I n the case of the acetate the agree-
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ment is less good. I ·t seems possible to us t,hat Stein and Doty 'JS)/ 

have somewhat overestimated the as;ymmetry of scattering due to the 

presence of contamination. Certainly to judge from the viscosities 

one should expect. b for t he acetate to be smaller than .for the nitrate 

if j, the frictional constant of the monomer unit is of the same 

order of magnitude. 

lt is obviously not possi ble to obtain a unique set of param­

eters from the viscosity data alone since the K•R theory approaches 

validity only at the upper end of the molecular weight range inves-
.J~ 

tigated. According to this theory plots of PU /z v·ersus z2 for all 

linear polymers should be brought into coincidence by appropriate 

changes in the scales of abscissae and ordinates., 'l'he scale factor 

or abscissae depends upon ).0 which is proportional t.o the ratio 

1 /b. In F'igure 27 curves are drawn for two values of l.. The 

solid curve in each case corresponds to the value of. 1- • indicated 

by the diffusion data, and the shape of the curve appears to f'it 

the v-lscosity data reasonably well in the upper range of molecular 

weights. However, in each case the value of K
0

, (the limit of (1l] /z 

as z -, 0), which must be chosen to make the curves pass through the 

experimental points, is only about half tha·t predicted from the dif­

fusion data. 'L'his discrepancy is not too serious since according to 

the theory K0 is proportional to J b2
!0 If the discrepancy is pro­

portionally distributed over both t and bit consequently amounts 

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

Molecular Parameters of the Kirkwood-Risemann Viscosity 

and Diffusion Equation Determined in Varioua Ways 

Cellulose Nitrate Cellulose Acetate 

Method (13.4 par cent nitrogen) Diffusion Datat Singer f:8:./ 
Viscosity Data: Badgely and M_-qrk 21/ 
Light Scattering 

b(R) f :x109 
(g/sec) 

Data: Stein and Doty 'J9/ 

Diffusion 46 o.s 4.3 34 32 1.11 s.o 2.3 

Viscosity - 4.0 15 - -- (/uO) 

- (8.0) (20) - - 8 ,,0 

Light Scattering 5?-32 (73-54) 

bis the effective bond length; t the frictional constant of tbe 

monomer unit; K0 the limit of f'l.//z as z -,. O; and ~ 0 in the K...,R 

theory is defined as d /(V6tr 3 'l 0b), where 'l O is the coefficient 

of viscosity of the solvent. 

(8.8) 

12 



A question of some interest is whether the large dependence of 

the intrinsic viscosity of cellulose derivati ves upon the degree of 

substitution, is to be at.tributed to dii'ferences in the frictional 

constants 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 conside:rably upon the molecular weight range under con­

sideration., In the range of usual interest the K...R theory is a})­

proaching validity and predicts that the intrinsic viscosity will 

increase with somewhat less than the f irst power of' 1, and vrith 

somewhat more than the second 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 t he more extended, stiffer molecule indicated by 

t he asymmetry of scatte:ring 11 In the ease of the celluloae 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 i:,Teater viscosity of the nitrate, although the 

larger value of b is partially compensated for by a smaller ;r • 

As was previously mentioned, the question must remain open 

for the present as to the extent to which the K ... .H. theory based on 

the polyethylene model is quantitatively applicable to cellulose 

and its derivatives. 

Summary 

A series of nitrocellulose f ractions covering the molecular 

weight range 9,400-518,000 has been investigated by li,;ht sc3ttering 
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methods. 'l'he nitrocellul ose molecule has been shov..11 to be rel-

atively stiff, and to be nearly fully e}.-tended up to a de&Tee of 

polymerization z -100. The "effective bond length" of the random 

coil observed at high molecular weights is roughly 50 2, about 

10 times the length of the monomer unit. "I'his conclusion is sup• 

ported by diffusion data interpreted in the light of the recent 

Kirkwood-Risemann 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 validi·ty of the simple Staudinger viscosity r ,2lat,ion in the 

molecular weight range of usual interest is somewhat accidental 

and r esults frorn the occurrence of a broad, flat maximur-J of [1/l /z 

in th.is ret:.,>ion• 'l'his maxi.mum presumably corresponds to a transition 

in which t he cellulose molec·ule loses the properties of a rod and 

assumes t hose of a random coil. 



84 

Section VIII. Shape of the Nitrocellulose Molecule in 

D:.i.f'ferent Solvents 

Many of the earlier studies of the molecular proper•ties of 

ni.trocellu.lose in solution were designed to prove or disprove 

Staudinger*s hypothesis that there is a simple relation between 

the molecular weight of a polymer and the intrinsic viscosity of 

its solution. Considerable data was presented to show that the 

intrinsic viscosity 0£ solutions of nitrocellulose was independent 

o.f the solvent ~• Later experimental investigations have shown 

that the intr5nsic viscosity is really dependent on the solvent, 

and recent articles have given theoretical justification for the 

dependence, 65, 56, 5,7./ • 

'l'he intent of this brief investigation was to correlate the 

dimensions of the nitrocellulose molecule in different solvents as 

determined by light scattering methods With the intrinsic viscosity 

in these solvents. It was soon found, however, th:1t 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 in.formation,. 

Experimental 

The intrinsic viscosity of a commercial nitrocellulose, Hercules 

No. 8432 (cot.ton linters, 12.6 % nitrogen) was measured in seven sol­

vents, and the results are tabulated in Table 10. The techn:ique em­

ployed in making the measurements has been described in Section II. 
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Table 10 

Intrinsic Viscosity of Nitrocellulose in Different Solvents 

Solvent Intrinsic Viscosi•t,y 
at 25° c. 

Acetone 2.50 

Ethyl Acetate 2.90 

Diethylk:etone 2.95 

Nitropropane J.14 

Dtisopropylketone 3.,30 

Nonanone 3,,70 

Nitro benzene 4.60 

An~t<llar scattering measurements on Nitrocellulose No , 8432 

by the technique described in Secti on VI gave a value for q., the 

clissymmet:ry coef i':Lcient, of 1.22 in acetone and 1.28 i n nonanone • 

Since this difference is only slightly greater than the experimental 

error it did not seem profitable to measure dis syrmnetry coef.fici ents 

for solutions in the oth0r solvents. 

Discussion 

The theory of Kirh.·wood and Risemann :l]/ leads to the conclusion 

t hat f or a polymer molecule which can be approx:Lmated by t he r andom 

coil model the molecular weight is proportional to the quan'!;i ty (~7
1 

where R is, again, the roo"'=, mean square distance between t he ends of 
f?'I 

the molecule . The value of f.11.l should therefore be a constant inde-

pendent of the solvent. 
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If. ni trocellulose is assumed to be a random co:Ll, a. value of 

R. corresponding to the observed value of q can be take.n from Figure 18 

of Section VJ.. A value of q of 1 .22 gives R = 960 i, and a value of 

q of 1.28 gives R = 1040 2. 
(9,o)3 

Since -J.so 
(tclfo)

3 

is equal to 3/10 within the uncertainty of the 

respective values of R it .follows ·that the observed clifference in 

intrinsic viscosity of n:i .. trocellulose ir.. different sol vent,s may be 

attributed, at least to a large degree, to the difference in t,he. degree 

of extension of the molecule in different solvents. 

This result is in a greement with the result of' a light scat .. 

tering investigation of polyst,yrene in various solvents §2/, In 

general the observed change of intrinsic viscosity is not as large 

for nitrocellulose as for various synthetic pol;yme r.s because the 

n.i.trocellulose molecule has been found to resist extensive coiling 

in solution as sho·•,im in Section VI I. 
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Section IX. Properties of Nitrocellulose in Binary Solvents 

Although the progressive addition of a non-$olvent to a nitro• 

cellulose solution ,nll eventually precipitate the ni trocellu.lose 

and is the basis of the conunon 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 §JI reported that nitrocellulose would go into 

solution faster in acetone containing a little water than in pure 

acetone; also that the r ate of solution was greater in a mixture 

of hexane and ethyl lactate than in ethyl lactate alone, Wilson 

and 1li.les ~ concluded that nitrocellulose was solvated to a 

greater extent in a water-acetone mixture than in pure acetone, 

and Nakashima and Saito §2/ 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-sol vent systems • . 

Dobry 19./ has reported that the osmotic pressure of a n:itro• 

cellulose solution is the same in a binary solvent as in a single 

solvent, and Gee T!f haa obtained comparable results for rubber in 

mixed solvents. 

Staudinger and Sorkin 'Bf found that the intrinsic viscosity 

of a ni.trocellulose 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 TJ/ have reported the 

same result for cellulose acetate in mixtures of acetone and methanol .. 

Ewart, Roe, Debye, and l!:cCartney W found that the turbidity 
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of a polymer solution was markedly influenced by the addition 

of a second fluid 'JJ,/ 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 absorption 

of one of the sol vent components• KirkWood and Goldl)er g 3Jd and 

Stockmeyer 'J!d have recently developed theories of the light scat­

tering of multicomponent systems which explain the increase in tur­

bidity of a polymer solution in the presence of the second solvent 

component as being due to thermodynamic interactions between the 

macromolecular solute and the components of the solvent. 

This phase of the investigation of nitrocellulose was under• 

taken to learn whether light scattering experiments would be of 

value in understanding the behavior of nitrocellulose in mixed sol­

vents. 'l'he iJeneral treatment of the light scattering of mult.i• 

component systems has been made available to me in advance of its 

publication through the courtesy of Professor Kirkwood and ·this 

theory has guided the li g..nt scattering experiments which will be 

described. 

