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An attempt has been made to determine the feasibility of
the use of the type of diffusion in the steady state embodied
in the Northrop and Anson type of cell for the meassurement
of the diffusion veloeity of lyophilie eolloids. The asccu~
racy to be expected in such measurements hes also been de~
termined. An attempt has also been made to study the valide
ity of the apparent molecular weights ealeulated from diffu~
slon dats and the possibility of eslculating the true mole~
cular welghts of colloidally dispersed lyophilie substances
from diffusion measurements.

In order %o solve these problems, the ehanges of
several properties of gelatin solutions with change of so-
lution medium have been measured and the changes noted and
explained. 7The changes studied and measured were:

1. Variation of the diffusion veloecity (expressed
in terms of D) with source.

2. Variation of the diffusion veloeity with
concentration.



$. Variation of the diffusion veloecity with
different eanaantratians'af added XC1.

4. Variations of D with different concentrations
of added alaeohol.

5., Variations of D with different concentrations
of added HC1.

6. Varistions of D with different coneentrations
of added HCl and ¥C1l.

7. Varistions of D with different concentrstions
of added NaOH. o I

8. Variations of D with different concentrations
of added NaOH and ¥C1.

9. Change of the relative viscosity of gelatin
solutions with:

(a) Change of the conscentration of gelatin.

(b) Change of the concentration of added
KC1l to a constant concentration of
gelatin.

(¢) Change of the concentration of added
aleohol.

10. Variation of the pH of gelatin solutions with:
(a) Change of the concentration of gelatin.

(b) Change of the concentration of added
acid or base.

1. 'fﬁmﬂ» Ca e lil e ntae uuamsle {=

From the above measurements we g& he:

1. Change of the "apparent molesular welght"(M)
of the gelatin particles with the change of
source of the gelstin.

2. Change of M with change of concentration of the
gelatin.

2. Change of ¥ with change of concentration of the
added HC1l and ¥C1.
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4. Change of M with change of concentration of the
added NaOH and ¥C1.

8. Change of ¥ with change of concentration of the
added amleohol.

6. Apparent change of the "apparent molecular weight®
of the gelatin micellae which results from the
caleulation of the ¥ for charged particles by
means of the Stokes-Einstein equation.

7. Apparent molecular welght of the gelatin molecule
at zero concentration.

8. Effeet of the removal of the water mantle from
the micellae upon the value of M.

From the measurements and caleulations made from ﬁﬁGMRméﬂ%W;%
AT Mg Dpniinn, oAt A0 0 o 2 =~ 4
1. The ehanges of D with concentration of the gelatin,
concentration of added HC1, HCl and ¥Cl, NaOH,NaOH
and XCl, and of added CaligOH have been explained.

2. The possibility of errer incurred by the use of the
Stokes-Tinastein equation for the esleulation of
¥ from diffusion data for ions has been shown.

é. The nevessity of employing values of D corres-
ponding to zero concentration of diffusate for
the calculation of the epparent moleculay welght
of the diffusate when moleeularly dispersed has
been demmnstrated.

4. The possibility of the determinstion of the true
molecular weights of lyophilic substances by
determining their diffusion velocities after
the rgyaval of the water mantle has been dis-
cussed.

8. The probable ineorrectness of all the ealeulated
vglaaa of M for lyophilie colloids has been
showh.

6. The possibility of measuring the thicknwss of the
water mantle and the determination of its ef-
feot upon the physieal properties of the diffus-
ate have been discussed.



7. The probable sources of error possible by this
method have been enumersted.

8. The necessity of emen more precise methods for
' the measurement of concentrations has been
mentioned.
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THE DIFFUSION COEFFICIENTS AND MOLECULAR
WEIGHT OF GELATIN

I. Introduetion

1, The Importance of Diffusion Measurements on
Colloids.
The prediction of the behavior and the explana-

tion of the properties of a given substance depend upon a
knowledge of the arrangement of the constituent atoms in
the molecule. The kinds of atoms present and their exist-
ence in the form of the various possible radicles may be
determined analytieally. The structural units present in
complex molecules, which consist of these elements and
such radicles as may be formed from them, may be determined
by a study of the thermal decomposition and hydrolysis
products obtained by the proper treatment of such materials.
The final proof of the strueture of large complex mole-
cules depends upon a knowledge of their molecular weights.

Substances composed of large molecules, such as agar-
agar, gelatin, proteins, and other biologieally important
materials, generally exist in the dissolved state as
colloidal solutions. The limited solubility in water of
substances, such as agar-agar, which exist in solution in
the colloidal state makes the determination of their

molecular weights from boiling point increase, freezing

point lowering, vapor pressure lowering, or osmotie



pressure data either very uncertain or even impossible.
Some colloidally dispersed materials either coagulate or
are thermally decomposed at higher temperatures. Still
others exhibit a penchant for aggregation or deaggrega-
tion, as the case may be, with change of solvent, con-
centration, or pH of the solution. Since colloidally
dispersed materials exist in such low concentrations,
from the molecular standpoint, enormous errors are intro-
duced into boiling point, freezing point, vapor pressure,
and osmotiec pressure data by the presenee in the systems
of minute traces of salts or other impurities. In
general, lyophilie colloids, especially proteins, are
also'very susceptible to bacterial action.

One apparently simple and inexpensive method for the
measurement of partiecle radius of colloids, the calcula-
tion of molecular weight, and the change of these proper-
ties with change of ftemperature, time, solvent, pH of the
solvent, and the method of preparation of the solute is
the determination of diffusion velocity data. However,
an examination of the literature reveals a bewildering
array of material difficult, if not ihpossible, teo cor-
relate. Various investigations of a given substanee under
the same or comparable conditions of temperature, concen-
tration, solvent, etec., yield widely different values for

the diffusion velocity. Other data reveal diametrically



opposite changes in the diffusion veloeity of a given sub-
stanee with change of temperature or concentration.
Anomolous results have been obtained with some materials,
others, of known molecular weight, have shown diffusion
velocities}much too high or too low for molecules of their
mass. There is, also, seldom any agreement between the
molecular weights calculated from diffusion data and those
calculated from osmotie pressure, cryoscopie, viscosi-
metrie, x-ray, and ultracentrifugal data.

It is apparent that diffusion data will be of little
use for the determination of molecular weights unless (it
can be more accurately determined and the apparently con-
tradictory and anomolous results can be explained and
subsequently eliminated.

&, Statement of Problem and Resson for Studying

Gelatin.

This investigation was undertaken in an effort to
determine the causes of the above mentioned contradictory
and anomolous values obtained for diffusion veloecities
and to demonstrate the validity of molecular weights
calculated from diffusion coefficients.

Gelatin was selected as the material to be studied
because of its availability in the very pure form and

because it possesses, probably, more of the general



properties of lyophilie colloids than any other single
substance. 4 further factor influeneing the selection of
gelatin lay in the faet that its diffusion coefficients
-and molecular weights had already been measured by ulira-
centrifugal means (92) and thus would serve as a standard
with which the results obtained could be compared.

It was also hoped that time would permit the ex-
tension of this study to other materials such as typieal

proteins, but fhis was found to be an impossibility.



II. Methods of Studying Diffusion in Liquid Systems.
1, Methods Employed |

The diffusion of the particles formed as the result
of the solution, or dispersion, of any material in a |
liquid medium is a fundamental phenomenon of ligquid
systems. It was mentioned first by Berthollet in 1803,
but the actual study of this property was not begun until
1850. At that time Thomas Graham (36) set up an apparatus
consisting of two bottles of equal volume. A solutiom
was placed in one bottle, pure solvent in the other. The
ground tops of the bottles were then placed together, the
solution aﬁd the pure solvent being separated by a thin
layer of sponge which, Graham found, did not change the
rate of diffusion appreciably. By placing the denser
solution in the lower bottle, Graham was able to study
the diffusion of carbon dioxide and of nitrous oxide into
water and into each other. Graham also devised a second
type of cell. This consisted of a glass bottle, into
which was placed the denser solution, and a large eylinder.
The bottle was placed in the cylinder whiech was then filled
with solvent.

The results obtained by either method were only
qualitative and Graham did not formulate any theory of

diffusion nor derive any of the relationships since de-



veloped. He did note that: (1) Solutions of equal density
may have widely different rates of diffusion. (2) Most
salts diffuse at rates which are proportibnal to their
respective concentrations. {(3) The rate of diffusion of
a given substance increases with inereased temperature.
(4) The smount of material diffusing out of the inner
bottle decreases with increased time of diffusion, but is
constant for the second, third, and fourth days. (5) Aecids
and bases diffuse more rapidly than the corresponding salts.
(6) Egg albumin diffuses very slowly, but the rate is in-
ereased slightly by the addition of acetic acid. (7) The
viscosity of the solution that is due to the presence of
the egg albumin does not retard the rate of diffusion of
salts. (8) In a mixture of salts the velocity of the more
rapidly diffusing salt is greater than when it is diffus-
ing alone. (9) Alum decomposes during diffusion. (10)
Mixtures of salts and double salts may be partially
separated by diffusion.

The first mathematical treatment of the phenomenon
of diffusion in liquid systems was made in 1855 by
Fick (30) who, perceiving the analogy between diffusion
in solution and the Eonduetion of heat, applied a modi-

fied form of Fourier's equation and obtained:

JU__ e DU
Jf—‘K.) X2



for diffusion after any time interval, and

Yu_

) X2
for diffusion in the steady state where u is the amount
of diffusate per unit volume, x the distance moved, and t
the time during which diffuéion has occurred. Fick tested
the validity of his relationships by measuring the veloec-
1ty of diffusion in the steady state. His apparatus con-
sisted of a cell similar to Graham's first type with the
end removed from the upper bottle. By means of a glass
ball suspended in the liquid of the upper bottle from one
arm of a balance beam, Fick measured the diffusion veloc-
ity by determining the change in density of the pure
solvent as the solute diffused upward into it.

Bellstein (6) devised an apparatus consisting of a
eylinder which was bent into a semicirele at one end and
closed at the other by means of a glass stopper. The
solution of the material to be studied was drawn into the
eéylinder which, when completely filleg?7stoppered. In
effect the solution was held in the eylinder by the vacu-
um above it. The filled cylinder was then suspended in a
large vessel of solvent in such a way that the surface of
the solution at the open end was horizontal. By this
means Bellstein hoped to attain a diffusion layer with the

solutions on either side kept uniform by the mixing re-



sulting from the differences in densities in the respec-
tive solutions. Assuming that the hoped-for conditions
would be attained, Beilstein developed equations for the
calculation of the diffusion coefficient independently of
the time. Constant values were obtained for KNOg, but
trouble was experienced in the diffusion of acid sulfates.
Semmler (81), by the substitution of a2 eylinder for
the bottle employed in Graham's second type of apparatus
(36), embodied in the Graham cell conditions which per-
mitted the application of Fiek's equation to the data‘
obtained. Calculations were made by means of Fick's

equation in the form:

| --m%‘i}at
and by means of an integral of the equation:

J’c"ﬁn2

which took the form:
U = e—mzkt(/} cos MmY "'DCDJ h.X)'

Semmler also described a prism-shaped vessel for the
measurement of diffusion velocities. In Semmler's appa-
ratus, the solution was to be placed at the bottom of the
prism and covered with a layer of pure solvent. Concentra-
_tion.changes at different levels were to be determined
optieally by viewing the cord of a pendulum through the

prism. Since the amount of the apparent dislocation of



the line depended upon the concentration of the diffusate,
the concentration at any point could easily be measured.

Graham's third method for studying diffusion (37)
consisted of a straight glass cylinder of known volume.
The eylinder was filled with pure solvent and then a
known volume of solution was introduced into the bottom
of the eylinder by means of a pipette. After a suitable
interval of time, the liquid was removed in sixteen layers
and each layer was analyzed. At the same time, Graham,
employing an apparatus similar to his first cell, measured
the veloecity of diffusion of different salts through
parchment paper and in gelatin.

The Graham method was utilized by Marignae (61) in
his study of the diffusion of mixtures of electrolytes.
Calculations, made by means of Marignac's version of the
Beilstein equation,

(A
K = log A—p) ,
Ky LY
lOg (Ai -DPy )

did not give a constant value for the K/XK, ratio. Marignae

realized that the experimental conditions required by
Beilstein's equation were not being realized so he arbi-
trarily introduced 2p for p in the equation and found the
X/K; ratio to then be nearly constant with time. Marignae

also confirmed Graham's statement that salts when mixed
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with other materials diffuse at different rates than
when they diffuse alone.