Light Scattering Theory for Multicomponent Systems 

Einstein J2/ has derived a general expression for the tur­

bidit,y due to scattering, ?:6 , of any fluid in terms of the wave 

length, l , of the incident light and (AE.t>av' the dielectric 

eonstant fluctuations in volwne, V, 

( 18 ) 
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Kirkwood and Goldberg have been able to evaluate the contri• 

bution of .fluctuations in composition and dem~i ty to the ter,:r: 

(c6e"')av o.f the Einstein equation by the use of the grand canonical 

ensemble of Gibbs. Their equation twelve is a complete expression 

for ·t;he turbidity of a solution containing JI components. 

in which 

X. is the isothermal compressibility, 

Pc, is the mass o.f the major solvent per unit volume, 

rJ
0 

is Avogadro's number, 

/// is the determinant of the thermodynamic coefficients; 

for example, 

$,.K = ~r~) 
' M'° R'f' J ~t< 17 P, ~-

/fi/cK. is the appropriate cofactor of the determinant 

When equation (19) is constrained to a system of three com• 

ponents, a high molecular weight solute and two low molecular weight 

solvent components, it talces the form: 
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( 20 ) 

where 1- is the turbidity of the solution less that of the solvent, 

n is the refractive index of the solution, 

,H. is the chemical potential, and 

c is expressed as grams per graIB of the major solvent com­

ponent. 
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Since ( 21) 

where tc:. is the activ-lty coeff:i.cient of component i; equation 

(20) can be put in a more convenient form by expressing lore rL· 

in a power series 

( 22) 

and of... as 

( 23) 

When these expressions are substituted into equation (20) and 

all terms involving the cube or higher powers of' the concentration 

are dropped, the following working equation is obtained: 

~b.¥::. ~ {t-t G,,,c, t ,., ~~ t G-.a.o e,a.. + G,, c,c,. +t;~,. Ci,'t.-+ ••• 

where 

/J,.,_ 
= -M, 

8~,, 
M,. 

( 24 ) 

9,,,. 
=-

M, 

where the subscript 2 refers to the high molecular weight species and 

l to the second solvent component. 'l'he A's and B's are constants 

which are de.fi ned by equation {22). 
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The ma&111i tu.de 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 component ond of the 

solvent. 'I'he activity coefficient of the polymer, ( 2, may be 

defined by the f'ollow-J.ng explicit expansion of equat:ion (22): 

J.e,e r.,_ = A,., ~, + 11,.,. ~,. + B;,.11 ~,,. + ) B1-,~ t, C;a. + 9,,.,. ~ e"L,. + ••• 
( 25 ) 

All of the interaction consta.nts but one, B
112

,. in this equa-

tio11 can be calculated from the values of the G's determined from 

light scattering data through equation (24). The expression for 

f\12 involves the value of A11 which is defined by equation (22) in 

the absence of the high molecular weight species: 

( 26) 

The value of All can in principle be determined from partial 

vapor pressure data on the system composed of the two solvent com-

ponents. 

Light Scattering ~Jeasurements 

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, 
:,,. 

s.cetone-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 w-as the 

major solvent component in all the mixtures. These systems we.re 

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

,vater the unexplained observation was that nitrocellulose will go 

into solution more rapidly in the mixture than in pure acetone. 

The acetone-ligroin system was studied because., although ligroj_n 

is an efficient precipitant for nitrocellulose, absorption experi• 

ments 72/ have indicated that there is considerable affinity of nit,ro­

cellulose for ligroin. Di.ethyl phth.ala te-acetone was chosen because 

diethyl phthalate is a widely used plasticizer for nitrocellulose 

and consequently there must be some interaction betv,een it and ni tro­

cellulose. lfi:x.tures of butyl acetate and butyl chloride with ace­

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 t wo systems might, t,herefore reflect the reason 

for the difference in solvent power. 'l'he solvents, with the excep­

tion of ligroin, were c.P. quality. The ligroin (Skellysolve) was 

used without any further purification. 

N.easurements ot 90° scattering were ma.de at approximately 25° c., 

rfith the use of the instruments and technique described in Secti on VI. 

F.xtreme care had to be exercised in the measurements of the refrac­

tive index increments, since the refractive index of both the solu­

tion and solvent could be changed by t he evaporation at different 
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rates of the two solvent components. 'l'his effect which could pro­

duce considerable error, especially int.he acetone-diethyl phthalate 

mixture, was not eliminated entirely but was r educed by t,he rapid 

transfer of the solutions from the mixing vial to the refractometer. 

The same effect was operative during the preparation of solutions 

for t he turbidity llieasurements but was reduced by carrying out t he 

centrifugation in a sealed rotor ;i.n a refrigerated centrifuge. 

The light scattering results were plotted in the usu..'11 ,vay, 

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 R:2 in these plots has somewhat different uni.ts, f'ollo,<Jing 

those used in the Kirkwood-Goldberg treatment, from that of H for 

the usual t wo-component system., H2 will be re-defined explicitly. 

( 27) 

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

cellulose and tho second solvant component), 

'). is the wave length of the incident light, 

N
0 

is Avoga.dro 1s number, 

fo is grams of acetone per ml. of solution (solution as 

defined above), 

c2 is grams of nitrocellulose per gram of acetone, and , for 

for future reference, 

c1 is grams of second solvent component per gram of acetone. 
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The t;urbidi ty was calculated f rnm the 90° scattering alone 

since although this nitrocellulose, Hercules No. 8432, eJChibits 

an appreciable asymmetry of scattering (q_ = 1.22 in acetone) the 

dissymmetry is not changed a ppreciably by t,he addition of the second 

solvent component. Strictly speaking, the theory of Kirkwood and 

Goldberg is limited to solutions ·which exhibit no dissymruetry of 

scattering. 

Vapor Pressure Measurements 

As mentioned above, one of t,he i nteraction constants of 

equation (25) can not be evaluated 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 

0 
pressure data on the system water-acetone a·I; 25 c. was found in 

the literature 7§!1 63/, but that of the other systems had to be 

measured. 

A modification of the dynam:i.c method 79, 80 2 81/, was used in 

making the vapor pressure measurements. 'l'he procedure is briefly 

this: Nitrogen (Linde :Ory 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 t he particular solvent mixture, 

through ti.vo absorbers in series (Schwartz drylng tubes) submerged 

in an ether-dry ice :rflix·ture, on thro t:.gh a second series of ·three 
.. 

saturators filled with acetone, and through two absorbers. The 

saturators were submel'ged in a constant temper a.tu.re ba th at, 25° C • 

The design of the saturators follows closely t hat. oi B:tchowsky and 

Storch §3,/, except that the connections were made with 10/JO standard 
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taper joint,s. The connections to t..he absorbers were made with 12/4 

spherical joints so that the absorbers could be removed readily for 

weighing. Corning-Dow stopcock grease was used on all the glass 

joi nts. The connecting tubes between the saturat.ors a.nd between the 

saturators and absorbers were painted black and 111uminated rd.th a 

250-watt infrared lamp at a distance of about three feet to prevent 

solvent vapor from condensing in the connecting tubes. The ether­

dry ice mixture was used to trap the solvent vapor since Wauhburn 

and Handorf fill reported that this mixture was nearly as efficient 

as l:Lquid a i r for condensing ethyl alaohol-cyclohexane 7apor. Open ... 

end manometers were placed in the sys tell: be£ ore the f i rst series of 

saturators and after the first series cf absorbers to ":easure the 

pressure in the system.. The flow of nitrogen was adjusted so that 

after a steady state was reached the pressure Vv'S.S 3 nun. on the first 

series of satur.ators and 1.5 mm .. on the second. The absorbers were 

weighed ,en a cha:inonw. tic balance before and after a run to determine 

the amount of distillate collected+ 'l'he distillate composition was 

determined from its refractiv-e index by use of a calj_bration curve. 

The refractive index of. the solvent mixture in the third of the first 

series of saturators wa.s measured after each determination to detect 

any change in solvent composition during the course of the run. 

There was no appreciable change for the mixtures which were studied. 

An electric fan was used to pass a:i.r over the absorbers before each 

weighing so that the surface of the absorbers would be rapidly equili­

brated with the laboratory air af ter being removed from the ethe:r-

d:F.f ice bath. Barometric readings were taken before, during, and 
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after each run; since there was little change durtn;; the cour se of 

the determination an average value of the pressure was used. The 

sol vents v:ere the same as those 'Ll.Sed. :Ln the light scattering ex­

periments with the eJcception that normal hexane v,as substituted for 

60-?o0 b.p. ligroin. 

1'rial runs were ma.de with acetone in both sets of saturat,o:rs 

and minor changes were made until the v.~eights o.f distillate col ... 

lected in the two absorbers a0,reed to within one per cent. 

The method of caleulaUon, briefly, is as follows: Since 

the vapor pressure of pure acetone is known!&./ and since the nwnber 

of moles of acetone which were condensed in the second series of 

absorbers is known, the nu.aber of moles of nitrogen which were passed 

through the system can be calculated. Tne vapor pressure of the 

solvent mixt,ure is given by the total pressure multiplied by the 

r,;1tio of nurnber of sol vent moles to total moles; the former can be 

calculated frcr::. the weight and comp,:,si tion of the mixed solvent dis-

tillate. Th,e partial vapor pressure of each solvent species is 

given by the product of the vapor pressure of the mixture and the 

mole fraction of that sol vent speciE!S. 'l'he results, f or ·l;he four 

systems, are tabulated in Table 11. 
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Table ll 

Par·tial Vapor Pr essures at 25° c. 

Acetone-Hexane 

Concentra t.ion, Hexane 

Mole Fract,i on 

0.0275 

0.0536 

0.0784 

0.1015 

0.1240 

1.00 

F C• * Weight •racti on, 1 

0.0418 

0.0836 

0.1254 

Q.,1672 

0.2090 

Acetone-Butyl .Acetate 

Concentration, Butyl Acetate 

Mole Fraction 

0 .0271 

o.0•772 

0.1002 

Weight Fraction, c
1
* 

o.oo 

0,0556 

o.lll.2 

0,.1668 

Partial Vapor Pressure 

of Hexane, mm. 

53.,6 

76.5 

153,.5 

Par tial Vapor Pressure 

of Acetone ., 
ff 

rn.,11 . 

229.2 

221.s 
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Table 11 {continued) 

Partial Vapor PreS$ures at 25° c. 

Acetone-Butyl Chloride 

Concentration, Butyl Chloride 

Mole Fraction Weight Fraction, C * l 

0.0334 0.0553 

0.0646 0.1101 

0.0940 0.1652 

0.1215 0.2201 

0,.1480 0.2752 

1 .. 00 

Acetone ... D.i.ethyl phthalate 

Concentration, Diethyl phthalate 

Mole Fraction Weight Fraction, C * l 

o.oo o .. oo 

0.0182 0.010s 

0110358 0.141.6 

0.0527 0.2124 

0.0692 o.2s32 

o.osso 0.3540 

* Grams per gram of acetone 

Partial Vapor Pressure 

of Butyl Chloride, mm. 

16/7 

23,.3 

34.9 

156.0 

Partial Vapor Pressure 

of Acetone, 1nm. 

227.0 

223.5 

217.0 

214,0 

~ 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 equa:tion of the form 

( 28) 

and the values of the K's can be determined from the experimental 

data. K0 is the value of the H,.i:1' intercept at e
1 

= o and is the 

reciprocal of the weight average molecular weight of the ni tro-

cellulose. K is the slope of the light scattering curve when 
2 

e
1 

= o. \ and K
4 

can be evaluated from the best empirical equa­

tion of the curve obtained by plo·tting the 1-1,.t intercept against 

e
1

• K
3 

is determined from the initial value of the slope of the 

curve obtained by plotting the slopes of the light scattering curves 

against 81• 

The values of the G• s in equation (24) can readily be calculated 

from the K 1,s determined above and in turn all the interaction constants 

or equation (25) except B
112 

can be calculated from the G's• 

The expression for B
1 

involves the term, A , which is defined 
l2 n 

by equation (26) and which can be caleulated from partial vapor 

pressure mea~urements on the solvent systems in the .absence of' nitro­

eellulose. 

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 vtith the aid of the relation 
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( 29 ) 

'Which follows f rom equations (21) and (26). 

A plot of logeP1/c1 versus c1 for the hexane-acetone, water­

acetone 7,]f, and butyl chloride-acetone systems is shown in Fi gure 3.3. 

Some indication of the probable error in the measurements is given 

by t he diameter of the experimental points but even so it, ia not 

possi ble to make an unambiguous extrapolation of the data for the 

hexane-acetone system. A straight line extrapolation was made 

although it is quite possible t hat more accurate data would estab­

lish a curvature at low values of c1 . 

The value of Au for t he above systems was determined. from the 

initial slope of a curve obtained by plotting the quant.ity on the 

right side of equation (29) against e1 . 

Values of A
11 

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 pr-lni­

ciple be calculated from the activity of the acetone by the aid of 

the Qi.bbs~Ouhern equation and a graphical integration device described 

by Lewis and Randall §JI. Once t he activities of the component one 

are known the value of All can be determined as above Yd.th the aid 

of equation {29). 
J 
• The value of A

11 
for t hese systems can also be obtained from 

the expression -i~ 

* This expression was suggested by Professor R. M. Badger 
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-I 
( 30 ) 

which follows from the Gibbs-Duhem equation and the definition of Au• 

F..ach of these methods of evaluating A
11 

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 Tabula:t;ion of Data for Nitrocellulose in Binary Solvents 

Constant Water• Ligroin­
Acetone Acetone 

Butyl acetate• 
Acetone 

Butyl chloride­
Acetone 

Diethyl phthalate• 
Acetone 

Ko • 

Kl • 

K.2 • 

K3 • 

K4 • 

K5 

d-o 

rL, 

oC. .:i 

Experimental Constants from Light Scattering Measurements 

105 1-.3 1.3 1.3 1.3 

105 ...0,7 -2.2 -2.2 -1.0 

103 1.9 l.9 1.9 1.9 

103 --4.6 .. 4.5 -0,7 -4.8 

105 0 2.6 7.o 0 

0 0 0 0 

Experimental Constants from Refractive Index Measurements 

o.32 0,15 0.26 0.26 

--2.s 0.14 0.30 0.,-30 

0 0 0 0 

1.3 

-o.8 

1.9 

•4,4 

o.6 

0 

1.03 

o.;s 

0 

Experimental Constants from Partial Vapor Pressure Measurements 

-l (hexane) 0 0 
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Table 12 (continued) 

A Tabulation of Data for Nitrocellulose in Binary Solvents 

Constant Water- Ligroin- Butyl acetate- Butyl chloride- Diethyl phthalate-
Acetone Acetone Acetone Acetone Acetone 

Derived Constants 

GlO -0.5 -1.7 -1.7 -o.8 -o.,6 

GOl 150 150 150 150 150 

°:J.1 -350 ... 340 .. 50 -360 •330 

~o 0 2.0 5.J 0 0.4 

%2 0 0 0 0 0 

~ --0.3 -5•7 -3-2 -1.4 -0.3 

Bll2 -0.1., 5-9 4.g o.s 0.12 

A22 • lcf i • .s 1.5 l.5 1.5 ., 1.5 

A21 • 10.3 -L.4 -5.0 2.0 -1.•1 ""°•1 

B222 0 0 0 0 0 

B212 • io4 o.0i 1.4 0.3 0.07 ...a.ol 

B211 • ia3 -o.6 '·1 3.1 0.7 0.04 
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Discussion 

The results of the light scattering exper-lments on solutions 

of nitrocellulose in binary solvents can be interpreted from either 

of two viewpoints: that of. Ewart, Roe, Debye, and McCartney, or 

that of Kirlcwood and Goldberg. 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 t,wo effects: first, 

a change in t,he shape of the swollen polJmer molecule in solution; 

and second, a change in the effective refractive index of the polymer 

molecule due to selective absorption of solvent. The first effect 

wlll be operative at finite polymer concentration and in general 

will change the sl.ope .of the light scattering curve but will not 

alter the value of the II'-~~ 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 select,i ve abso:rption. 

Since the addition of each of the second solvent components to 

the nitrocellulose solution in acetone resulted in a decrease in 

the H,-t intercept, and since in all cases acetone had the lowest 

refractive index of' the solverit components the light scattering 

data presented. in F'igures 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. 'rhis r esult was not unexpected for butyl acetate 
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and diethyl phthalate, v,tri.ch are nitrocellulose solvents, but seemed 

anomalous in the cases of water, ligroin, and butyl chloride. '£he 

attracti on of ·these latter flvids to ni trocell·ulose might be explained 

in that ·the nitrocellulose molecule contains both polar and non•••polar 

groups, and that each of these groups may attrac·t molecules which 

are not solvents for the entire ni trocellulose molecule. 

The more detailed theory of Kirkwood and Goldberg does not rely 

on any particular mechanism, but views the change in turbidity as 

being due to thermodynami c i.uteraction between the polymer and the 

,,omponents of tha solvent. The degree of interaction can convr:mient­

l y be expressed by the chance in the activity coefficient of the poly­

mer upon the addition of the s'econd solvent component,. 

7:he cetivity coefficient of nitrocellulose in the five sol vent 

mixtures can in general be calculated by the use of equation (25) 

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

lex,eti. = A~, t., -,.IJ,.,. Ci. +B,.,, e,~ + J83-,,. e, e,. + 8,.2.2.e,.z.+ ... < 25 ) 

Care has to be exerci sed in the interpretation of these acUvity 

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 o.f the derivation of this equation indicates t,hat 

it is valj_d only for small values of c1 and c2 ; so it may be reason­

able t o assume that it i.s useful for concentrations as great as 0,001. 

The magnitude of the error in the interaction constants is 

difficult to estimate. Values of~ and K2 can be determined 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 K1, K3, 

and K4 are determined for a solution in a binary solvent, and the 

possibility exists that considerable error might be introduced 

because of changes in refractive index of the solution due to 

evaporation of the solvent. Al·though care was used to reduce 

evaporation the precision of determining the latter constants 

was less than for K
0 

and K
2 

since it Y<tas sometimes difficult to 

reproduce the light scattering curves; especially those for the 

butyl acetate-acetone system. 

'fhe percentage error in the A constants is essentially tha same 

as that in ~, but this error :Ls magnified in the B constants because 

the value of A is used several times in the calculation of B,,") 
12 ~ 

and B
212

• For these reasons the values of the interaction constants 

in Table 12 are given with not more than one significant f igure. 

If the use of equation (25) is limited to a concentration 

range of' c
1 

: c2 ~ 0.,001 errors in the B constants are not sig­

nificant because the value of loge r 2 will then be controlled by 

the values o;f A21 and A22 • Since the value of A21 is negative and 

1m1ch larger than ~ 2 the presence 0f a very small a.mount of component 

one v.'ill cause a large decrease in the value of the activity co­

efficient of nitrocellulose,. This large change in the activity 

coefficient is difficul·t to understand as is the fact that butyl 

acetate apparently decreases the activity coefficient more than 

does water or butyl chloride , but less than ligroin., 

Unfortunately there arc no other exper:i.Jnental methods for de­

termining the acti vi:ty coefficient of nitrocellulose of this 
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molecular weight ·w:i.th sufficient precision to compare w:i.th t he 

values calculated from light scattering measurements, '.i'here is 

also l.'ittle to be gained by tryj.ng to correlate them V'Ji.th the 

results of kinetic experiments, such as the rate of solution. The 

magnitudes of the activity coefficients calculated from light scat­

tering will have to stand alone for the present . 