Seylor (82) introduced the use of the polariscope
for following changes of concentration with time in his
measurements of the diffusion velocities of sugar.
Stefan (86) utilized Seylor's data to check the validity
of Fick's equation. Comparison of these values with those
obtained by Johannisjanz (49) for the diffusion of salts
showed the latter to be incorrect. Investigation of
Johannisjanz's work revealed that his data had been ob-
tained by the optical observation of materials in a glass
prism aceording to the method outlined by Semmler (81).
The errors in Johannisjanz's calculations were the result
of his not making allowance for the faet that a liquid
whose refraction coefficient decreases from bottom to top
itself acts like a prism with its refracting edge upward.
Stefan also calculated diffusion coefficients from
Graham's data by means of an integrated form of Fick's
equation which corresponded to the experimental conditions

under which Greham's data was obtained:

_uh o, 2UNT L k) fnrh) o BRI
R SE A0kl v= kil o AR

ns=1
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J. J. Coleman (20, 21, 22) originated a method for
the study of the free diffusion of such materials as
would affect indicators. In this method, the electro-
lytes to be studied were placed at the bottom of narrow
tubes, covered with solvent, and the diffusion of the
respective electrolytes was followed by means of indicators
originally present in the solvent. Similarly, Weber (104)
obtained diffusion coefficients by measuring the changes
in the potential of a concentration ecell as diffusion
proceeded.

An early attempt to set up two solutions with a con-
stant concentration on either side of the diffusion
boundary by causing water to flow slowly over a solution
contained in a narrow cell (56) gave very unsatisfactory
results. With a more acecurate control of the rate of
flow of the solvent over the solution, combined with a
more sensitive method of analysis of the diffusate solu-
tion, the apparatus has since yielded a precision method
for the determination of diffusion coefficients {11).

Scheffer simplified the study of diffusion by
employing the modified Graham apparatus--a perpendicular
cylinder placed inside of a large container by dividing
the diffusate into four layers for analysis 2nd calculat-
ing the diffusion coefficients from Stefan's tables.



By analogy with the diffusion of gases from areas
of high pressure to areas of low pressure, Nernst {65)
attributed diffusion to osmotic pressure. He then showed

that the diffusion coefficient, X , of Fick's equation:

S= K& g; ar

may be expressed as
Po

K = em.z/sec.

where X is the pressure required to give one gram equiva-
lent of material a velocity of one centimeter per second
and py is the osmotic pressure. Measurements of K showed
it to be of the same order as the force J which Kohlraush
found was necessary to move one gram equivalent of mater-
ial in an electrie field. From Ostwald's postulate of
electroneutrality (75)—that an equal number of positive
and negative charges must be present in any finite volume
of an electrolytic solution--Nernst derived the relstion-

ship:
UV

. & 7 a O,
e 0.04768 + 10" em™/day at 18°C.

K

which, in the form:

D:RT' EUV
U+V

has been the basic equation for the calculation of diffu-
sion coefficients of dilute solutions of electrolytes from
conductivity data ever since. The equation is valid, as

Nernst himself stated, only at extreme dilution where the
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osmotié pressure is directly proportional to the concen-
tration. Nernst also developed an equation for the tem-
perature coefficient of diffusion, a relationship for the
diffusion 2t low concentrations,of salts with a common ion
(from a study of Marignac's data), and a relationship for
the diffusion potential for the ease of two solutions of

the same salt at different concentrations, namely:

(U -7
- 0.0235 L=V ) 4, .
y/_oo 5 T g——Lvolts

Planck (78, 79), assuming, as Nernst did, that the
total movement of a given ion is equal to the sim of the
movement due to osmotic pressure and the movement due to
electrostatic pressure, derived an equation for the diffu-
sion of electrolytes which takes the form:

Jc — J2 U ) /o DY
2 —urT 24 FUE 2o 5 )

where E is the charge on the individual ions, W'the elec-

trostatic potential, ¢ the concentration of the ion, and U
the mobility of the ion. The equation has been assumed
by later investigators to be valid for all ions present
in a given solution, but a theoretieal demonstration of
the validity of this assumption has never been developed.
Using the Scheffer method for studying the rate of
diffusion and Stefan's tables for the calculation of the
diffusion coeffiecients from the data obtained, Arrhenius

(2) investigated the effect of non-electrolytes.upon the
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diffusion velocities of electrolytes. The results veri-
fied the findings of Lenz (54), namely, that the diffusion
coefficient of strong electrolytes varies, upon the additim
of alcohol, in a manner parallel to the variation of con-
ductivity under similar treatment. His investigations
also showed that for the addition of various electrolytes
to cane sugar, there is a close agreement between the
diffusion velocity of the sugar molecules and the vis-
cositfes of the solutions, but that the ehange in vis-
cosity is greater than the change in the diffusion co-
efficient. Arrhenius also derived an equation for caleu-
lating the effect of a salt, containing a common ion and
at constant concentration throughout the diffusion cell,
upon the diffusion coefficient of the diffusing salt.

Behn investigated the diffusion of .AgN();5 against
mixtures of AgN05 and HNOz of the same total concentra-
tion (4). He found that in order to determine the
absolute values of the diffusion coefficients for the
respective salts in a mixture, the thickness of the diffu-
sion layer must be known.

An electrieal method for the determination of diffu-
sion velocities was developed by Meyer (64) and employed
by him for the measurement of the diffusion velocities of
Zn, Cd, and Pb in mercury. The method was improved by

Haskel (43) who determined the conductivity of his solu-



15

tions at various levels and so made direct determinations
of the specifiec diffusion rates of both the dissociated
and the undissociated portions of partly ionized sub-
stances.

The diffusion, in the steady state, of a number of
electrolytic materials was studied by Griffiths (39, 40,
41) by means of a series of diffusion tubes similar to
those employed by Coleman (21). The results obtained
are fragmentary =nd not of too great accuracy.

An enormous amount of experimental data was accumu-
lated by Thovert (95, 96, 97, 98, 99, 100, 101) who
studied diffusion in a series of glass prisms and employed
optical methods for the analysis of his solutions. Thovert
not only measured the diffusion velocities of the more
common acids, bases, and salts over a wide range of con-
centrations, as did 6holm, but also secured the experi-
mental data and compiled tables of the diffusion coeffi-
cients for a number of organic compounds diffusing into
water, methanol, and benzene, respectively, as solvents.
The results showed that the product of the diffusion
coefficient and the viscosity of the solution, o,
is a constant for a2 number of widely different solutions.

Thovert next investigated Pickering's conelusion (76) that

nml/z -k,

which results from considering the osmotic pressure of a



16

solution as being equivalent to the gas pressure exerted
by a similar number of molecules in the gaseous state
confined within an equal volume, and found that his ex-
perimental results did not justify this conclusion. The
results of Euler's studies (29) indicated that the

pml/2 = k relationship did hold. In 1902, Thovert showed
that the Dml/2 product was relatively constant for nine-
teen organic compounds lying between methanol and raffinose.
A study of Tinstein's (27) and Sutherland's (88) work con-
vinced him that the Stokes-Einstein equation did not apply
to molecules of the magnitude of those he had investigated.
Thovert also extended the work of Arrhenius (2) — the
effect of one material at constant concentration upon the
movement of a second dissolved material — by applying this
type of study to solutions of non-electrolytes. The fur-
ther extension of this investigation into the region of
concentrated solutions revealed a lack of.agreement be-
tween experimentally determined and calculated results.
Thovert realized that the diffusion of one non-electrolyte
caused the second non-electrolyte, originally existing at
uniform concentration throughout the solution, to move,

but reached no conclusion concerning the cause of this

phenomenon other than that it was evident that the action

was different from electrolytic action or dissociation.
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L. W. 5holm (67), employing an improved apparatus of
the Graham type and working underground in order to avoid
light, vibration, and temperature fluctuations, secured
the first really accurate experimental diffusion data.

His apparatus (68), designed for the study of free
diffusion upward, consisted of 2 graduated pipette,
equipped with a stop-coeck and ending in a capillary tube,
which was inserted into the diffusion eell so that the
capillary tube Just cleared the surface of a layer of
mercury which covered the bottom of the cell and formed
a plane, level surface. Three volumes of solvent were
run intec the cell by means of the pipette, then one
volume of a solution of the diffusate was introdueced into
the cell so slowly that it formed a layer below ﬁhe solv-
ent. After a sultalle interval of time, the liquid was
removed from the cell,by means of the pipette, in four
layers and the respective samples were analyzed. Then,
thé concentration of the diffusate in the respective
layers and the time of diffusion being known, the diffu-
sion coefficient of the diffusate was calculated from
Stefan's (86) or from Kawalki's tables.

From his results, 5holm prepared tables of the
diffusion coefficients of all the more common aecids, bases,

and salts for several concentrations and for at least two

temperatures. In genefal, his values show that the diffu-
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sion coefficient of every electrolyte, which does not

form molecular complexes, passes through a miﬁimum value,
the minimum oceurring in more concentrated solutions for
some electrolytes than for others. 5holm‘s results, in
accordance with those of Arrhenius (&), show that at low
concentrations, the experimentally determined values of
diffusion velocities approach those calculated from the
Nernst equation and that the ratio of the osmotic pressure
of a given substance divided by the product of the vis-
cosity of its solution and its diffusion coefficient,7/%D,
is a constant for that materisl at all concentrastions.

The employment of diffusion coefficients for the
calculation of the molecular weizhts of substances for
which this property reaches a high value was first re-
ported by Sutherland (88). He employed the formula

_ _RT 1
D=~y “C¢rnr

which he had obtained from the Nernst equation by substi-
tuting Stoke's formula for the resistance to motion of a
spherical partiele of large diameter, as compared to the
diameter of the molecules of the dispersion medium, for
the equivalent term in the Nernst equation. Einstein (27)
derived a diffusion equation of exactly the same form as
that developed by Sutherland. His reasoning was the same
as that followed by Sutherland except that he considered
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only the case of suspended particles. He specificélly
stated that the equation applied only to non-dissociated
particles (28) and employed it for the determination of
Avogadro's constant;

During the interval between the years of 1907 and
1919 a relatively large number of variations of the older
methods of studying diffusion were developed: Herzog (45)
employed the Oholm apparatus and method (68) for his
measurements of the diffusion velocities of a number of
proteins, the concentrations of the various layers being
determined by gravimetric means. An extension of the
method employed by Fick (30) was used by Clack (16) who
determined the change in density of a solution with tipe
by placing the solution in a spherical vessel and sus-
pending this vessel in the solvent from the arm of an
analytical balance. Oholm (69), studying the diffusion
of sugars, determined the concentration of the diffusate
in the different layers by means of its optieal activity.
Microscopic determinations of diffusion coefficients were
begun by Westgren (105) who centrifuged the partieles of
both selenium and of gold hydrosols to one end of a very
thin diffusion ecell and then observed the movement of
single particles. A method for the photographie deter-
mination of the diffusion coefficients of substances

which exist in solution only in very low concentrations
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was developed by Eicke (26). Dummer, in his study of the
diffusion of organic substances in orgsnic media (24),
made use of a Schuhmeister cell, which was the forerunner
of the Zuber type, and measured the concentration changes
refractometrically.

A unique method for the measurement of the amount of
diffusate present at various depths was that devised by
Littlewood (55). His method of procedure consisted of
placing the diffusate solution in a closed vessel whose
top and one side were of glass. On the glass side of the
cell was fastened a vertical scale. The cell was immersed
in a water-filled vessel which contained a movable mirror
whiéh could be rotated and whose position could be de-
termined on a graduated scale. A telescope was then
mounted upon a stand which also carried a horizontal wire
illuminated by means of a sodium flame. The mirror in the
outer vessel was so adjusted that the image of the wire,
after having twice passed through the liguid, was seen on
the cross-hairs of the telescope. The corresponding divi-
sion on the vertical scale was also observed. From these
measurements the concentration of the diffusate at different
depths was calculated.

In order to secure a more accurate separation of the
different layers of the diffusate solution which were taken

for analysis, Cohen and Bruins (18) devised a new cell of
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the Sholm type. The apparatus consisted of six eylindri-
cal plates fastened together by means of a pin which
passed through their centers and about which they were
free to rotate. The four inner discs had a hole drilled
through each in such fashion that these holes could be
"lined up" (by rotating the dises) to form a cylindrical
opening. The cylinder formed by the opening in the next
to the bottom plate was filled with s solution of the
diffusate and cut off from the others. The remaining three
cylinders were again "lined up"™, filled with the solvent;
and finally "set" above the solution of the diffusate.
When diffusion had progressed for a sufficient length of
time, the respective sections of solution were isolated by
rotating the dises, and the solution contained in eaech
section was removed and analyzed.

The years from 1926 onward saw another period of
activity in the development of different types of cells
and better methods for the analysis of the diffusate solu-
tions: Wilke and Strathmeyer (106) measured diffusion
velocities by following the changes in density with time
of the system at different levels. This was accomplished
by means of previously calibrated glass floats, one square

millimeﬁer in cross-sectional area and two centimeters in

length. The measurement of concentrations by means of an
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interferometer was introduced into the study of diffusion
in 1927 by Bekesy (5). 4n entirely different method for
the study of the continuous diffusion of materials in solu-
tion was developed by XKomers (51). In Komers' apparatus,
the diffusate passed around a horizontal cylindrical vessel
in which the solvent was maintained at a constant level and
was caused to travel in a direction counter to that of the
direction of motion of the diffusate.