Althoueh the activity coefficients ca1u1ot be directly correlated 

w:i.th earlier observations of the interaction between nit,rocellulose 

and the components o:f a miXcd solvent (see introduction), liiY"'lt 

scattering experiments appear to be a convenient met.hod of eval·:iating 

such interactio:r. .. This method, therefore, has great potential use 

in t he investigation of pol;ymer-sol vent systems; in particular , the 

interaction bet-ween polymer and the 11non ... solvent" type plasticizers. 

It is ev:ldent from the r::iaenitude of the error which has been 

assigned to the inter action constants that the technique of making 

th.a light scattering and refractive index measurements should bo 

refined. Such refinement will consist largely of developing pro ... 

cedi:.re$ f.or carrying out the measurement$, with a minirra.un of change 

in the refrac·t;ive index of t,he solution due to evaporation of solvent. 

Summary 

A brief' summary is given of the recent Kirkwood-Goldberg theory 

of the l i ght scattering of multicomponent :.:iystems. 

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 

const-.1.nts for nitrocellulose in five binary solvents, and a dis­

cussion is 6'iven of theit' probable accuracy and significance. 



Part, II 

Light Scattering Studies of Protein Solutions 



1:1..0 

Introduction 

The observation that protein solutions are often quite turbid 

was one of the first reasons advanced for the belief that proteins 

were high molecular weight substances. Most of the early e:,..,-peri-

mental work was on the light scattering properties of gelatin 84,85 2 861.87/, 

which was, perhaps, an unfortunate choice because the turbidity of 

solutior~s of this material is markedly influenced by small changes in 

pH, ionic strength, temperature, and trace a.mounts ot inorganic ions 

in a way which is not yet completely understood. Later work was done 

on casein solution '§§/ the turbidi·~y 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 ·t,he ease with 

which it undergoes surface denaturation 89a 90/, 

The .fJ.rst light scatte;ring investigation of proteins which 

were more typical than gelatin or casein was that of Putseys and 

Brosteaux ~/ on oitalbumi.n., amandin, excelsin, and a hemocyanin 

(of Helix pomatia) which had been, at that ti."lle, well characterized 

in Svedberg's laboratory. These investigators co.ncluded that when 

extireme care was taken to remove denatured matsrial and 11 dust't from 

the solutions., the relative turbidities were proportional to the 

molecular weights .from ultracentri:f.'uge data. They fou..11d 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 191+4 and its 

subsequent 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 t his work has as 

yet appeared in the l i terature. 

The light scattering experizaents on protein solutions which are 

described. in Patt II were under.taken after some experience with t.he 

method hs.d been ;~ained during the study of nitrocellulose solutions. 

Section I describes the application of the light scattering 

method to the study of aqueous solutions of protein materials and 

presents values of the molecular weight for several serum proteins. 

Section II 5.s a study oi' the size and shape of molecules of 

Group A-Specific Substance from hog east.tic mucin. Data froir.. vis­

coei ty, osr10t:l.c pressure , diffusion, and l.i..ght scattering exper:1-

ments are presentedt 

SecM.on III is a brie±· l:i.ght scattering investigation of the 

thermal a.ggi-egation of S<';rum proteins, 
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Section I . Light t3cattering Studies on Selected Serum Proteins 

The first and perhaps the most important problem was to learn 

how to prepare protein solutions for light scattering measurements • 

.A.ll exploratory experiments were made with solutions of' human serum 

* album.in and human serum globulin. 'fnese proteins were chosen because 

t hey have been well char acterized by other methods, because t,hey were 

readily available, and because they are relatively insensitive to 

surface denaturation. 

Prepar&tion of Solutions 

Considerable dif'ficult,y was experienced in prepar ing a protein 

solution which was free of obvious dust. .Although solutions could 

easily be prepared which seemed perfectly clear in ordinary labora­

tory l:i.gh-t;ing, these same solutions v1ere seen to contain scattering 

particles when placed in the light scat tering apparatus and observed 

at small angles to the i nci dent beam. The customary fi,ltration 

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 

forced t hrough the pad, or perhaps there \'.fas some slight disinte­

gration of the pad., Filter paper ·did not clear the solution 

* I am .indebted to Professor E. J. Cohn of the Harvard Medical School 
for the preparation of these proteins" 'l'he albumin was described as 
Fraction V Run 35 and the globulin as I<'raction II Run 64.. 'fhe fraction­
ation procedure by which t hese proteins were prepared has been 
described 'E:/ 
iH~ The term denaturation is used here merely in the sense that a very 
small .fraction of the pr otein becomes i nsol uble and is observed in the 
Tyndall bearn as small irre6-ularly shaped particles and fibers 
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sufficiently, even t he hardest which was available (Schleicher and 

Schull, No• 576)~ 

'The best filt(~ring medium found wa s a Pyrex Fine sintered 

glass funnel which had been blocked vd. th finely powdered silica, 

but even this did not give optically clean solutions . 

Centrifugation at 32,000 g for t wenty minutes, the procedure 

for nitrocellulose solutions described i n Part I , Section VI , was 

finally adopted as a routine procedure. If extreme care was exer­

cised in transferring t he centrifuged solution t o a clean scatter­

ing cell the solution re:nained essentially free of obvious contam-

i nation. 

Protein concentration was calculated fro;a t,he val ue of total 

nitrogen determined colorimetrically by the use of a modified 

Nessler's reagent. In the f ew ins·tances in which a nitrogen-con­

taining buffer was present a colorimetric method involving the 

Folin...Ciocalteu reagent was employed 91/. 

Depolarization of Scattered Light 

Measurements of the depolari zation of the scattered light 

were made in all experiments in order to evaluate the Cabannes 

factor. 'l'he value of the depolarization .for unpolarized incident 

light was O .032 ± O ..,02 i'or the serum pro·t;eins which have been studied 

and is apparently independent of concentration in t;he range of l to 

10 mg. per ml~ 'i'he value of the depolarization for horizontally 

* 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 evidentl:: influenced by the pr esence 

of large particles in solution since the value increased after the 

solutior,s were centrifuged . For example, a filtered but tmcentri­

fuged hmaan serum globulin solu.t:Lon gave a value of 0.55 for the 

depolarization f'or ho:rizontall;y polarized light; after the solution 

was centrifuged for 20 minut,es at 32,000 g the value v.as 0.76. All 

serU1i1 proteins -v.'hich were studied gave values for the depolarization 

for incident light horizon-~all y pol arized which seemed to approach 

0,.90 a f ter ext,ended periods of cerr~rifugation; therefore, t,he magni­

tude of this value was used as an indication oi' the effectiven~ss 

of a gi.-ven cent,rii'uga·t;ion. 

Effect of pH on Turbidity 

Since early work on gelatin and casein solutions had shown the 

marked effect, of change of pH on their t·u.rbicli·hy, the variation of 

t,he turbidity of hum.an serum albumin solution with pH was measured. 

The turbidity of an unbuffered 0.15-N sodium chloride solution con­

taining 01>25 per cent of human serum albumin was observed as the pH 

was changed by the addition of dilute HCl and NaOH. The s-olution 

was centrifuged after each change of pH. The results, shown in 

Figure 34 indicat,e that the turbidity of the solution increases 

rapidly near the isoelectric point of i;he protein, but, that there 

is little change in turbid:ity when the pH is changed from 9 to 6. 

Below pH 1,,, however, the scattering increases enormously, probably 

because the protein becomes denat ured . Subsequent light scattering 

experiments on serum proteins were usu.ally made with a pH of the 
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solut,ion between 7 and 9 so as to ;1l nimize the effect of pH on the 

turbidity. 

Similar experiments, ma.de to learn if the depolarization of 

the scattered light -Vias affected by the pH of the solution , -were 

inconclusive because of' the rehti.vely large experimental error. 

Refractive Index Increment 

The differential refractometer was used to dete:cmi.ne the :re­

fractive index increment of the proteins. Before these measurements 

were made the solutions were carefully d:Lalyzed to insure t~-uit the 

value of n -n0 as dt-::terrn:i..ned by the instrument was really due to 

protein and not to unequilibrated salt. As a routine procedure 

10 ml, of each protein solution was dialyzed wit.h stirrin6 against 

2 1. of solvent~ f or 24 hours and then for another 21;-hour period 

agains t another 2 1. of solvent. In t he fe,,v instances in which 

stattc dialysis was employed two weeks were allowed .for equilibra­

tion. All dialysis e:l<.-periments _·wore carried on in the cold (2° to 

6° C.) 

The eha:nge of rei':ractive i ndex increment of human serum albu• 

min with pH 1.vas hardly 1;;ore li.han t.l1e experimental error; however, 

recent vfork 21:J indicates that the increment of bovine serwn albu­

min changes about 1 per cent between pH 5 and 8.,3 at t he same wave 

length employed in t,h:ts :i..nvesti gat::'Lon . 

Effect oi' Ionic Strength on 'l'urbid.i. ty 

A f'ew short experiments were perf or:ned to learn t,he ma gnitude 
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of the effect of ionic st,rengt.h on the turbidity of protein solutions. 

The turbidity of human serum albumin solutions in 0.05 N, 0.10 N, and 

0.15 N sodium chloride were found to be the same within experimental 

error; hence it 11as a:_)parent that. small changes in iontc strencth 

would not be important for this protein. 