A revival of the study of diffusion in the steady state
was begun by Northrop and Anson (17) when they presented a
new cell for the study of the passage of a diffusate through
a thin porous membrane of sintered glass which prevented any
mixing of the solutions it separated and confined the con-
centration gradient between the solutions to a sharply de-
fined and constant distance. The method was later standard-
ized and successfully applied to the measurement of the
diffusion coefficients of electrolytes, non-electrolytes
and colloidal electrolytes (59), to mixtures of electro-
lytes and colloidal particles (57), and,more recently, to
a study of the problem of accelerated and retarded diffu-
sion in aqueous solutions (58). The diffusion of electro-
lytes through collodion membranes was investigated by
Butkeviteh (15), but use of such membranes was limited and
it was found necessary to calibrate a given membrane each
time it was used by means of a diffusate of known diffusion

velocity.
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An ultracentrifugal method for the determination of
diffusion velocities either from sedimentation equili-
brium data or from sedimentation velocity data was de-
veloped by Svedberg (89) and employed for the determina-
tion of the diffusion coefficient, molecular weight, and
the DPH stability range of a large number of protéins (90,
91, %2).

In 1931, Bruins developed an improved apparatus.of
the type devised by Long (56) for the measurement of the
diffusion coefficients of materials having very low diffu-
sion velocities (11). The apparatus consisted of a narrow
cell built into a small interferometer through which the
light traveled in a perpendicular direction. The diffusate
solution was placed in the cell and pure solvent was
passed at constant velocity over the top of the diffusion
cell. In this way a constant and maximum coneentration
gradient was maintained.

Non-spherical particles when under mechanieal stress,
tend to orient themselves in such fashion as to reduce
that stress. The orientation of such particles is ac-
companied by the phenomenon of birefringenece. In 1932
Boeder (9) developed a method for calculating diffusion
velocities from measurements of the mechanical birefring-

ence induced by the flow of colloids which gave experi-

mental values that agreed well with calculated values.



24

A mieroscopic method in which the concentrations at
different levels were measured by determining the angles
of total reflection was invented by Zuber (107). Values
of the diffusion coefficient could be determined within
a very few minutes, but the accuraecy was only of the order
of sbout 6% for materials showing diffusion velocities in
the neighborhood of that of sodium chloride.

An examination of the foregoing examples will show
that the methods for studying the velocity of diffusion of
materials in liquid systems may be divided into three
general classes:

(a) Diffusion in the steady state: When this method
is employed, measurements are made only after a steady rate
of diffusion has been established between crystals of the
diffusate at one end of a diffusion tube and pure solvent
at the other.

(b) Dynamic diffusion: This method depends upon
measurements taken upon systems in which the equilibrium
considered in the "steady state"™ method has not been
established.

(¢c) Membrane diffusion: The membrane method is a
special case of diffusion in the steady state, except that
here the diffusion gradient is confined to within a mem-

brane placed between two solutions whose concentrations
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do not change appreciably between the beginning and the
end of the determinations.

A second manner of classification that might be used
is to divide them into:

(a) Free diffusion: Here the diffusate solution is
placed beneath, or above (depending upon the respective
densities of the solution and the solvent), the pure solvent
in such manner that mixing does not oceur and diffusion is
allowed to take place unhindered. The main advantage of
this method, namely, that the apparatus does not require
standardization, is more than offset by the following facts:
(1) Such a system must be kept free from all light, vibra-
tion, and temperature changes, which would produce convee-
tion currents. (2) It is impossible to place the pure
solvent above the solution without producing a certain
amount of mixing. (3) Since the less dense liquid must
be placed above the denser, diffusion must generally take
place upward, which is a slow process which requires a long
period of time before measursble results can be obtained.

(b) Membrane diffusion: In this method, the diffu-
sate solution and the pure solvent are separated by a
membrane. After a diffusion gradient has been set up with-
in the membrane, a fresh solution of the solvent is placed
in contact with the membrane and the velocity of diffusion

of any given substance can be measured. An apparatus con-
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taining a membrane for the separation of solution and sol-
vent must be standardized against a substance of known
diffusion velocity. But, unlike the methods for free dif-
fusion, there can be no errors due to convection currents
resulting from light, temperature changes, or vibration;
the diffusion gradient is confined to 2 certain definite,
measurable distance; there can be no errors introduced

as a result of the mixing of the diffusate solution and
the pure solvent either when diffusion is begun or when
the final samples are taken for snalysis; and a constant,
maximum diffusion gradient may be maintained throughout

the duration of the experiment.

2. The Results Obtained.

The results obtained by the various investigators
have been of such fragmentary nature and have been deter-
mined at so many different temperatures that correlation
of the data and the development of general, theoretical
relationships between such things as the veloecity of
diffusion and the viscosity of the solvent, the relative
sizes of the diffusate and solvent molecules, the hydra-
tion of the diffusate particles and the concentration of
the diffusate, have been impossible. When to this is
added the fact that the diffusion coefficients obtained by

different investigators for a given material and under com-
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parable conditions not only do not agree in magnitude, but
also indicste an opposite change in diffusion velocity for
the same change of concentration or temperature, the neces-
sity for more accurate and more complete data is at once
evident.

In.general, it may be said that the diffusion coeffi-
cient, D, for electrolytes changes with change in concen-
tration (17, 87) and usually passes through a minimum (34).
The diffusion coefficient for non-electrolytes is generally
lower than that of electrolytes of comparable molecular
weight (44) and the change with change of concentration
is also less than for electrolytes.

The change of diffusion veloecity of electrolytes with
change of concentration is proportional, not to the total
concentration, but more nearly to the relative number of
undissociated molecules (15). A more extended investiga-
tion of this phase of diffusion by Wilke and Strathmeyer
(106) indioates that the diffusion coefficient periodical-
ly inecreases and decreases with change of concentration.
The work of Herzog and Polotzky (46) apparently shows that
the diffusion velocity of a given material is determined,
not by its molecular weight, but rather by the number of
atoms and their configuration in the molecule. Sullmann's

work on urea (87) shows a minimal value of D at zero con-

centration, a maximum value at a 2% concentration, and
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.second minimal value, slightly larger than the first, at
a 9% conéentration.

In the case of concentrated solutions, the diffusion
velocity is not proportional to the concentration gradient,
but to an unknown function which is roughly proportional
to a power series (103). A decrease of the diffusion
coefficient with inereasing molecular weight of the diffu-
sate is shown by the work of Heiduschka and Ripper (44).
Contrary to the generally prevailing belief, the results
of the investigations of Wilke and Strathmeyer (106)
show that the influence of vibration upon the value of D,
determined by messurements of free diffusion, is of minor
importance.

Studies of aqueous sodium oleate solutions (57) show
the diffusion velocity to be proportional to the osmotie
pressure of the system. This relationship is verified by
the work of Jander and Winkel (48) on the diffusion of
hydrated amphoteric oxides in aqueous solutions. These
latter investigators also found that the hydration of the
ions, the temperature, and the viscosity of the solvent
have a marked effect upon the veloeity of diffusion of a
given substance.

As a result of his study of the Stokes-Einstein

equation, Oholm (70) concluded thet the diffusion veloeity
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of a given material should be inversely proportional to
the viscosity of the solvent. Experimental investigation
of this theory shows that the produet DM is not constant
and assumes a considerably lower value for ethyl or amyl
aleohol than for water when glycerol is employed as the
diffusate. These variations can be explained only partial-
1y on the basis of‘a change in the association of the
diffusate and the solvent and the hydration of the diffusate.
The investigations of Sholm (71) upon suech eleetro-
lytes as HC1l, LiCl, XOH, etc., show that the temperature
coefficient of the diffusion coefficient D, varies from
0.08 to 0.03 per degree, the average being 0.085. For
non-electrolytes such as arabinose,nicotine, raffinose,
ete., whose coefficients of diffusion average about 0.3,
the temperature coefficient varies from 0.015 to 0.044
per degree. In another series of investigations by Oholm
(72), the temperature coefficient of the D of organie
materials is given as approximately 2% per degree.
Temperature coefficient relationships for D have been
developed by various suthors by assuming that the change
of the diffusion coefficient with change of temperature is
a linear funetion. The best results are obtained by the
use of the relationship developed by Herzog (47) from the

Stokes-Einstein equation:
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or by the employment of the relationship derived by
Freundlich and Kruger (33):

Dy = —20% M20° (apz 4 4)
"Ne 293

In one of his later articles Oholm (73) gives the
temperature coefficient of D as 3.5% per degree, which,
he states, decreases with the decreasing diffusibility
of the dissolved material;.

The value of the greater part of the diffusion data
extant at the present time and the uncertainty involved
in the careless employment of any of it are made very

apparent by the preceding summary.
3. Theoretical Bases and Relationships Developed

(a) Fick's Law. The first theoretical and mathe-
matical treatment of the process of diffusion was made by
Fick (30) who saw, from the results obtained by Greham (36)
and Berthollet, that the rate of diffusion depends upon
the nature of the diffusing substance, the temperature of
the system, and the concentration gradient of the diffusate.
As a2 result of his observations, Fick reasoned that the

quantity of a substance found in a given unit volume of a
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diffusion system at a given time is a funection of the

position of that unit volume. That is,

u=f(x,1t)

Seeing also the analogy between the process of
diffusion and the conduction of heat, Fick applied
Fourier's equation for the ccnductioﬁ of heat from a
point source to the special case of conduction along a
eylindrical system of constant cross-sectional area and

derived the relationship:

for the general case where ds is the quantity of non-
electrolyte material which passes in the time dt through

a diffusion cylinder of cross-section A under a concen-
tration gradient de/dx (a concentration of ¢ in the ceross-
gection at a point x and a concentration of e de at the
point x dx) and D is a constant for a given diffusate.

For diffusion in the steady state the equation reduces to

IU_
dxX2
(b) The Nernst Law. In the case of the diffusion
of electrqutes the phenomenon is complicated by the faect
that 1ndependent diffusion of the ions of different sign

cannot occur since the resulting separation would set up
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electrostatic forces which would enhance the diffusion
velocity of the more massive ions and decrease that of
the lons of lesser mass. The result of the action of these
opposing forces of diffusion and electrostatic attraction
results in the diffusion of both ions through the solvent
at an equal rate. With this concept and the consideration
that the force determining diffusion in solution is essen-
tially the same as that which is designated as the osmotie
pressure of solutions, Nernst (65) developed the following

expression for the diffusion of electrolytes:

auv

A de
; a2uv

or } -
D (U+V)'

(e) Einstein's Equation. ZEinstein (27) treated the
case of the diffusion of large particecles. He assumed that
the particles were spherical, uncharged, and very large in
comparison with the molecules of the dispersion medium;
that the movement of the several constituents of a mixture
was independent; and that all the particles possessed the
same mean kinetic energy as a gas molecule at the same
temperature. On these assumptions, Einstein developed
from the equation for thelmean displacement of a particle

as the result of its Brownian motion the relationship ex-
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pressed by:

A:ngBT, R s 7

Wwhere N is Avogadro's constant, R is the gas constant, T
the temperature expressed in degrees absolute, B the mo-
bility coefficient (the velocity of motion of a given
particle moving through the solution under the influence
of unit foree), and 2§§?is the mean displacement of a
partiele. By combining this expression with that for the

relationship between molecular motion and diffusion:
—_—2

D= AN , . . (2)

at

the following expression for the diffusion coefficient was
obtained:

RT
]):——-H—-B, . . . (3)

The value of B, for uncharged, spherical particles which
are large in comparison with the solvent molecules is,

according to Stoke's law, given by:

B = ZT%yrFr‘ T Y

where Y] is the viscosity of the solvent, r the radius

of the partiele. Combination of equations (3) and (4) gave:

RT 1
B S g e Zﬁﬁ77 s = o « o (8)

the so-called Stokes-Einstein equation.
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(d) Svedberg's Equation. In his determinations of
molecular weights by means of ultré céntrifugal data, (90)
Svedberg, also determines the diffusion velocities of the
materials studied by means of the relation developed for
the conditions to which a molecule is subjected when

studied by this method:

1

Fdt

where F is the frictional force exerted on a mole of
solute material.

Fick's equation applies only to those solutions in
which there is not more than one electrolyte or non-electro-
lyte present and in which there is no change in the state
of aggregation either of the diffusate or the solvent. The
diffusate molecules must élso move independently of one
another except that the ions of an electrolyte must move
so as to preserve electro-neutrality, which simply means
that Fick's law holds strictly - so that the value of D is
constant - only at infinite dilution.

The Nernst equation is wvalid only under the same con-
ditions. ©Planck and others have formulated equations for
the movement of one electrolyte in the presence of another.
Oholm and Thovert tried to correlate the change of osmotie
pressure and of viscosity, as concentration is increased,

with changes of the diffusion coefficient. The modern
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theories of electrolytes have been applied to the problem
of diffusion with but slight suceess as yet. DPissarievskl

and Karp (77) have formulated the general relationship:

DY1qFT — aél(,
where o is the degree of dissociation, Y the viscosity of
the solvent, and X is a constant.