The effect of ionic strength on the turbidity of human serum 

globulin ·was then studied briefly. i\ solution of the protein was 

dialyzed agsinst periodically renewed distilled water unt:i.l the 

euglobulin precipitated. This fraction was then dissolved in 0.1 N so­

dium chloride and t.hc turbidity was measured. The solution Wc,s again 

dialyzed aguinst 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 ti.tie usual manner the turbidity 

was found to have increased b;T a factor of about four. 

This brief experiment suggests that as salt is removed from a 

globulin solution the molecules begin to aggrega.te., but that it is 

not an "all or nonett reaction. The observed increase in turbidity 

i .s not due to a few very lurge p;.lrticles (which would have been cen­

trifuged ou.t 0£' solution)., but to a larger number of small par~ieles. 

D-issynuuetr.r mea;surements might gi 11e an indication of the shape of 

the molecular agg1"egates but these measurements were not made• 

Molecular Weight of Serum Proteins from Light Scattering 

The procedure for determ:Lning the molecular weight of proteins 

is summarized in the following article on the rabbit antibody against 

p-azophenylarsonic acid, 
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[Reprinted from the Journa l of the American Chemical Society, 70, 2496 (1948) . ] 

[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 DANH. CAMBPELL, ROBERT H. BLAKER AND ARTHUR B. PARDEE 1a 

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 hern;e 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. ib Perhaps the best 
known is the one described by Heidelberger and 
Kendall 2 and Heidelberger and Kabat, 3 in which 
15% 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 Wu4 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.,5 which describes the isolation 

(la) Pr{''-tt•nt address, McArdle Labora tory, Uni vC" r sity of Wiscon• 
sin. Madison Wiseonsin . 

(lb) Dan H. Campbell a nd Fronk Lanni, "The Amino Acids 
a nd Proteins." edited by D. M. Greenberg, Chapt. XII , "Im­
munology of Proteins," Thomas Publi shing Co., in press. 

(2) M. Heidelherger a nd F . E. Kendall , J . Exptl . Med . , 64, 161 
(1 H36). 

(3) M. Heidelberger and E. A. Kahat , ibid., 67, 181 (1938). 
(4) S. C. Liu and H . Wu, Proc. S oc. Expll . Biol . ,\1,d .. '1, 144 

(19'.l!l). 
t ,'l' F. Haurowitz, Sb Tekman, Miervet Rilen <ind Paula Schwerin . 

1: , , ,,,,,, J .. U . 306 (19~7) . 

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 
jJH 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 

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 10% 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 

OH 

H20 3AsQN:NQN:NON:NQN:NQAs03H2 

OH 

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 

N:NQN:NQAs01H2 

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 1.0% sodium chloride solution and analyzed 
for protein by the Folin-Ciocalteu method as mod­
ified by Pressman. 6 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 su perna tan t 
was siphoned off and the remainder centrifuged 
and the precipitate washed free of soluble dye and 
protein with 1.0% sodium chloride at room tem-

(6) David Pre11man, Ind. En1, Chem., Anal. Ed., 111,857 (1943) . 

relatively insoluble precipitated with much less 
salt than was required for antibody globulin. In 
such instances, 10-20% of the antibody would 
precipitate with the dye but could be recovered by 
further fractional precipitation with salt at pH 3.2. 
The final salt precipitated antibody was then re-

TABLE I 

DATA ON THE PURIFICATION OF ANTIBODY FROM RABBIT 

ANTI-SHEEP SERUM-P-AZOPHENYLARSONIC Acm 

Volume Total 
of Maximume 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 R 1s 14 .81 3390 99 96 
400 Rl, 9 .05 3158 87 93 
750 XXX.b 8.68 4100 63 71 
100 XXX 8.68 685 79 83 

" The trisubstituted resorcinol dye described in text. 
b A chrornotropic acid derivative containing two azo­
phenyl-azo-arsonic acid groups. These antibody prepa­
rations were not used in the present study. c 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. d Protein based on microkjeldahl 
analysis. • Purity = specific precipitable protein/total 
protein in solution. 
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suspended in 0.9% saline and ?-ialyzed against 
saline until the pH became practically neutral. 

Representative values for several batches of 
pooled serum are given in Table I. It will be see:1 
that the preparations obtained by use of the tn­
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 experi1;1ents ~vere _ made 
with approximately 1.0% protem solutions m 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 th~ 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,7 Von Smoluchowski,8 Ein­
stein,9 Raman, 10 and Debye.11 

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. 

l 
321r3n2 (on)

2 l 
h = ID0N. bc c (6 + 3p) 

(
l/M+2Bc 6-7p 

RT 
where 

h is the extinction coefficient due to scattering 
n is the refractive index of the solution 
c is the concentration 

(1) 

on/oc is the refractive -index increment of the solute 

(7) Lord Rayleigh, Phil Mag., 12, 81 (1881). 
(8) M . Von Smoluchowski, Ann. Physik, 2G, 205 (1908). 
(9) A. Einstein, ibid., SS, 1275 (1910). 
(10) C. V. Raman, J,cdian J. Phys., 2, 1 (1927). 
(11) P. Debye, J. Applied Phys. , 111, 338 (1944). 

A is the wave length of the incident light 
No is Avogadro's number 
Mis 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 t emperature 
p is the depolarization of the scattered light. 

In practice it is difficult to measure h 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 o.beys a 
(1 + cos20) relation where 0 is the angle between 
the direction of the incident beam and the scat­
tered beam . The rela tion between h, Io, the in­
tensity of the original beam and i, the intensity of 
the light scattered a t 90° to the incident beam, is 

16,r ·; h = 3 1 l o (2) 

The direct measurement of the quantity, i / Io, 
is a time consuming task so that routine 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 i/ Io for carbon disulfide and in addition the 
value has been redetermined in this Laboratory. 12 

The value of i / I o for carbon disulfide which has 
been used in this investigation is 4.4.10- 5 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 reflect ed 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. 13 -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. D ebye, J . Appli1d Phi,s., 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 

M = --~ __ >-._'_N_, ____ _ 

21r 2n 2(~;) 

2 

(c/i/ics2),-o(Io/ics,) 
(3) 

which follows from (1) and (2) 
c/i/ics2 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 c/ i/ ics2 vs. c 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. 15 -16 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 df'scribed 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 oo solutions ol human serum albumin, 
human serum globulin, and blood group A-Specific substance. 

(16) S. Armstrong and others, THIS JOURNAL, 69, 1747 (1947). 

PASADENA , CALIF. RECEIVED FEBRUARY 6, 1948 
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Additional molecular weight data from light scattering on 

serum proteins is presented in 'l'able 13. The solutions, •with the 

exception of the bovine serum globulin, were unbuffered and were 

adjusted to an ionic strength of 0 .15 vrlth sodium chloride. 

Table 1.3 

Molecular • Jeight of Serum Proteins 

Protein 

I·Iur.1an. Serum 
Albtui,in 

Bovine 3erum 
Globulin* 

Human Serum 
Globulin 

Remarks 

filtered; not 
centrifuged 

centrifuged at 
32 ,000 g f or 
20 minutes 

d n/ Jc 

0.209 

o.19iH(-

0,.191 

pH 

6.8 

8.4 

'7 .2 

Molecular 
Weight 

72,000 

l?0,000 

442,000 

285,000 

* Armour and Company, Fraction II of bovine plasma 

~ Solution in borate buffer 

~ Values given by Cohn and Edsall 9J/ 

Accepted 
Lolec~ 
Weight 

70 ,000 

1'74,000 

176,ooo 

No preparative treatment for the human serum globulin solution 

was found which would reduce its turbidity to that e:x-pected f rom t he 

accepted molecular weight . 'l'his sample oi' protein may have under­

gone some change during the fractiona.tion procedure or during sub­

sequent handling and storage which was responsible f'or the hiGh tur­

bidity 0£ its solutions. 



Summary 

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 mo­

lecular weight of various serum proteins. 
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Section II , Studies of the Size and Shape of ;ii.olecules 

of Gr oup A- Specific Subs-tance i'ro.:n Hog Gast,ric \:ucin 

In 1936 .Landsteiner and Chase 22./ isolated a substance from 

hog gastr-lc mucin wl:1ich was effective in inhibiting the isoa.2:gl u• 

tination of hu11an type-A erythrocytes by type-B serum,. Since that 

t i me substances of similar properties have been isolated from other 

sources 9J./ but t he hog stomach rem.a.ins the most convmn.ent starting 

material. 

Group A-specific substance (which will be referred to as A­

subatance) has been found to consist of polysaccharide material 

w.i.t;h about 25 per cent of amino acids, I t has numerous reactive 

groups and a. quite low isoelectric point. 'l'he material is generally 

considered to be a high mol ecular wei ght substance, al though most of 

t he experimental work has been with relat.ed protein mater ials. Exact 

comparisons can not be made between published data because different 

preparations froc similar starting material may be degr aded more or 

l ess , or changed in size and shape in the process of j_solation. 

Landstciner and Harte '1!?/ have given viscosity, osmotic pressure, 

and ultracentrifuge data on degraded and 11 un-deg-raded11 preparations 

of A ... substance from hog stomach. At 22.5° c • ., l per cent solutions 

had relative viscosit ie;a cf 1.2 and 3.7, and sedimentation const ants 

of 3.6 and 6.9 Svedbergs ., respectivel y .. These data indicate a m:i.n:i. ... 

mum molecular weight of 40,000 for the degraded material" The authors 

state that ·the ultracentrifuge patterns i ndicated homogeneous prep• 

arations . Osmotic pressure measurements gave a mol ecul ar weight of 
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70,000 for ·l;he degraded prepar ation and a variable value of from 

1201000 -t;o 200,000 for t he un.-degraded material. Occasional pas­

sage of biologically active rnaterial t hrough the cell ophane membrane 

was noted. 