A general diffusion law and an equation for the
diffusion coefficient have been formulated directly from
mechanieal principles by Brugs (9) and applied to existing
data with but slight suceess.

An inveétigation of the validity of the Stokes-Einstein
equation by Cohen and Bruins (19) for diffusion in molecular
solutions in which tetrabromethane in tetra chlorethane was
employed, showed a deviation from the law which was three
times as great as could be gsccounted for by experimental
error. The temperature coefficient of diffusion velocity
was also shown to be less than that required by the Stokes-
Einstein equation. Agreement with the Stokes-Einstein
equation could not be expected in this case since it was
derived for the diffusion of partieles large in comparison
with the solvent molecules, a classification to which the
diffusate emplojed by Cohen and Bruins does not belong.

Similar investigations have been made by Dummer (24)

with a common diffusate dispersed in different solvents.
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Caleulation of the molecular radius of a given diffusate
from measurements of the diffusion coefficient determined
in solvents having'equal, larger, and smaller molecules
than those of the diffusate shows that the radii so calcu-
lated vary with the molecular weight of the solvent, the
apparent radius being smaller the greater the molecular
weight of the solvent. The results of Dummer's investiga-
tions confirm Einstein's statement (28) that his equation
applies only to the diffusion of partiecles very large in
comparison with the molecules of the solvent.

(e) Arnold's Relation. The latest attempt to place
the phenomenon of diffusion upon a firm theoretical basis
is that of Arnold (1). The failure of earlier investiga-
tors to correlate their experimentally determined diffusion
velocities with the other properties of the substances in-
volved was due, according to Arnold, to the lack of a
rational theory of diffusion in liqﬁi& systems. The formu-
lation, in turn, of a theory of diffusion in liquids was
impossible because there existed no kinetie theory of
liquids corresponding to that of gases. Attempts at corre-
lation have been made on two bases: the kinetie and the
hydrodynamic which are represented by the Exner rule and
the Stokes~-Einstein equation respectively. Arnold has
applied the elassical kinetic theory expression for gase-

ous diffusion to liquid systems, after duly correcting for
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the complications introduced by the close packing of the
molecules in liquid systems, and has formulated a new
diffusion relation by means of a derivation closely paral-

leling that of Stefan for gaseous diffusion. The finel

form of Arnold's equation takes the form:

IBV L i
gt L. } @
A Ay 257758

where B is a proportionality constant, S the sum of the
cube roots of the molecular volumes of solute and solvent
respectively, M the molecular weight, and Al and Ag are
abnormality factors for solute and solvent, respectively,
which must be inserted when either or both substances are
associated. A is defined as Dggied./Dobsd. = 2, expressed

in centipoises, is defined by the expression:
1/8
F= A 4 - T332 aF
where F is the internsl forece acting between the molecules,

V. the moleeular diameter of the solute molecule, and 22 the

2
proportionality factor.

Equation (1), above, is still not based entirely upon
theoretieal considersations since, in the derivatlon, the
author has assumed that (1) all the collisions between

molecules are binary, (2) the collidon rate is unaffected

by the volume occupied by the molecules, and (3) that
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moleculaf attractions do not come into play. Such assump-
tions are permissible in the kinetic theory of gases, but
none of them is valid for the treatment of diffusion in
1iquid‘systems because of the greater molecular density in
the liquid state. Sinee no molecular analysis of the prob-
lem of the collision rate in liquid systems has ever been
made, Arnold has accounted for the failure of the three
assumptions employed in his derivation by the semi-
empirical factor Zg, the value of which 1s taken from the
expression for F after F has been evaluated by a study of
the existing experimental data. The successful analysis,
then, of the problem of the collision rate of molecules in
liquid systems still remains to be solved before the kinetie
theory of diffusion in liquid systems can be placed upon a

firm theoretical foundation.
4. Wembrane Methods for the Study of Diffusion.

The ideal method for the determination of the diffusion
velocity, and from this, the molecular weight of a sub-
stance dispersed in a liquid system, or the determination
of these properties for each of a series of molecular
species present in the solution at the same time, is that
involving the use of the ultracentrifuge (93). This method
also permits the determination of the assymmetry factor for

a given particle. The sedimentation method has the further
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advantage that it gives a double check upon the values of
the molecular weights obtained.

"Phe molecular weight analysis by means of sedimenta-
tion measurements in strong centrifugal fields requires a
complicated and expensive machinery and a trained staff of
mechanicians for handling it."™ (93) This statement auto-
matically eliminates the sedimentation method, but not the
problem. The next most accurate method available for the
study of diffusion and the calculation of the molecular
weight of the diffusate from diffusion data is that of
diffusion in the steady state. ZEven more precise values
are obtained by means of a modification of the method of
diffusion in the steady state, namely, membrane diffusion.

The first use of a membrane for the separation of
solutions was made by Graham (36) who employed a thin sheet
of sponge. Fick (30) in testing experimentally the cor-
rectness of his diffusion law, tried using animal membranes
but found them unsatisfactory. The use of parchment paper
by Graham (38) yielded only gqualitative results.

Membrane diffusion, as stated above, is a form of
diffusion in the steady state since the system consists of
two solutions whose respective concentrations do not change
appreciably during diffusion. It has the advantage over
free diffusion in that the concentration gradient is con-

fined within the membrane. In such a method it is important
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that the pores be of such magnitude that neither diffusafe
nor solvent molecules can be carried through the pores
mechanieally. That is, the pores must be so small that
they prevent conveetion currents and mechaniecal mixing
within them. That these conditions be met is important
since convection currents and mechanical mixing are the
chief sources of error in all cases where diffusion in a
body of free solution is studied.

If the above conditions can be attained the advantages
of the membrane method are that: (1) The thickness of the
concentration gradient is a known, non-variable value. (&)
Samples c¢an be obtained for analysis without the risk of
mechanical mixing. (3) The method may be employed for the
study of any diffusate whose concentration may be deter-
mined accurately. (4) The time during which diffusion
oceurs can be measured exactly. (5) Fick's diffusion re-
lationship leads to a simple mathematical equation for this
type of diffusion. The only limitation of such a method is
that the values obtained are comparative and the diaphragm
must be standardized sinece the size of the pores cannot
be measured accurately.

A cell fulfilling the above requirements has been de;
signed by Northrop and Anson (66). The cell further ap-

proaches the ideal in that it possesses a membrane of
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sintered glass, which not only is unaltered between suec-
cessive determinations (providing the solutions studied
are not so alkaline as to cause solution of the glass
which forms the membrane), but also is indifferent to any
diffusate. The cell design and the method for using the
cell have been improved and standardized by McBain and
Liu (59). Further investigations and testings of the
method have been carried out (57, 58) which indicate the

general applicability of this method.
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III. Diffusion of Colloids

After Graham's gqualitative study of egg albumin (36)
no measurements of the diffusion velocity of colloidally
dispersed materials or of substances of large molecular
weight were attempted until the beginning of the twentieth
century. The first recorded study of colloids (74) was not
concerned with their diffusion velocity, but only with the
effect of their presence upon the diffusion veloecities of
the electrolytes in the systems investigated.

In 1907, Herzog and Kasarnowski (45) used an Gholm
type of apparatus to measure the diffusion velocities of
invertin and pepsin in O0.5NNeF saturated with ftoluene and
secured results indicating that the presence of foreign
materials does not alter the diffusion coefficient appre-
eiably. Herzog (45) later employed the same apparatus
and, following the experimental procedure of Graham (36),
Stefan (86), and Kawalki, determined the diffusion coef-
ficients for such proteins as ovalbumin, ovomucoid, and
clupein and for such enzymes as pepsin, rennet, invertin,
and emulsin. Hergzog obtained relatively good agreement
between duplicate determinations, but worked at such a
variety of concentrations and temperatures that no rela-
tionships between the values obtained and the other

properties of the systems can be detected. Molecular
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weights were calculated by the Thovert method - from the

relation:

N =¢
since at that time the Stokes-Einstein equation was relative-
ly unknown.

Thovert (102) later applied the DYM = ¢ relationship
to a number of materials dissolved in methanol. His re-
sults show that the equation does not hold in general for
all substances in a given solvent or for a given substance
in different solvents. Later investigation revealed a
variation of the value of the constant even among members
of a homologous series. An even more rigid examination
was made by Oholm (71), who found that C varies from 6.56
to 7.60. Determinations of the temperature coefficient
of the diffusion coefficient for cane sugar, arabinose,
nicotine, and raffinose gave values ranging from 0.015 to
0.044, the average being 0.030 per degree. For electro-
lytes such as HC1l, LiCl, and K(H the values ranged from
0.02 to 0.03, the average being 0.025. Studies made upon
solutions of dyestuffs by Herzog and Polotzky (46) led
them to the conclusion that the diffusion coefficient is
determined, not by the molecular weight, but rather by the
number of constituent atoms and their arrangement within
the molecule.

Still faithful to the DVM = C relation, Oholm (73)
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studied the diffusion of nicotine and several sugars and
found the D VM = C relation to hold for the materials
studied with the value of C equal to 7.0 * 2%. A tempera-
ture coefficient for D of 3.5% per degree was also found.
Measurements of the velocity of diffusion of a series of
organie substaneces in ethanol by Oholm (72) applied to the
DN = C equation gave values ranging from 6.1 for resor-
ceinol te 15.9 for bromoform. The use of the empiriecal

equation:

on N = ¢
gave much better agreement. In this work the temperature
coefficient was found to be about the same as for non-
electrolytes in water, namely, about 2%.

Dummer (24) succeeded in showing that the Stokes-
Finstein equation is valid for the diffusion of colloidal
partircles but not for systems in which the diffusate and
solvent molecules are anywhere near equal in size. Similar
results were obtained by Cohen and Bruins (19).

The investigations of Laszlo and Groh (53) show that
an increase of the hydrogen ion concentration on either
side of the optimum for the precipitation of ovalbumin
causes an equal diminution in the diffusion rate of approx-
imately 12%. The presence of NaCl in the system inereases
the diffusion velocity of the ovalbumin. In distilled

water (in the absence of buffer solutions) the diffusion
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rate is again increased and becomes still greater if NaCl
is then added.

Fischer (31), experimenting with the diffusion of
hemoglobin into blood serum, found that, in general,
electrolytes decrease the diffusion velocity. For the
diffusion of hemoglobin into pure water, salt solutions
retard diffusion up to a very definite concentration of
each salt. At lower concentrations these same salts accel-
erate diffusion.

Robinson and Hartley (42) extended the Nernst equa-
tion to cover the case of multivalent ions of colloidal
size and showed that the diffusion coefficient cannot be
employed for the calculation of particle size. However,
with a high concentration of added electrolyte, a limiting
case is obtained in which the real coefficient and the
radius of the colloidal ion are given by the Stokes-Einstein
ecquation.

H. R. Bruins (12) devised a new interferometric method
for the precise determination of the diffusion coefficients
of substances of such molecular magnitude that these values
were only about 1% of those for the average material.
Bruins (13) then proceeded to try out his methods on
various samples of starch and gum arabie. The values ob-

tained for the diffﬁsion coefficients were surprisingly
high. Likewise, the particle radii, calculated from the
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Stokes-Einstein equation, were so low as to be entirely
incompatible with the viscosities and the very slow
diffusivity, through membranes, of the solutions investi-
gated. A new series of investigations revealed that the
addition of minute amounts of salts reduced the diffusion
velocities enormously. For example, the diffusion coeffi-
cient of gum araebic in water was found to be 0.225 x 10-9
cm.z/sec. When the same concentration of gum argbic was
placed in a 0.001 molar potassium cHoride solution and
allowed to diffuse against an equal concentration of the
salt, the value of the D dropped to 0.058x10'5cm.2/sec.
Ther same phenomenon was shown by the different samples of
starch. In a discussion of his results (14), Bruins used
his data to relate the change in diffusion velocity of
hydrophilic colloids, upon the addition of salts, to the
parallel change in the viscosity of the system upon the
addition of the salt, causing the decrease of the diffusion
velocity of the colloid.

And, finally, to add one more contradictory note %o
the conflicting evidence already presented, measurements
obtained by McBain (57) apparently indicate that the veloci-
ty of diffusion is proportional to the osmotic pressure
(the basic postulate employed by Fick in his derivation of
the diffusion law) and not to the activity of the colloidal

particles.



a7
A careful consideration of the material mentioned

above will show that the situation with regard to the
measurement of the diffusion velocity of colloidally
dispersed materials is in a rather bad shape. The rejec-
tion of 2ll data which is in any way open to question and
the correlation of the remainder would do much to remove
the considerable distrust with which such data have come
to be regarded. lore accurate methods for the determina-
tion of the diffusion coefficient and a more intelligent
application of the coefficient, once obtained, would do
considerable in establishing the validity and usefulness

of this property for the solution of many of the problems

of organie and physieal chemistry.
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IV. Molecular Weights of Proteins

The subject of the molecular weights of colloidally
dispersed materials offers an array of evidence as con-
tradictory as that found for the velocity of diffusion
for such substances. The more common methods for the cal-
culation of the molecular weights of colloidal materials
are listed below. It will be noticed that the number of
values obtained for the one particular material considered,
namely, gelatin, is greater than the number of methods by

means of which it hes been calculated.
1. Prom Osmotic Pressure lMeasurements.

From measurements of the osmotic pressure developed
by 0.5% gelatin solution, Frankel (32) calculated the
molecular weight of gelatin to be 53,800 at 6.6°C and -
19,800 at 300C. The same solution, after it had been
kept at 379C for 500 hours gave, from osmotic pressure
data, a molecular weight of 24,000. The same solution,
if cooled to 28°C before the osmotic pressure measurements
were made gave a molecular weight of 16,500.

Eggert and Reitstotter (25) obtained a molecular
welght of 30,000 for commercial gelatin and 40,000 for the
same materisl after analysis which corresponds to a mole-

cule of 120 atoms and 6,000 mblecules per micelle.
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In his investigations, Biltz (7) calculated the
molecular weight of gelatin to be 57,000 in a 0.2%
solution and 50,000 for a 0.553% solution. Smith (84)
obtained a value of 96,000 for = 0.5% solution of elec-
trolyte-free gelatin.

From his measurements of the pressure set up by a
3% gelatin solution in sodium solicylate at 35°C, Schryver
(80) calculated a moiecular weight of 16,000. For a 0.9%
solution under the same conditions, the molecular weight

was calculated to be 40,000.

2. From X-Ray Data.

From his study of the thermal decomposition of electro-
osmotically purified gelatin, Gerngross (35) decided that
the molecular weight of gelatin in solutions of concentra-
tions of less than 0.5% of gelatin in aqueous solution
varied between 50,000 and 90,000 if the gelatin were
isoclectriec. Protracted boiling was found to reduce the
molecular weight to a mean value of 4,500.

The x-ray diffraction data of Krishnamurti (52) for
highly purified gelatin at concentrations up to one to one

gave a value of 3,000 for M.
3. From Viscosity Measurements.

Staudinger (85) defended the values of the molecular

weights of proteins when calculated from viscosity data
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and elaimed that values so calculated agree with those

determined by other methods, but gave no values for gelatin.
4. TFrom Determinations on Chemical Combination:

The investigations of Johlin (50) revealed two iso-
electric points for gelatin, one at pH 4.68, the other at
pH 5.26. An estimation of the molecular weight of gelatin
based upon titration data obtained at hydrogen ion concen-
trations lying between the two isoelectrie points gave a

value of 50,000.
5 and 6. From Ultracentrifugal and Diffusion Data.

The values of M, calculated directly from sedimenta-
tion equilibrium data (92) for a 0.4% gelatin solution at
20°C range from 10,000 to 70,000. Velues calculated in-
directly from sedimentation velocity data in which ecase
the diffusion coefficient is calculated first and then the
molecular weight from D, by means of the Stokes-Einstein

equation, ranged from 9,070 to 73,000.
7. TFrom Cryoscopic Measurements.

Cryoscopic determinations for proteins dissolved in
anhydrous phenol containing .CaCly were made by Cohen and
Conant (20). Their data shows a molecular weight of
150,000 for gelatin as against a value of 151,125 calculated
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from the decomposition productks of gelatin.
8. From Dielectric Dispersion and Wave-Length Studies.

By means of an equation derived from the Debye rela-
tionship (62), the molecular weights of solutions of
colloidally dispersed materials may be calculated from
measurements of the dielectric dispersion of the system
and the wave length of the dispersed ray. The molecular
weights so calculated correspond to the smallest partieles
of the dissolved material even if it is present in the
presence of more complex micellae which possess a very high
degree of associatibn. The value of the molecular wéight
of gelatin, so ealculated, is 11,300.

9. From Decomposition Produects.

In his calculations, Atkins (3), after a careful
study of the most recent data on the amino acid content,
assumed that there were two histidine residues per mole-
cule and obtained a value of 34,500, a considerably dif-
ferent value than that obtained by Cohen and Conant (20)

calculated on the basis of the eystine content.
10. From Anisotiropic Properties.

The calculations of Sheppard and McNally (83), based

upon a consideration of the anisotropic properties of
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gelatin gels resulted in values ranging from 10,000 to
30,000 for gelatin at temperatures above 38°c.

Values for the molecular weight of gelatin are

summarized in the following table:

TABLE I.
Method Investigator M
Calcns. from following

data:
Cystine content Cohen and Conant 151,125
Cryoscopiec Cohen and Conant 150,000
Osmotic pressure Smith 96,000 .
X-ray Gerngross 90,000-50,000~

4,500

Diffusion velocity Svedberg 7%3,000-9,070
Sedimentation

equilibrium Svedberg 70,000-10,000
Osmotic pressure Blitz 57,000-50,000
Osmotic pressure Frankel 5%,800-16,500
Chemical combina-

tion Johlin . 50,000
Osmotiec pressure Eggert and Reitstotter 40,000-30,000
Osmotic pressure Schryver 40,000-16,000
Histidine content Atkins 34,500
Anisotropiec Sheppard and McHally 30,000-10,000
Dielectric dis-

persion Marinesco 11,300
X-ray ' Krishnamurti 3,000

The values shown in Table I exemplify the possibility
of error in the different methods and the necessity of a
eritical study not only of the method, but of the data
obtained, before the measurements secured by any particular
method are employed for such calculations. Just how much

error has been introduced in any particular calculation
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ecannot be determined. That suech variations are possible,
by neglecting, for example, the Donnan membrane effect
(which results from the presence of electrolytes in the
system) in osmotic pressure measurements to obtain an
apparent molecular weight of 100,000 for some substance
which actually exists in solution as particles giving a
molecular weight of 50,000. Errors of the same order,

but in the opposite direction, may be obtained (as will

be shown later) by the use of diffusion measurements made
upon lyophilie colloidel solutions containing electrolytes.
Even in systems permitting free diffusion (89) such, for
example, as those set up in sedimentation studies, the
addition of an excess of some salt to overcome the Donnan
efféggg}'mg;)r still lead to incorrect values as the result of
the partial de-aggregation of the micellae, or the partial
decomposition of the molecules when the systems studied
are too far from the isoelectric point of the material in-
vestigated. The diffusion coefficients obtained and the
molecular weights calculated from such data can never be
anything but mean values which do not give complete in-

formation concerning such systems.
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V. Experimental Procedure.

Since the source of the material, the concentration,
the temperature, and the previous history, especially with
regard to its thermal treatment (20), have such a marked
effect upon the properties of gelatin solutions, these
factors were very carefully controlled end conditions were
duplicated as nearly as possible in all the determinations.

Four different samples of gelatin were employed in the
investigation:

1. United States flake gelatin which had been
dialyzed against N/128+HC1l, then against water, and finally
electrodialyzed under an impressed electromotive force of
500 volts until its conductivity approached that of pure
distilled water. This sample will be designated hereafter
as sample I.

2. Electrodieslyzed flake gelatin from the Eastman
Kodak Company. The ash content of this material, sample
II, was 0.02% on the dry basis. The pH of a 1% solution
was 4.74.

3. Hastman Kodak gelatin, sample III, which had the
same pH and ash content as sample II, but which varied
otherwise.

4. Sample IV had an ash content, on the dry basis, of
0.025% and a pH of 4.80 in a 1% solution. This sample was

also an Eastman Kodak Company product.
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The moisture content of the respective samples was
determined by heating a2 weighed amount of geémtin to con-
stant weight at 105°C. From this data, gelatin solutions
of the desired concentration could be prepared.

Solutions of the desired concentration were pre-
pared by weighing into tared beakers the requisite amount
of gelatin, adding water and what other materials were de-
sired, and heating in a water bath at 90°C for 32 minutes,
which was the time required at this temperature, to dis-
solve the gelatin for a 3% solution. A%t the end of 32
minutes, the solutions were cooled to between 30 and 359¢,
placed on 2 balance, and made up to exactly the desired con-
centrations by weight by the addition of water. All the
systems investigated received this same standard treat-
ment in order that any possible changes which might occur
between the properties of one system and those of another
as a result of difference in thermal treatment would be
eliminated.

The cells employed were calibrated by measuring the
rate of diffusion of one molar KCl, whose diffusion co-
efficient at 350C is known. The cells were then boiled
in eleaning solution, rinsed in distilled water, and
finally the air was "swept out™ of the pores of the

diaphragms by drawing through each cell a liter of dis-
tilled water previously degassed by heating to 60°C and
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shaking vigorously under a pressure Qf approximately 10 mm.
of mercury. Incidentally, the water used for the prepara-
tion of the gelatin solutions and the outside solutions
wag subjected to this same treatment. The solutions to be
studied were drswn into the respective cells and the cells
then placed over solutions corr98pondiﬁg to the dispersion
medium in each given cell. The procedure employed by Lin
(59) and suceessively by M. E. McBain (57) and Dawson (58)
was followed with the exception that the method of sus-
pension of the cells and the scallng of the systems was
improved upon.

In the investigations, the rubber tubing suspension
employed by Liu (59) was replaced by a metal rod culmin-
ating in a universal joint and a clamp (Plate I) which
simplified the initial adjustment of the cells and
eliminated the necessity of re-leveling the diaphragms
when the solutions were changed. The rubber dam employed
between the eell and the beaker to prevent the evapora-
tion of the outeide solution was found to be entirely in-
adequate and was replaced by strip rubber whieh could be set
so that an absolutely vapor tight system was obtained
(Plate I) and any error due to a change in concentration
of the outer solution was entirely prevented. The tempera-
ture of the bath in which the systems were placed was main-

tained at a temperature of 35 £ 0.01°C. All measurements



87

Set screw for
elevarior
acqusiment

p
,_/_,_25‘ \Leve//ny wrwersal

Prrch c/larypo

~—D/Fffwsrorn cell

“NT—So/wt/or

Yo ////////////////////4 Fuwubber sec/
N—Diaphrracgr

“T— Soc/wtior

L J\Bea/rer'

PLATE T




58

were made at this temperature in order that the results
might be directly comparable and to insure that gel
formgtion should not oceur in the systems.

Periods of from four to sixty hours were allowed for
the setting up of the concentration gradient within the

diaphragm. Since no difference could be detected between

the diffusion coefficients obtained when four hours were
allowed for the establishment of the diffusion gradient
and those in which longer time had elapsed, between four
and eight hours were generally allowed for the establish-
ment of the gradient.

After the diffusion gradient had been set up, diffu-
sion was allowed to continue until the concentration of
the gelatin in the outside solution was sufficiently
great that accurate analysis was possible. It was found
necessary to resort to the microkjeldahl method of analy-
sis since the change of refractice index change was too ‘
smell to be measured accurately with the instruments
available for that purpose. Even with the micromethod
of enalysis diffusion had to be continued for periods
of approximately lbO hours before a measurable amount of
gelatin could be found in the outer solution. In order to
cut down the diffusion time, the micromethod was so modi-
fPied that samples containing only from 0.075 to 0.25 of a

mg. of nitrogen could be analyzed. This was accomplished
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by maeking up solutions to only 25 cc instead of to the
customary 100. This modification permitted the reduc-
tion of the diffusion time from 100 to from 15 to 25 hours.

The relative viscosities ak 35°C of part of the solu-
tions employed were determined by means of Ostwald type
viscosimeters with large capillaries. The pH values of
the solutions were glso measured at 35° by means of a
quinhydrone electrode set up in a constant temperature
air bath. With the temperature of the complete system so
controlled, 0+2°, measurements of the pH of a given
system could be reproduced to within 0.01 of a2 pH unit.

Gelatin solutions of any desired pH were prepared by
the addition of 2 calculated volume of standard HC1, if
the desired pH lay on the acid side of the pH of iso-
electric gelatin, or by the addition of a calculated
volume of standard NaQOH if the desired pH lay on the basie
side. The amount of acid which would combine with the
gelatin in a given volume of solution at a given concen-
tration was calculated from tables,prepared in the .labora-
tory, which show the variation of the zamount of acid that
will combine with one gram of gelatin with change in pH
of the solution at a given temperature. The concentration

of acid corresponding to the desired pH for the solution

was read from Figure I which shows the change of pH of a
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HC1 solution with change in concentration, the concentra-
tions, as a matter of convenience, being expressed as
normalities. From a knowledge of the amount of acid re-
quired for combination with one gram of gelatin at the de-
sired pH of the solution, the normality of the standard
HC1 solution, the concentration of the.gelatin in the solu-
tion, the volume of the gelatin solution and the normality
of the HCl1l in a solution of the required pH, the volume
of the standard acid was readily calculated. For the
preparation of ~n aqueous solution of any desired pH
(outside solutions), the required concentration was réad
from Figure I and the amount of standard acid'required for
any volume of solution was calculated. As a check upon the
accuracy of the calculations, the pH of eaéh solution pre-
pared, both gelatin and aqueous, was measured in duplicate
by means of the quinhydrone electrode.