Meyer and Palmer~ concluded on the basis of viscosity and 

appearance of the precipitate that their prepar ations from hog gastric 

mucin consisted of thread-like molecules of different lengths. 

Elix and SnelL.,nan 100/ found that hyaluronic acid, a somewhat 

distantly related compound, consists of molecules from 4,000 to 

10,000 R long. Assuming a dia.11eter o.f 10 R t hey calculated the 

molecular weight to be in the range of 200,000 to 400,000. Their 

inf ormation was obtained by measurements of the double refraction 

of flow. 

Extensive electrophoretic measurements have been made in this 

laboratoriJ by D., Brown and E. Bennett on preparations of A-substance 

similar to t hose studied in this investigation. They found that the 

mobility wa s very low and that t he preparations seemed to be electro• 

phoretically homogeneous. 

The following investigation of the size and shape of A-substance 

v;as carried on between December, 1946 and March, 1947 with the col­

laboration of A, Pardee 101/. 

'fhe A•substance used in this investigation was prepared by 

G. Holzman, under the direction of Prof essor Carl Niemann, The 

essentially i denti cal substances, RlH-I•'lO and fl.18-I•'ll, -..·,ere iso­

lated in 5.9 per cent yield from Wilson gastric mucin by t hree 

precipitations vd.t.h 50-60 per cent ethanol and two electrodialyses,. 
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Rl8- Fll was adJusted to pH 3 and ionic strength 0.0011 with hydro­

chloric acid. 'l'he 15 per cent which precipitated wa.s gi ven the nµmber 

Rl9-F2a; the 85 per cent in solution was listed as Rl9-Fla. Re-

peated treatment of these fractions showed ·that the solubilities 

were actually different. All of the above samples had the same A• 

activity, about five times that of the original mucin , H.18- flO and 

Hl8-Fll had similar absorption spectra while R19-F2a showed diminished 

absorption in the ultraviolet as compared vii.th Hl.9-Fla . Rl8-F2 was 

a crude preparation obtained in an early stage of t he purif ication 

of R18- F10. A detailed description of the preparative procedure has 

been submitted for publication 102/. 

Light Scattering Measurements 

The technique of making l ight scattering measurements was the 

same as t hat described in Part II , Section I . Fraction Rl 8- F2 , t,he 

fraction which had undergone a minimum of preparative work, gave a 

very turbid solution when d:i.ssolved in a 0.15 N' sodium chloride so­

lution but gave a clear solution when dispersed in formamide. Meas­

urement of the r efractive index increment indicated that the probable 

r eason for the clear solution \WlS that A-substance has nearly the 

same refractive index as forma1J1.ide . 'l'he molecular weight which was 

calculated f or this fraction in formamide was 4 • 106 but this value 

has little significance because of t he large experimental error 

involved in the determination of the refractive index increment. 

The material -which had under gone more extensive fractionation 

gave ~easonable turbid:Lties in saline" The molecular weights were 

calculated to be 1.7 • 106, 1.1 • 106, and 0.9 • 106, respectively, 
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for Fractions Rl 8-Fl0 in 0.15 N sodium chJ.oride solution and 

Fractions Rl9-lf2a and fU9-Fla in phosphate buffer o:f p.!:.i: 7 .2 With 

sufficient sodiura chloride to give an ionic strength of 0.15. The 

refractive index increment was 0.14 and was not detectably dif ferent 

in the two solvents. The ltght scattering curves are shown in 

F'igure 35. 

Osmotic Pressure Measurements 

The osmotic pressure was measured in a simple osmometer which 

was essentially a bag or Visking tubing attached to a 1'"'11"..m. capillary 

tube. 'I'he static osmometer described in Part I, Section III was not 

suitable because the salt solution attacked the stainless steel parts. 

Four measurements at 25° c. gave an average value of 2201000 :r 20,000 

for the molecular weight of Fraction Rl8 ... FlO. The solvent was 

0.02 M phosphate buffer at pH 7.1 plus suff:i..cient sodium chloride 

to give an ionic strength of 0.15. 

Diffusion Measurements 

Diffusion measurements were made by A. Pardee in a Neurath 

type cell 103/ by use of the thermostat and schlieren optical system 

of an electrophoresis apparatus. Pictures of Rl8-Fl0 were taken at 

two concentrations over a three,.,.day period. The differential dif­

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 O .60 .± 0.06 • 10-7 em. 2 sec• as an 
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average for five pictures, and the second method; v:rhich depends 

on the width at several heights of the curves, gave a value of 

o.55 ;t: 0.04 • 10-·1cm.2 sec. The t wo concentrations gave reeults 

which agreed within the experimental error. 

Partial Specific Volume 

The partial specific volume of Fraction Rl8-Fl0 in 0.15 N so ... 

di.um chloride solution is o.73. This value was determined by 

A. Pardee. 

Viscosity* 

An Ostwald-Fenske vlscometer was used to measure the viscos.i ty 

o:f samples of f.:19-Fla and Rl9-F'2a at 25° c., at several concentrations, 

and at different applisid pressures. The solvent was 0.02 M phosphate 

buffer at pH 7.2 -i.'fhich was adjusted to an ionic strength of 0.15 with 

sodium chloride. The viscosity increment, J.I, w-as calculated from the 

times of f low of solvent and solution, t and t, respectively, and 
0 

t i l f' • • f th 1 t f b th • iHi-ue vo :wne racoion o e sou e, , y . e expression 

"l'he v-0lo'=i ty t,Tadient, ,8; which is a mean value for liquid 

.f'lo'Wing through a capillary, was calculated by the use of an ex­

pression due to Kroepelin 102/ 

* These measurements were made by A._ Pardee 

* The viscosity increment when extrapolated to zero concentration 
is closely related to the intrinsic viscosity defined in Part I, 
Section II; that is, f)l. _ ;; , where v is the partial specific 
vo:Lum.e of the solute p - ioo 
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where Vis the volume of liquid flowing through a capillary of 

radius r in time t. 

( 32 ) 

Values of the viscosity increinent at zero concentration and 

at zero velocity gradient were obtained by a two-stage extrapolation. 

The extrapolation to zero velocity gradient was guided by a theoret­

ical curve of Kuhn and Kuhn for the viscosity of a suspension of 

ellipsoids of revolution as a function of velocity gradient 106/. 

The viscosity data are tabulated ln Table 14, 

Table 14 

Viscosity of A-Substance 

# • 103 l) J,I ti v 

( != 10200) (1-=- 5400} (1= 1000) r,~ o.o ) 

Rl9-1Fla 

3.91 150 207 302 

1 •. 96 126 168 256 

o.?8 144 240 

o.oo -t• 110 135 225 ,230* 

Rl9-F20 

3 • .31 188 254 400 

1.65 170 219 330 

0,166 167 217 294 

* 275* o.oo 153 200 265 

* Extrapolated 
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Discussion 

A considerable structural viscosity exhibited by solutions of 

A•substance is an indication that the molecules are large a.n<l are 

quite asymmetrical. Such solutions in general exhibit two limit­

ing values of the viscosity increment. At very low ve,lo~ity gracti• 

ents the ntolecules are distributed. at random, the resistance to 

flow is high, and the viscosity increment;, £,/:, , is high. v"Jith very 

high velocity gradients t he molecules are orientated predominantly 

parallel tO: the $tream lines of the liquid, their influence on the 

viscosity is a mini.mum, and the viscosity incra.Yllent tends towards 

a lower 1imi. ting value, I) 0 • 

Assum::Lng that the molecules of A .. aubstance are as;ymmetrlcal, 

there are t ·wo mode-ls; the random coil, and tho elongated ellipsoid., 

Which might be applicable. A statistically coiled i.nolecule should 

have a fairly constant viscosity increment until a high velocity 

gradient is reached, especially if it is not easily deformed. On 

the other hand, a rod-like molecule would orien-~ate itself, and the 

viscosity increment should decrease considerably at high velocity 

gradients.. '1ne variation of /I with velocity 6,radient of A•substance 

agrees fairly 1.vell With t heoretical curves for the rod model pre ... 

sented by Kuhn and Kuhn 107, 108/. 

Hydrodynamic treatments have now been made of both ~ and H, 

for suspensions of both elongated and flattened ellipsoids 63, 109/• 

Mehl, Oncley, and Simha UO/ hqve presented extensive tables based 

on Simha 's calculations §:}/ of the relation between the viscosity :i.n• 

crement; H, , and the a:xial ratio of suspensions of elon:~ated 
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ellipsoids. If these calculations are assumed to be applicable to 

solutions of A-substance ·with 11, :: 230 and 2?5, respectively, for 

fractions Rl9-Fla and R19-F2a, the A-substance molecule has an axial 

ratio of about 6o to 1. 

A value for the molecular ·weight of A-substance can be calculated 

from t he viscosity and diffusion data if a variety of assumptj.ons are 

made. 

Einstein "J-1~/ generaliz.00. the earlier reasoning of Nernst, 

Sutherland, and Stokes and showed that. t he dif fusion constant of a 

solute is a function of the dimensions of the molecules and the vis• 

cosity of the liquid. Perrin 112/ carried this approach further and 

found t hat the dif fusion constant, :o, of an elli psoid of revolution 

is given by D = D
0

f 0 /f, where D
0 

is the dif fusion constant of a sphere 

of the same mass and volume as the ell:i.psoid and £0 /£ is the ratio of 

frictional coefficients of the equivalent sphere and the ellipsoid. 