In the preparation of Figure I, a potassium-acid-
thallate buffer of pH 3.9285 at 35° was prepared. A solu-
tion of this buffer gave a reading, with quinhydrone, of
-0.2111 volts. By means of the relationship

Eo - Bggy, = 0.6918
0.061103

pH = N ¢

where By is the electromotive force developed by the cell,

expressed in volts, Eggy, the electromotive force of the
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calomel half-cell, in volts, 0.6918 is the voltage due
to the quinhydrone at 359, and 0.061103 is the RT/nF
factor of the Nernst equation. Substitution of the

data above in equation (1) gave a value of -0.2409

volts for Eggi. The buffer was then replaced by 20cec
of standard acid. The electromotive forcé of the cell
was measured and distilled water was then added in
varying measured amounts, the electromotive forece of the
cell being measured after each addition. The results,

from which Figure I was plotted are shown in Table II.
TABLE II.

Standard cc Water Total N+HC1 Eg(volts) pH
Added Volume

20c¢c0.73310-HC1 0 20 0.7331 -0.4318 0.31
10 30 .4887 . 4204 0.50
12 48 .3491 .4112 0.65
10 52 .2819 .4019 0.80
58 100 .1333 .5858 1.07
20ce0.1333N+HC1 20 40 0.06667 . 5496 1.66
40 80 3333 .5255 2.05
80 160 .1667 .3032 2.43
20ce0.01667N-HC1 20 40 0.00833 .2950 2.58
40 80 417 .2806 2.79
49.71 89.71 cl8 .2716 2.93
80 160 122 .2674 .03
20c¢c0.00122N*HC1 20 40 0.00061 .2301 3.58
40 80 31 .2189 3.77

80 160 0.00015 -0.2092 3.96
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For the preparation of solutions whose pH values lay
on the alkaline side of the isoelectric point of pure
gelatin, a curve, Figure II, for the change of the pH of
a 3% gelatin solution upon the addition of a standard
NaOH solution was plotted from the data given in Table III.
For the preparation of outside solutions of any desired pH
within the ranges investigated, Figure III was plotted from
the data in Table IV. The pH values of the solutions pre-

pared from data taken from these curves were checked by

means of the quinhydrode electrode.

TABLE III.
Conen. Gelatin cc 0.1668N-NaOH/100 gms. E, pH
3% (by wt.) 0. -0.1659 4.66 "
0.30 .1556 4.87
0.90 .1502 4.95
2.30 .1368 5.16
3.20 .1283 5.31
4.80 .1004 5.77
6.40 -0-0581 6079

Calculations for the pH's in Tables III and IV are
based upon a value of 0.2389 for the calomel half cell.
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TABLE IV.
Concn.
Gelatin ce 0.1668H-NaCH/100 ml. N-NaOH E, DH
3% 0.07 0.00023 -0.1447 5.04
.18 60 .1349  5.20
.28 93 .1034 5.72
.38 0.00130 .0712  6.25
0.48 0.00160 =-0.0013  7.43

In the analysis of the solutions for the gelatin present
concentrations were expressed in milligrams of nitrogen per
milliliter. TFour two to fifteen ml. samples were taken
from each outside solution by means of Exax rechecked pip-
ettes for analysis. Four 0.05 ml. samples were taken from
each inside solution by taking 5 ml. of each inside solu-
tion, diluting to half a liter in a "blue line™ rechecked
flask, and then taking four 5 ml. samples of the resulting
solution for analysis. The aceuracy of the sampling and
of the color comparisons are shown by the following example
téken from cell I in run 9. The usual 0.05 ml. samples
were taken from the inside solution, 2.5 ml. samples from
the outside. With the standard solution, which contained
0.3 of & milligram of nitrogen per 100 ml. of solution,
set at 30, the colorimetric readings were as given in

Table V.
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TABLE V.

Inside Inside Qutside Qutside
Soln. I Soln.III Soln.I Soln.II
15.4 15.8 35.4 35.0

4 9 34.6 .2
6 8 6 J54.5
6 B 5 35.0
8 6 1 34.0
4 8 9 1
18.588 15.68 34.68 34.80

The produet of the mg. of nitrogen in the standard
and the "setting" of the standard solution in the colori-
meter divided by the product of the ml. of the sample of
the unknown taken for snalysis and the colorimeter
"setting" of the solution of the unknown gives the milli-
grams of nitrogen per 100 ml. of unknown.

The diffusion coefficients were calculated by means
of the formula derived by McBain and Liu (59) which is

given by :
log co o log (CO-—C)

Kig

where D is the diffusion coefficient (calculated in this
investigation in em.2/day), C, the concentration of the
solution within the cell at %ty equal zero, C the concen-
tration of the solution outside the cell after the elapse
of the time ty, and X is the cell constant.

Blanks were run in order to determine whether or not

corrections for the nitrogen present in the C.P. sulfurie
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acid used were necessary. Analysis showed no increase in
the nitrogen content of the samples with time, either for
those "boiled down" or for the untreated samples. Com-
parison of blanks prepared from the C.P. 2804 used for
the analyses and those prepared from nitrogen-free HpS0,
showed, with a standard containing no HoS04 set at 50,
an average value of 0.8 for the blank prepared with the
nitrogen-free acid and an average value of 2.00 for that
prepared from the C.P.HZSO4. The difference is 1.20. 1In
the analyses (.P. Hp80, was employed for the preparation
of both the standard solutions and the unknowns. The
correction factors for the standard set at
50 40 20 25 20 and 15 are
1.20  0.95 0.70 0060 0.50 0.35 for the _

standard. Corresponding corrections naturally, apply also
to the comparator readings for the unknowns. Calculations
of the diffusion coefficient, D, both from "corrected" and
"uncorrected" colorimetric readingss revealed that the
change in the value of D ranged from zero to only 0.0004
in the most extreme cases. Since the correction involved
amounts to from zero to a maximum value of less than one
percent, corrections for the nitrogen present in the acid
employed have not been made in calculations of D.

The original intention was to measure the concentra-

tion of the gelatin in the vaerious solutions by means of a
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dipping refractometer in order to secure a check on the
values obtained by microkjeldahl analysis. The values of
D calculated from refractometer data not only were found
to vary considerebly among themselves, but were consist-
ently higher than those calculated from analysis of the

total nitrogen content. Comparison of the values ob-

tained is shown in Table VI.

TABLE VI.
Run No. Cell No. D, (from Refrac- D, (from Micro-
tometric Data) kjeldahl Data)
2 IV ; 0.248 0.283
2 III . 302 .209
2 I .209 .094
2 I .240 098
3 Iv .083 .067
3 III 0.110 0.062

Samples containing known amounts of nitrogen were
prepared and analyzed both by means of microkjeldahls
and by the change of refractive index. TFrom this data
the change of refractive index was plotted against the
change of concentration of the gelatin. The relationship
proved to be a straight line function. The microkjeldahl
data was accorded the same treatment, the milligrams of
nitrogen in a unit volume being plotted against the gela-

tin concentration. This relationship was also found to be

a straight line function. By means of the curves so ob-
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tained, the data, similar to that shown in Table VI, for
one of the runs in which the values of D, as calculated
from refractive index data were considerably larger than
the values obtained by use of microkjeldahl analysis, was
used for the calculation of the original concentration

of the gelatin present, C,. The total concentrations for

the solutions used in run 377 gre shown in Table VII.

TABLE VII.
Soln. No. Concn. from Micro. Data Concn. Refractive
Index Data
I 0.512% (by wt.) 0.517% (by whk.)
II 1.013 1.020
ITI 2.068 2.080
Iv 3.039 2.999

Sinee the values for the respective original con-
centrations from the data secured by one method show good
agreement with those obtained by the other, the differences
between the values of the diffusion coefficients calcu-
lated from the two different séts of values cannot be
ascribed to inaccurate analysis. Nor can the too large
values for the outside concentrations obtained by refrac-
tive index change be ascribed to the presence of faster
moving foreign meaterials which would not only diffuse more
rapidly than the gelatin particles, but would be detected
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by the refractive index method and not by the miero-
kjeldahl analysis. The impossibility of any error from
such cause from the fact that the maximum ash content of
the sample studied was 0.020% on the dry basis, and in a
5% solution of gelatin, even if the ash were to consist
of an electrolyte, the change in refractive index of the
solution that would result from the presence of the
foreign material would not be detectible.

As no exblanation, and therefore no correction, of
the error was apparent, analysis by means of refractive
index change was not attempted in subsequent analyses
and measurements by means of the total nitrogen content
were relied upon. Analysés by this method were run in
quadruplicate, color comparisons being made upon different
samples from a given solution until two samples gave com-

parable colorimetrie readings.



"2
VI. Diffusion of Gelatin.

All the gelatin solutions employed in this investi-
gation were accorded, as nearly as possible, the same
treatment, which eliminated any possibility of difference
in the properties of the solutions prepared from the dif-
ferent samples of gelatin except that due to the source of

the gelatin and its previous thermal history.

1. Effect of Source upon D.

The effect of the source and of the previous treat-
ment upon the diffusion coefficient are shown in TableVIII,
the values, whiech are averages of two or more determina-

tions, having been obtained at 35 £ 0.01°C.

TABLE VIII.

Material Symbol Conen. D(in em®/day)
Electrodialyzed I 3% 0.049
Eastman Xodak 11 8% 0.042
Zastman Kodak  III 3% 0.039
Eastman Kodak Iv 3% 0.051

It is evident from the above table that the study of

the change of any particular property of gelatin must be
made not only upon samples from the same source, but alse

upon samples from the same source which have been sub~-
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Jected to the same treatment in their preparation.
2. Effect of Concentration, Viscosity, and pH upon D.

The possibility of reproducing a system which possess-
es certain physical constants is illustrated by the follow-
ing table. The measurements given were made upon solu-
tions prepared from Sample II. The values for the pH's
and the viscosities were determined from samples taken from
the solutions prepared for the measurement of the diffusion
velocities. The relative viscosities were measured 8 hours
and 108 hours respectively after the preparation of the
various solutions in order that the amount of aging might

be determined.

TABLE IX.

Tl: / nw n-’/ n"
Conen. pH (After 8 hrs) (After 108 hrs) D D av.

3/0 40 59 4. 819 3. 803 OoOéOX
-043)0,0424 0.00
.042 = .
7 0043
2% 4.70 2.485 2.073 0.046\
.045
.042
1% 4.77 1.719 1.545 0.051
.050
e 0.051% 0.001
.050

0.5% 4.91 1.307 . 0.064)

0.057)
0.067

0.063+ 0.006
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The pH of 4, 5, 6, 7, 8, 9, and 10% gelatin solutions
at 35° were also measured to within 0.01 of a pH unit.
This data and that contained in Table IX are shown in
Figures IV, V, and VIII. Figure VIII, which illustrates
the change of D with concentration, reveals a very slight,
straight line inerease in D with decreasing concentration
between 3 and 1%. With decreasing concentration, from
1 to 0.5%, the increase of D with decrease of concentra-
tion is marked, the rate of curvature between the concen-
trations of 1 and 0.5% indieating that at concentrations
lower than 0.5% the change is even more marked. This sub-
stantiates the statement made by Krishnamurti (92) that:
"At low ebncentrations (about 0.5%) and above 30° gelatin
sols mey be regarded as molecular dispersions." The same
idea has been expressed by Marinesco (62): "Gelatin
molecules are very highly polarized-even moré so than
water. At concentrations below 0.6% by weight they exist
in solution as single molecules. Above 0.6% coneentration
the gelatin molecules unite into aggregates which have a
zero electric moment. The low value of the slope of the
curve (Figure VIII) between 2 and 3% concentrations is
very similar to that of typieal normal non-polar sub-

stances of low concentration, the straightness of the curve

between these concentrations being a strong indication of
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the lack of polydispersion at concentrations above 0.5%
by weight. The curve indicates that when the conecen-
tration of the gelatin is increased sufficiently, the
aggregation-de-aggregation equilibrium is forced in the
direction of a system composed almost entirely of parti-
eles of the maximum aggregation value. Further increase
of the concentration should force the equilibrium still
farther and thus produce a system composed so largely of
particles of maximum size that the physical properties
exhibited by the system, including the diffusion coeffi-
cient, should be almost exactly those which would be
exhibited if the system were oomposed entirely of parti-
cles of the maximum magnitude. This consideration, and
the fact that the too long periods required for the
measurements of the diffusion coefficients of more dilute
solutions resulted in the contamination of the solutions
by bacteria, led to the employment of 5% solutions for
the sueceeding investigations.

An inspection of Figure IV which shows the pH's for
concentrations between the ranges of 0.5 and 10% shows a
change of pH corresponding, roughly, to the change of D.
However, the shape of the pH curve for concenirations
between 1 and 2%, if the change of D with change of con-
centration is attiributed to the change in pH of the gela-

tin with concentration, does not correspond to the curve
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showing the change of D with concentration within this
range. Under these conditions, the change of D with
change of concentration of the gelatin cannot be as-
cribed to the pH of the system which is @ue to the
gelatin in solution. Comparison of Figure VIII with
Figure V immediately establishes the independence of the
rate of diffusion of gelatin from the viscosity of the
system that is due %to the presence of the gelatin. This
conclusion corresponds to the presence of the viscosity
factor, in the Stokes-FEinstein equation (27) where

is for the viscosity of the dispersion medium. It is
opposed to the findings of Bruins (14) who related the
change in the diffusion velocity of lyophilie collolds,
upon the addition of electrolytes, to the change of the
viscosity of the dispersion medium which resulted from
such addition.

It is, then, to be inferred that the inerease of
the diffusion velocity of the particles, in solutions of
pure isoelectric gelatin, with decreasing concentration
is due to the décreased size of the particles with de-
creased concentration. The change of size of the
micellae is due to the increased de-aggregation of the

micellae with decrease in concentrstion.
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The values

from a study of

Effect

Figures VI, IX, VII, and X.

of Electrolytes and Ethyl Alcohol upon D.

given in Tables X and XI were obtained

sample III, and are shown graphically by

TABLE X.
Conen. Gelatin KC1 Added NKC1 D(cn®/day)
3% 0 ~0.000 0.039
1 milliequivs/liter 0.001 .038
5 milliequivs/liter . 5 .037
4 milliequivs/liter 0.040 .038
3% in 5§ CoHsH 0 0.000 0.039
8% in 10% CgHsCH 0 0.000 0.038
TABLE XI.
s/ Nw Vs /N
Conen. lilliequivs.XCl After 8 hrs. After 108 hrs.
3% 1 4.371 3.760
3 .381 .523
5 .587 .956
12 .102 .675
20 .556 .843
28 .183 .563
34 .203 449
40 .946 4.093
45 4.262 3.603
% CoH50H Added
3% 1 4.006 3.542
2 3.991 4.003
5 3.713 3.332
10 3.610 3.287
15 3.608 3.371
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TABLE XII.
% CyHgCH in Soln. Ws /N
1 - 1.026
2 1.095
5 1.154
10 1.341
15 1.572
17.34 1.635

That practically no change is produced in the
diffusion velocity of gelatin by the addition of KC1l in
varying amounts is shown by Figure IX. This finding
agrees with that of Herzog and Kasarnowski (45) whose
data, for the diffusion of colloidal materials suspended
in water containing 0.5% NaF and saturated toluene, show
that the presence of foreign materials does not alter
the diffusion velocity appreciably. This may befaken,
in the case of the addition of KCl to gelatin, to mean
that there is no reaction between gelatin and ¥KCl and no
adsorption of either of the ions. However, the above
statement does not necessarily hold for other substances
nor does it hold for gelatin upon the addition of acid
on base, 2s will be shown later.

Contrary results were obtained by Freundlich and
Kruger (38) in their investigations of aqueous solutions
of quinhydrone and hydroquinone. They f?und diffusion

according to Fick's law for aqueous solutions. Abnormally
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high rates of diffusion resulted upon the addition of
Naﬁos, KESOQ, or NaClO4. The increase can be explained,
in this instance, on the basis of the formation of highly
ionized complexes. In his study of the diffusion of
hemoglobin, Fischer (31) discovered that the diffusion
velocity of the hemoglobin decreased upon the addition of
NaI, Na0O0C-CH5(HOOC*CCH)(HOOC+CH5), or Na-, X,- or Ca-
(023302)2. The decrease, in this case, is explained on
the basis of the formation of complex sslts which are
very slightly ionized. When NaCl, XC1l, or CaCl, were
added, the diffusion velocity was found to increase. Here
the complex salts formed zre highly ionized. The investi-
gations of Laszlo and Groh (53) indicate that in an aecid
solution, the addition of NaCl to a solution of ovalbumin
inereases the rate of diffusion, the same effect later
being observed in aqueous solutions of ovalbumin.
Comparison of Figures IX and VI again demonstrates
the independence of D from the viscosity of the solution
due to the presence of the diffusate =nd shows that the
change in the relative viscosity of the dispersion mediﬁm,
due to the presence of the KCl, has very little influence,
if any, upon the value of D within the range investigated.
Due to the lack of any appreciable change in the value of

D upon the addition of XCl to the gelatin solutions, the



84

changes in the pH of the solutions upon the addition of
KCl, which are relatively small, were not measured.
Figure X illustrates the result of an attempt to
measure the magnitude of the effect upon D produced by
the removal of the water layer from the surface of the
gelatin partieles. Since a 17.34% concentration of
CoHgCH in a 3% gelatin solution at 35° produced practi-
cally complete precipitation of the sample (III) diffu-
sion of a 3% gelatin solution dispersed in a médium con-
sisting of 5% CgHgOH and 95% water and of 10% CsH5CH and
90% water respectively, were studied. Figure VII shows
the echange of viscosity of a 3% gelatin solution with
change in the amount of CoHyzCOH present. The general re-
sult of the addition of aleohol is to lower the viscosity
of the solution as a whole. The data in Table XII, how-
ever, (which has not been graphed) shows a noticeable in-
crease in the viscosity of the dispersion medium upon the
addition of alcohol. It is to be seen from Figure X that
the addition of alcohol to the system produced a slight
decrease in the diffusion veloeity. The inerease in
velocity which resulted from the partial removal of the
water mantle from the gelatin particles has been more than

offset in this instance by the opposing effeet produced by

the inereased relative viscosity of the dispersion medium.
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Continuation of this study from zero percent of 025505 to
percentages approaching precipitation values for the gela-
tin would yield data from which the amount of water con-
tained in the mantle could be calculated. This was found
to be impossible since the gelatin diffusing into even a
15% aleohol solution, as a result of the low concentration
of the diffused gelatin, resulted in the precipitation of
the gelatin in the outer solution.

4, The Effect of the Addition of Acid, Base,

Acid plus ¥XC1l, and Base plus KC1.

In order to inquire into the reason for such findings
as those of Laszlo and Groh (53) whose results indicated
that an inerease of hydrogen ion concentration on either
side of the optimum for precipitation causes an equal
diminution in the diffusion rate of ovalbumin of about 12%,
the diffusion velocity of gelatin in the presence of vary-
ing amounts of acid, or of base, was measured. Also, in
continuation of the seapch for the reason for the rela-
tively enormous decreases in diffusion velocities of starch
and gum arabic upon the addition of minute amounts of
electrolytes discovered by Bruins (13), varying amounts of
KC1 were added to the solutions whose diffusion velocities
at different pH's were measured.

The data obtained for 3% gelatin solutions and the re-
sults calculated from them are summarized in Table XIII and
shown graphieally by Figure XI.
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TABLE XIII.
Conen. pH pH D D (av.)
KC1  Soln; Soln, om®/day ———
co B0 2l oo

13 23 0o oo

3.3 5:5L 0:3e3) o-macxo.007

I'Ir 117 0lors) 0-078£0.003

50 L8 0.0 0.00es0.c

8 IoiE 5os  bme 8:822; 0.053 + 0.003
0.030N 5.35  5.5¢ 0.iss) 0-160%0.008
e e 8:%32% 0.130 4 0.002

08 40 0:1s) o.16240.013
0:3008 0:08  0:054 0:1%a) 0-1250.001
0:03: 01052 0:15a) 0-16840.005

AT - 8:%8;3 0.20040.003

EAP RS 8:%82; 0.197 £0.008

(contrd)
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Run Cell Electro- Concn. pH pH g D (av.)
lytes XC1l Soln; Soln, ecm /day T
Added

HC1+ KC1 0.1008 1.90 1.90 0.063)

HO14 XC1 0.1008 1.90 1.90 0.064) 0-065%0.001
HG1 1.90 1.90 0.074)

HC1 1.90 1.90 0.o7g) 9-077%0.003
NaOH 6.80 6.80 0.127)

NaCH 6.80 6.80 0.130) 0-189+0.002
NaOH 5.16 5.16 0.108

NaCH

NaCH#KC1 0.1008 6.03 6.05 0.057) g.055+0.0¢
NaOHAKCL 0.1008 6.03 6.03 0.054) 0+095%0.002
NaOH 6.05 6.03 0.121)

NaOH 6.05 6.03 0.128) 0+185+0.004

Iv

A study of the upper curve in Figure XI reveals at

once the

cause of the abnormally high values of D ob-

tained by Bruins (12) for gum arsbic and starch and the

lack of consistant values for similar measurements made by

different investigators upon various lyophilic systems. The

lower curve réveals the cause of the relatively high de-

crease in the value of D upon the addition of salts which

was observed by Bruins (12).

The lower curve also reveals

the effect of the pH upon the aggregation-de-aggregation

equilibrium of 5% gelatin solutions at 350 between the pH
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range of 6.40 to 0.053. Below pH 2.00, the values of D
indicate a rapid disintegration of the gelatin micellae.
The point at pH 3.24, D equal to 0.160, shows that the
addition of an insufficient emount of salt to a system

of a given concentration and pH will cause a decrease in
the value of D but will not reduce it to the minimal
value for that pH. The lower curve further indicates
that although the addition of a sufficient amount of salt
will reduce the diffusion coefficient to its normal value
at any given pH, only the value obtained for the pure
substance at ifs own pH will be the true D for that
material since the inerease in the diffusion velocity of
the gelatin particles which is due to the ionization of
the gelatin itself has been shown, by the immedizte in-
crease of D for gelatin on either side of the iscelectriec
point (Figure XI) to be immeasurably small.

The first increase in the apparent value of D upon
the addition of HCl to the gelatin solution results from
the formation of gelatin hydrochloride as a result of
reaction between the HC1l and the superficial amino groups
on the gelatin micellae and the ionization of the gelatin
hydrochloride to form chloride ion and gelatin ion.

The effect produced is parallel to that which oceurs
ﬁhen HC1 itself diffuses in dilute solution. In the

diffusion of ions, the ions of opposite sign must move
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so that electroneutrality is preserved at all times. The
result is the movement of the ions of opposite sign

through the solution at equal velocities. Consequently,
the hydrogen ion never moves with its meximum velocity,

the chloride ion always moves at an abnormally great
velocity (58). In the case of the gelatin hydrochloride,
the velocity of diffusion of the chloride ion is materially
reduced, that of the gelatin particle is inereased. In
effect, the chloride ion is dragging the massive gelatin
particle through the solution.

The reaction between gelatin and HC1l is subject to the
law of mass action. That is, as the solution is made more
acid, more of the HC1l will combine with the gelatin. The
result is the chenge of value of D from 0.051 em®/day
for 3% gelatin at 359 and pH 4.66 to 0.216 cmz/day for the
gelatin ion at pH 2.34. At this point practieally all the
available amino groups may be considered to have reacted
with HCl. Further addition of acid now results only in an
increase in the acid in the system, since little,or no,
reaction is oceurring between the HCl and the amino groups
of the gelatin. The added HCl, then, distributes itself in
the system as hydrogen and chloride ions. As a consequence
of the presence of a relatively great number of the fasier

moving chloride ions, more chloride ions now enter the
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electrical sphere of influence of the gelatin ion and neo
particular chloride ion, or ions, may be considered as
attached to the gelatin ion by electrostatic attraction.
The result is a lessening of the electrostatie drag pro-
duced upon the gelatin ion by chloride ions and a conse-
quent decrease in the velocity of the gelatin ion. The
maximam effect of the added acid is reached, for gelatin
at a pH of 1.60, but the value of D has now risen, as a
consequence of the shift of the aggregation-de-aggregation
equilibrium of the micellae resulting from the addition
of acid, to a value of 0.064, as shown by the lower curve.

The further increase in the value of D as the pH of
the system is decreased is due to the increased breakdown
of the gelatin micellae as is also shown by fhe lower curve.
The increase in the value of D for systems on the alkaline
side of isoelectric gelatin is explained on the same basis
as the increase on the acid side except that here the in-
crease is the result of g reaction between the base and
gelatin to form water and highly ionized sodium gelatinate.

The necessity for the complete study of any lyophilic
system before any use is made of the measurements secured
is very evident from the two curves shown in Figure XI.

The advantages secured by analysis of the gelatin con-
- centrations by means of the microhjeldel method are readi-

1y seen by a comparison of the values shown in Figure XI
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and those depicted on pages 10285 and 1026 of the Journal
of the American Chemical Society (60) which contains the
latest results of an investigation of the diffusion
velocity of egg albumin under conditions similar to those
studied in this work. In this study (60), concentrations
were measured by means of an interferometer and the vari-
ation of the values obtained for D can be ascribed to the‘
inaccuracies of analysis by this method which result from
the presence of electrolytes in the solutions. Such in-
aceuracy has been noted in the work described here when
concentrations of gelatin in the presence of HCl, ¥XCl, or
both were measured by means of a refractometer. That such
conditions hold has been admitted by the authors of the
paper describing the study of egg albumin (60) who state
that: "From a practical standpoint it is usually better

to obtain molecular weights from duffusion studies in the
neighborhood of isoclectric poinfs rather than in the
presence of buffers for the following reasons. (a) It

is very difficult to obtain and maintain exactly the same
effective concentrations of added electrolyte on both sides
of the membrane, thus still having electrical and colloidal
effects of diffusion. (b) A high coneentration of elec-
trolyte may change the size of or degree of aggregation

or dissociation of the colloid. (e) A4As a rule analysis,
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such as by interferometry, becomes less accurate.”