Values of f.
0
/f for a suspension of' elongated ellipsoids can be oal• 

culated in terT11s of the axial rd.tios following a treatment by 

Perrin 112/, and a tabulation of such calculations r1a.'" been given by 

Svedberg and Pedersen l;,13/, D
0 

can be calculated by the use of 

Einstein•s relation if the molecular weight, partial specific volume 

of the sol·•1t~,. z,!'ld the viscosity of the solvent are known. 

The molecular weight which is calculated for A-substance from 

h "'11 • • 106. t e J.O owing expressions is 5.0 • 
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7 2 with D = 0. 58 • 10 • cm. sec • , 

( 33) 

f /f :. 3.2 (for an axial r atio of 
0 

60 to l), v= Ot173 , t ::. 25° C., and "[= o.ol poise. 

The values of the molecular weight from l ight scattering are 

not inconsistent with this value. The light scat·tering measurements 

were made bef ore the angular scattering equipment was constructed; 

hence the reported values of t he order of one million were calcu­

lated from the 90° scattering alone. The correction f actor which is 

calculated from the angular scattering (see Part I , Section VI, 

Jtigure 19) could easily be .3 or 4 for a rod-like molecule of reason­

able length and could bring t he light scattering molecular 1iveight in 

essential agreement 11d.th t hat f rom viscosity and diffusion. The 

different slopes of the light scattering curves f or the different 

prepar ations and the appreciably l ower intercept for Fraction Rl 8- li'l0 

may be due to the fact that t he solutions were at different pH and 

ionic strength . The effects of pil and ionic strength on the light 

scattering of protein solut,ions are not yet understood although such 

data might be interpreted in terms of a treatment similar to the 

recent Kirkwood .. Goldberg theory of light scattering in multicomponent 

systems (see Part I, Section I X). 

The molecular wei ght from osmotic pressure data, 220,000 for 

F'raction Rl8-Flo, is not in agreement w.i..th the above r esults unless 

the difference is ascribed to molecular heterogeneity of the prepar­

ations. It i s 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 

t he number-average molecular weig.rit, 'l'he observation of Landsteiner 

and Harte W mentioned earlier that biologically active material 

diffused through the membrane during their osmotic pre ssure measure­

ments is consistent with thi s hypothesis. 'l'he fractions are not 

ext,remely het erogeneous, however, since the two methods of calculat­

ing the diffusion constant, one of which is sensitive to heterogeneity-, 

gave essentially the same result. 

The only earlier work which is at all suitable for cor~rison is 

that of Iandsteiner and Harte 2§./. By use of their value of the 

sediment ation constant for "un-degraded" A-substance, 

, 1 -13 s20 : b.,9 • . 0 sec., and values for the diffusion constant and 

partial specific voluxne, r espectively, of 0.58 • 10•7~m~ sec, and 

0.73, t he molecular weight is calculat ed to be 1.1 • 106 . 

Summary 

Light scattering, osmotic pr essure, diffusion, and viscosity 

measurements have been made on preparations of A-substance. The 

values of the molecular weight which is calculated from diffusion 

and viscosity is 5 • 106 • Light scattering data indicate only t hat 

the molecular weight is greater than l • 106 • The much lower value 

of the molecular we5.ght calculat ed from osmotic pressure, 0.2 • 106, 

might be ascri bed to molecular het,ero:;·.-neity of the preparation. 
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Section III. Thermal Aggregation of Serum Proteins 

Aqueous solutions of proteins (gelatin is an exception) become 

turbid when hea.ted to t emperatures of the order of 60° c., and in 

general, proteins become completely insoluble aft,er extended periods 

of heating at this or somewhat higher temperatures. This process of 

coagulation of proteins in solution is usually taken as evidence 0£ 

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 sulfhydryl groups. 

Hardy ll4/, 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. 'l'he mere coag­

ulation o.f a protein is not sufficient evidence of denat uration, 

for there are numerous examples of aggregation of native protein: 

for example, precipitation of' serum proteins by the addition of 

salt, or the coagulation of euglobulin during dialysis against 

distilled water. 

Cooper and Neurath 115/ recently investigated solutions of 

horse serum albumin which had been heated i'or various lengths of 

time at ?-00 c. and concluded on the basis of viscosity, diffusion, 

and electroph0retic measurements that there was actually molecular 

aggregation a·t certain values of pH and ionic st,rength even though 

there was no obvious coagulation. At pH 7.6 the heated solutions 

exhibited a higher viscosity; the electrophoretic pattern and mobil­

ity were different from that of native protein; and finally, the 
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heated protein was found to be more susceptible to tr--,1Ptic digestion, 

Bier and Nord '116/ found that the tu.rbidi ty of solutions of oval­

bumin at pH 4.20 was changed markedly by heating at 40° c., although 

there was no detectable increase in free sulfhydryl groups and no 

change in the ability of the protein to crystallize. 

The measurement 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 col­

lected by the Amerlcan Hed Cross 117/, but little effort was made 

to analyze the data. 

Experimental 

A brief light scattering investigation of the thermal aggre­

gation of hurr.an serum albundn and bovine serum globulin was made to 

learn whether useful information about protein denaturation could 

be gained in this way. '£he light scattering apparatus has been 

described in Part I, Sect:ion VI, and the proteins ,1ere those described 

in Part II, Section I. The proteins were dispersed in borate buffer 

of pH Sor in barbital buffer of pH a.6, each with sufficient sodium 

chloride to give an ionic strength of o.15. The solutions were 

centrifuged, transferred to a dust-freu scattering cell, and the 

cell was immersed in a constant temperature water bath. After the 

required period of heati ng the cell ,va~ removed, brought raP'ldly 

to room temperature, and the 90o scatter-il:1g was determined. 'fhe 

scattering was measured at only one concentration since the data 

in Part II, Section I indicate that the light scattering curves 
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£or serum proteins at, th:ts pH and ionic strength have nearly zero 

slope. The dissymmetry meusureruent.s were made in the usual manner, 

Results and Discussion 

The turbidity of solutions of hu.mam serum albumin changed 

very slowly with time of heating at 57.8° C, A solution of 3 mg. 

per ml. in barbital buffer of pH 8.6 gave a f'ive ... fold increase in 

turbidity after 13 days of' heating, which corresponds to a. final 

molecular weight of about 350,000. Solutions ·which -v1ere heated longer 

than 1.3 days and then stored for some hours in the cold showed some 

coagulation. 

The study of human serum albumin was not pursued further because 

of the greater interest in the heat denaturation of a glob1.,.lin in 

connection '\-,'i th the proposed mechanism for the manufacture of anti­

bodies in vitro!.!§/• 

Solutions o:f bovine serum i' globulin were heated at various 

temperatures and at various concentrations of protein in borate 

buffer of pH 8,.4, ),{ = 0.15. 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 disulfide, and o is the protein concentration 

expressed as weight fraction. The value of I/c is proportional to 

the weight average molecular weight of the scattering if, as mentioned 

above, the slope of the light scatterin6 curve is neglibible and if 

the scatteI'ed light exhibits no angular asymmetry., 

Angular scattering measurements were made cm a bovine a-' glob­

ulin solution in the above buffer. The dissymmetry coefficient, for 
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a solution wq;i.ch cont,ained .3 mg . of protein per ml. of solution, 

was zer:o within the experimental error • '£.bis result was e:>..-pected, 

since the maxinru,m dimension o.f the globulin molecule is considerably 

less than the wave length of light. 'I'his same solution was then 

heated for 20 minutes and 76 minutes, respectively, at 57.8° c., but 

there was no detectable change in the angular scattering .• 

If a solution of t his protein at ·the above concentration is 

heated at 5?.8° c. for extended periods of time the turbidity of 

the solution continues to increase for a time,· as shovn1 in Figure J?, 

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 precipita.te 

was noticed after 380 hours of heating at this temperature. 

A differential centrifugation experiment was performed on a 

solution containing 3 mg. of protein per ml. of solution which had 

been hea·i;ed for 120 hours at 57.8° C. in o.;:·der to le 'lrn something 

about the distribution of particle weights in the solution. It 

was found that the concentration of protein remaining in solution 

decreased regularly with increasinJ time of centrifugation; so it 

is eVident that there was a distribution of particle weights ar~ong 

the a ggregates in solution. A.bout half of the protein :tr-tttial1y. i n 

solution was found t,o have been centrifuged out of solution af ter 

540 minutes. Since this tii"Tle of contr-l.i'u;;ation at 32,000 g is sw.'­

ficient to remove from solution all par ticles havin,~ a mol ecular 

weight greater than about 2 • 107 it is clear that a considerable 

percentage of quite large aggregates are formed in the heated solu­

tion,. 
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This data may be i nterpreted as indicating that t,here 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 forin of large aggregates. 

The data presented in Figures .36 and 37 indicate that ·l;he rate 

of change of turbidity of a heated r globulin solution :at constant 

ionic strength and pH is dependent cm the j_nitial concentration of 

protein, the temperature a t Which the solution is heated,. and the 

time of heating., If these curves represented a change in the aTJ1ount 

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 reacti on. 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 4 

A possible method of analysis of the turbidity eurves would be 

to consider that heat causes 'the native protein to change in some 

mam1er by a first order reaction and that the altered protein then 

aggregates according to a second order reaction• The pdJi1ary reaction 

of protein denaturation is usu.ally considered to be of first order, 

and Sraoluchowski 119/ has proposed tht':\·L the coae,11.lation of colloid 

particles obeys a second ord.er r eaction. 

The rate of change of irdenatured11 protein molecules would then 

be given by the expression 
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dN K ;i. _,1.t;-- = - N -,. d. No e dt ( 34) 

where N is t he number of 11 denatured" protein molecules, 

K is the Smoluchowski rate constant for coagulating systems, 

N
0 

is the initial number of prot,ein molecules, and 

111.. is a first order rate constant; i'or thermal denaturation. 

The turbidity of a polydispersed system can be expressed as 

( 35} 

where A is a constant for a given syst,em, and N . is the number of 
J 

particles per unit volume of the jth kind each having a volume v .• 
J 

If the scattering particles are simple aggregates of primary particles, 

t .hen the volume of the j-mer is j times the volume of the primary 

pa:i;-t,iel.e,, V
0

, equation (35) can be written as 

( 36) 

ln principle t he turbidity of a heated protein soluti on can 

be expressed as a function oi' time by means of equation (36), vd th 

Nj deter.mined, by the solution of equation (34) • 

Sumiuary 

The change in the light scattering of soluti ons of boVine 

globulin With time of heating has been measured at constant 

iom.e strength and pH but with different initial concentration:, of 

protein and different temperatures of heating, 



139 

An incomplete analysis of the data suggests that although 

·the primary :reaction of protein denaturation is involved 1n the 

change of turbidity of the heated solutions, the :nost important 

£actor is the agg'l'egation of' the denatured protein molecules. 
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Propositions 

1. Comparison of values of the 11apparent molecular weight"* of' 
proteins is at best unsatisfactory and at worst may lead to in­
correct interpretation of data.. For example, ·the conclusions of 
:&'raelllool...Conrat and Mecham !/ concerning t.he state of ag1trega tion 
of ova1bumin in an aqueous solution containing urea and iodoacet­
atnide could be questioned. 

Although ·tbet'e is no evidence for the aggre3ation 6.f serum albumin 
in an isoiom.c condition in the absence oi' electrolytes the osmotic 
presstl.I'e of an electrodialyzed isoelect,ric bovine serum albumin 
solution has given variable renults for the molecular weight gj., 
It should be relatively simple to determine the moJ.ecular weight 
of isoionic salt-free Gerum alb1in•i n by li.:~ht scattering~ 

* The value of the molecular weight which can be calculated from 
the magnitude of the osmotic preasure of a solution containing a 
h:i.gh molecular weight solute by the use of the vantt Hoff equati on. 

!/ Fraen.½:el-Conrat, H., and Mecha:n, D. K. , J. Biol . Chem., !11, 1.,,.77 
- {1949).. . 

3/ Scatehard, G,., Batchelder , A,. , and Bro1'ln, A., J. Am,. Chem. Soc., 
~It 2320 (1946). 

2. It is the practice ot' certain moonshiners in the Allegheny 
mcnmtains when preparing spirits for the trade to steep plugs of 
chewing tobacco in raw distillate for 48 hours. Although this pro ... 
cedure admittedly gives the product e. qe$irable color and elirllinates 
the "slop" taste and odor it probably also r educe.s the fusel oil 
content. 'ihis hypothesi& r~sults .t'rom observation of physioloeical 
reaction and not from chemi--cal analysis. 

3. A recent, study o! the l:iqu:i.d. phase adsorption of acetone by 
nitrocellulose from an aoetone ... :U.groin mi.."'i-"ture was based on the 
assump'!iion ·that there is no intera.otion between ni trocell;uJ,,ose and 
-.t·' ,rr(">·, n· J / . '1 ... ·1-.-·L<' @"""'flY1t-! 0"' 1.•C ,.. C0' 0 t·J.~ ..., .,.,v •1·0 co•,··,cl11 "'--lo•1~ rea"l""'d .;..., .J.. C, .... V',.,_J. ::.J .~ J .• ,:,; .,u i) v.... 1 J:" . .... . 1,..t o . .l.J. r .1..L .:I V . , . .,.. ~"-'..t- .1. P . .v .t~ .s..£.J. 

this thesis g/ • 

An independent method of evaluating the magnitude of possible ad­
sorpt'ion or ligro:in by rutroce1lulose i'rom acetone-ligroin mixtures 
wou)Ji be ·the ttequ.·nibriuin dialysis0 procedure .'JI. It mi ght be found 
necessary to use one of tho ,i;ore sophist:lcated interi'erome.t ers to 
evalua·t;e small changes in solvent composition .. 

!,/ Campbell, H., and Johnson, P., J. Pol;ymer Seil.,~ 24? (1949). 

y This thesis , Part I, Section I X. 

2/ Klotz, I. M., Arch. Biochem., 2, 109 (1946). 
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4., Putman 's remarks on t,he mode of denaturation of proteins by 
detergents do not include the consideration that surface active 
agents may be at'tracted to the prot8in-solvont interface. Although 
many factors are involved in protein denat.u.ratio.n this effect should 
be eo.nsidered. 

The experiments of the Stanford group'?), Klotz J./, and others on 
the adsorption of small molecules by prot.e;Lns can be interpreted as 
evidenee of decided difff;lrences in the conf'i67.u-ation of' certain 
protein molecules. 

4/ .Papers . b. y Boyer, Ballou, Luck, and others., principally in J, Biol• 
Chem .. , 1944 to 1948. 

'JI Klotz, et al, J'" Am . Chem. Soc.,. s&,, 1486 (1946) and o.thcr papers 

5-, It is often desirable to measure the light s.cattering of color:ed 
~<fl.U<µons. If a solution is colored the optical dielectric constant 
i .s no longer given by the square of the ordinary refractive inde~ 
but is given by the square oi' a complex refractive index •. If the 
a;Q,sorption i s due to a low molecular solvent component it can be 
ShQ'Wl'l that the usual light scattering equation can be used to cal ... 
,eu:J.ate a molecular weight for a high molecular weight solute• If, 
on the other hand, the absorption is due to t i1e high molecular / 
weight solute the usual light E::cattering eq_uat,ion is no longer valid 1/• 

6-~ The Bureau of O;;>dnance specificat,ions fo:r· the analysis of nitro­
glycerin solutions should be changed. It would be des:i.rable to 
~arr;r 0~1.t tl1€· :csc:t~c·tion of· r1itro:;1:··ccri11 to a;:112.no:o.ia 1J~" rnea~s of 
Deva.rdals alloy in alkaLlne oolution with subsequent distillation 
and titrati or.. of a ;:r::t::ir.J.a r.-ith standard acid. The present specifi­
cation~ ¢all f or the reduction of nit,rogl ycerin by £ errous ion in 
acid solution and subsequent back tit-ration of ferric icm vtlth 
standard titanous chloride solution~ 

7. 'l'he validity of the :3taudinr;er viscnsity relation for nitro­
o:ellu.lose solutions is fortuitous and results from the occurrenc~ 
of a broad .flat . maximum in values o:f' ['1'/1/s for values of z usually 
encountered in nitrocellulose samples y. 

!/ 'l'his thests, Pert~ I, .Section V"III. 
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8,. The generB.l equation given by Kirkwood and Goldberg y for 
the light scattering of multicomponent systems , ,1hen constrained 
tq a two...-eornponent system, gives a simple expression for the light 
scattering of a mixture of two low molecular weight fluids• 

A l:i,ght scattering method might be developed which would enable the 
iiia1culation of • la.quid-liquid interaction v,'i th as much accuracy as 
does the determination of partial vapor pressures. 

"J) Kirlt\YO0d; J., G., and Goldberg., H., J. Chem. Phys. (in press). 

9. Although it is inevitable that technical and scientific vrorkers 
Will give different definitions of wi:a-t, constitutes a good solvent 
for a high polymer, there now exists a variety of definitions of 
ngood solvents11 in the high polymer literature. A statement, which 
is less ru.ubiguous than most is that of two solvents the better sol­
vent is the one in which tbe activity coefficient of the polymer is 
least. 

· rt is difficult to predict the ability of solvents to dissolve. nitro• 
oellulo~e• I have f'o~d empir~calf[2. tha~. good nitrocell~os-e sol­
vents give values of t,ne quant:i.ty TD wru.ch are little different 
from one another. 1A.. is the dipole moment, e is t he dielectric 
constant, and O is the relative internal pressure as determined 
from the heat of vaporization 'J/ • Ostv,iald has proposed the use of 
the quantity 1,. in this connection y. 

1/ !:fildebra.nd, ~r.. H •, So lubili tz,:.t Cherni cal Ca ta.lo gile Co • ., New York, 1924., 

a/ Ostwald, Wo,., and 0rtloff, H., Kolloid ... z .. , .22, 25 (1932)., 

10,. The classteal . experimE.it:it-s of Perrin J/ on suspensions of grunboge 
part\ele1;3 led to vaJ..:um; of Aw.gaclro•s number which were about 10 per 
cent higher than the val-ue acc,§>pt,ed at present• The mean squ.-are 
di.splaeein.ent mE;1thod probably gave high values of Avogadro's number 
because the resiat.ance factor £or such particles is not adequately 
:represent.ed by 6TTf r ~_3I. 

The high values of AVGgadro • s number v1hich were determined by 
tbe gra.Vity sedimentation equilibrium raethod 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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where N is the numb@r of' particles of mass m per unit volume, 
his the height above a reference point, 
g is the acceleration due to ;;raidty, 
K is the Bol tzmarm eonstant, 
'J: is the absolute tempera·~ure, and 
B is a. const,ant for a given system 

;./ Perrin, J., Atoms, translated by D. L. Hammick, Constable and 
Gompa.ny, London, 1920. 

}/ Svedberg, '.I\, Ce>lloid Chemj_$tcy, The Chemical Catalogue Company, 
New York, 1928.,. 