As may be seen from a comparison of the values ob-
tained by the two methods, the lower sensitivity and
accuracy of the microkjeldahl method is more than offset
by the errors introduced into the more sensitive optical

method by the presence of the added electrolytes.



94
VII. Calculation of Apparent lMolecular Teights

In view of the fact that the particles in gelatin
solutions, as well as those in solutions of any other
lyophilic materials, are stabilized by either, or both,
adsorbed ions and a layer of adsorbed molecules of the
dispersion medium, values of fhe molecular weights of
such substances, calculated from data obtained by measure-
ments made upon agueous solutions, will be only"apparent
molecular weights."

The "apparent molecular weight'" of gelatin from
different sources and under different conditions of pH,
dispersion medium, and cancentration have been calcu-
lated from experimental data by means of the Stokes-
Finstein equation (27):

_ RT 1
D= T Empr

and the formulae:
D(em®/day)/86,400 = D (cm®/sec),
4mrd/3, and

v

d = 1/partial specific volume.

The specific volume of dry gelatin has been found by
Taffel (94) to be 0.7445 at 38° with a mean temperature
coefficient of expansion of 0.000271 per degree. However,

since there is a measurable contraction when gelatin is
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added to water, the partial specific volume of gelatin
was employed in the calculations of M. The value of the
partial specific volume of a number of lyophilic sub-
stances has been measured by Svedberg () who employed

the relationship:
w-(1-h) ,
pﬁ

where w is the weight of the solvent in the pycnometer,

Partigl specific volume, V =

1 the weight of the solution, P the density of the solvent,
and h the weight of the preotein material. Svedberg (92)
obtained a value of 0.682 for gelatin at 30°. This value
was employed in calculating the apparent molecular weights
since it was found to be independent of temperature change.
The values calculated are summarized in Table XIV.
The variation of the apparent radius, molecular volume,
and molecular weight of the gelatin particles to be ex-
pected from samples from different sources is shown in the
first four lines of Table XIV. The maximum difference 1n
the values of M is 63.4%. The importance of accurate
measurements of D and the necessity of taking into account
all factors influencing the diffusion coefficient are
amply demonstrated by the values shown in lines 15, 18, and

14 where a decrease of 0.01 in the value of D results in s

6.2% increase in Il and an inerease of 0.0l results in a



Concn.
KC1

Sam Con Subs.
ple cn. Added

HC1+KC1l 0.2508
HC1+KC1 0.100H
HC1

HC1+KC1l 0.020N
HCI+¥XC1l 0.100K

NaCH
NaCH+KC1 0.100H
III 3

10
17.34

CoHzCH 0.0gms.
5}

TABLE XIV.
pr D
4.70 0.049
4,59 42
4.59 39
4.66 51
4.59 0.039
4.70 46
4,77 51
4.91 6d
5.00 0.102
0.054 0.125
1.90 .063
5.84 .216
b.34 .160
$5.88 .053
4.66 .051
6.03 <125
6.038 .055
0.052
4.59 0.039
39
38
0.033

r+107
cm.

3.363
6.402
6.895
5.272

6.402
5.859
5.272
4.269
2.636

2.169

4.268
1.2845
1.335
5.073
5.278
2.169
4.889
9.171

6.895
5.975
5.277
4.939
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Vice) Mlg.m.w.)
392,000 574,000
666,000 977.000
832,000 1,220,000
372,000 546,000
666,000 977,000
511,000 749,000
372,000 546,000
326,000 289,000

46,500 68,200

25,900 38,000
197,000 289,000

4,900 7,200
6,000 8,900
33&,000 486,000
372,000 546,000

25,900 38,000
297,000 435,000
351,000 514,000
842,000 1,220,000
541,000 794,000
373,000 547,000
306,000 448.000

decrease of 5.4% in this particular value of .

The values

shown in lines 19 and 20 of Table XIV, reveal the effect of

the viscosity of the solution medium upon the calculated

values where an inerease of 1.341 in the relative vis-

cosity of the dispersion medium lowers the value of the

apparent molecular weight by 63.4%.

value of

sclution

The change in the

is shown in lines 5 to 9 inclusive.

M with change of concentration of the gelatin in

The molecu-
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lar weight of 68,200 for gelatin at zero concentration
was calculated from a value of D for gelatin at zero
concentration which was obtained by extropolation of the
curve in Figure VIII. It is interesting to note that the
value 68,200 divided by four gives a walue of 17,050,
which is very close %to the acecepted value of 17,000 for
the weight of the structural unit of‘proteins in general.
It may also be noted that the division of 17,050 by 16
gives a value of 1066 which is very close to the aceepted
value of 1070 for the combining weight of gelatin with
HCl. However, the inadvisability of too hasty conclusions
based upon the above relationships may be seen from the
fact that the value of M for = 0.5% solution (line 8) is
roughly 4 times that for a zero % concentration (line 9);
the value for a 1% concentration (line 7) is 8 times; for
a 2% concentration, 11 times; and for a 3% concentration,
15 times. 1In spite of the fact that these values are
practicelly whole number multiples of the basic weight

at zero concentration, the monomolecularity of dispersion
in a solution of any given concentration has not been
established and values czlculated for concentrations be-
tween those given would yield molecular weights which are
not whole number multiples of 68,200. Further evidence
against placing too much weight upon values of M calcu-

lated from diffusion or other data obtained from measure-
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ments made upon solutions will be introduced in the dis-
cussion of values obtained for systems in which aleohol-
water solutions functioned as dispersion media.

The values of M shown in lines 10 to 18 illustrate
elearly the sources of the differences of the apparent
molecular weights calculated for a number of different
proteins. The value of 546,000 is the true apparent
molecular weight of the gelatin particles in a 3% solu-
tion of sample IV gt its own pH of 4.66. Line 12 shows
the error introduced into the value of diffusion coeffi-
cient of the same solution when enough HCl is added to
bring the pH of the solution to 3.34. The electrostatic
drag impressed upon the gelatin particle as a result of
the action of the more repidly moving chloride ion has in-
creased the diffusion coefficient of the particle from
0.053 to 0.216. This results in a decrease of the appar-
ent molecular weight of the partiecle, calculated from the
diffﬁsion coefficient, from 486,000 to 7,200, an apparent
decrease of 98%, whereas, the addition of enough XCl to
overcome the drag introduced by the chloride ion, shows
that the weight of the particle is still 486,000. The
values on lines 13 and 14 show the possibility of error
when salts are introduced to overcome the drag of the
chloride ion. The introduction of enough KC1l to render

the solution 0.028N decreases the value of D sufficiently



99

to raise. the value of M to 8,900 which, if the investiga-
tion were stopped here might be taken as the true apparent
moledéular weight at this concentration and pH. However,
~the addition of sufficient KC1 to make its concentration
0.100 N, decreases the value of D to 0.053 and gives a valge
of 486,000. The values on lines 11, 14, 15, and 17 show
the true effect of the changes of pH upon the values of M.
These values, like those of D from which they have been
calculated (lower line, Figure XI) show no minima in the
change of I with pH Jjust as the true values of D show no
maxima with change of pH. Values calculated from data
corresponding to that shown in the upper curve would show
minimal values of M for maximal values of D. That these
values would be incorrect is shown by the lower curves of
Figure XI which were obtained by measurements made upon
similar systems in which all electrostatic drag upon the
gelatin particles had been eliminated. It is further to

be noticed, especially from Figure XI, that no pronounced
disintegration of the gelatin particles occurs between pH's
of 3.00 and 6.03. This indicates a situation different
than that mentioned in the statement made by Svedberg (98)
in which he states that a 0.4% solution of gelatin at 19.5°
is not aggregated at pH's of 4.00 and below and 2t pH's 7.5
and above. It does agree with his claim that there is

marked aggregation of the particles between pH's of 4.60
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and 6;00, except that the values shown in Figure XI indi-
cate that the aggregation stability range is very little
affected between the pH's of 3.00 and 6.40 instead of be-
tween 4.60 and 6.00. This difference, may be due to the
difference in the concentrations at which the measurements
were made.

A very significant phenomenon is disclosed by the data
shown on lines 19, 20, 21, and 22, in Table XIV, namely,
the removal of the water mantle from the gelatin micellae,
its effect upon the apparent molecular weights, and the
possibility of the complete removal of the mantle and the
determination of the true molecular weight of the particle.
This would necessitate the measurement of the diffusion
velocity of the gelatin particles at different concentra-
tions of gelatin ranging ffom 3 to 0.5% in which the dis-
persion medium was composed of alcohol-water solutions.

The concentration of the alcohol would have %o approach
the precipitation value for gelatin, namely, 17.34%. It
would be further necessary to stabilize the micellae by
the addition of an electrolyte, being careful to see that
no abnormal effects, such as that produced by the addition
of acid or base, were introduced.

Some ildea of the effect of the removal of the water
mantle mey be gained by the data secured in this investiga-

tion. It is seen that changing the dispersion medium from
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pure water to 5% CgH5OH by weight decreases the apparent
molecular weight by 35%. Changing the medium to 10%
CoHg(H and 90% HpO lowers the value of M from 1,220,000
to 547,000, a decrease of 53%. Extropolation of the
curve of Figure X to 17.34% CgHgOH (the precipitation
value for a 3% solution of isoelectric gelatin) gives a
value of 0.0333 for D. Due to the inaccuracy of such
extropolation the value obtained for D is highly approxi-
mate, but the results obtained from calculations based upon
this value justify its use. The value of I for the par-
ticles of gelatin in a 5% solution dispersed in a 17.34%
CoH5CH solution is 448,000, a 63% decrease of the value
for gelatin in pure water. The value of r drops from
6.895:10-7 em. to 4.939:10"'em. The difference between
these two values gives the thickness of the water mantle
as 1.956-10"7 em. If it is assumed that the thickness of
the water mantle is the same for the particles in a zero
concentration of gelatin as it is in a 8% solution, then
the calculated radius of the particle at zero concentration
minus 1.956-10~7cem. should give the true radius of the
particle at zero concentration. The calculated value of
r, where I is 68,200 is 2.656-10'7cm. This, minus
1.956010‘70m, gives 0.68+10"em. as the "ftrue" radius.
The "true" molecular weight, calculated from the "true"

radius is 1171. The assumption and the exirapolation in-
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volved in the calculation render its wvalue negligible;
however, it demonstrates very clearly the enormous 4if-
ferences between the apparent molecular weight ealcu-
lated from measurements made upon lyophiliec substances
dispersed in aqueous media and the true molecular weights
of these materials. Such true values, once obtained would
undoubtedly eliminate the discripancies between the values
of 1 calculated from decomposition products and those ob-
tained from diffusion, osmotic pressure, and other data.
It would also materially simplify the study of the molecu-
lar strueture of lyophilic substances.

The above calculation also shows very clearly, the
danger of attaching too much importance to the faect that
the value obtained for the apparent molecular weight of
the gelatin partiele at zero concentration, 68,200, is
equal to four of the basic protein units, 17,000, and
that the 17,100 obtained, if divided by 16, gives 1066,
which is approximately the value given for the combining
weight of gelatin.

The curves in Figure XI also show that the maximal
values obtained in viscosimetrie and other studies of

gelatin are very conducive of misinterpretation.
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VIII. Conclusions.

The results obtained in this investigation prove
that a very high degree of precision is possible in the
measurement of the diffusion velocity by means of the
membrane method embodied in the Northrop and Anson (66)
type of cell. The excellent agreement between the measure-
ments made upon comparable systems shows not only the ac-
curacy of the method, even for such slowly moving particles
as those existing in colloidal solution, but also the possi-
bility of the exact duplication of sueh systems.

The so-called "abnormally high diffusion velocities"
found in this, and other, investigations are as much the
true velocities of the respective materials as are the
accepted values for HCl, KCl, or other electrolytes at
infinite, or any other, dilution. The diffusion velocity
of, for example, HCl at infinite dilution is not the
diffusion velocity of the HCl molecule at infinite dilu-
tion, but a mean value for the diffusion velocity of the
swiftly moving hydrogen ion and the more slowly moving
chloride ion. This mean value results from the necessity
of the preservation of electroneutrality at all points
within the solution. As the concentration of the HCl is
inereased, the possibility of collision is increased and

the velocity of both ions is decreased accordingly. The
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degree of dissociation is lowered, which results in a
decrease in the number of hydrogen and chloride ions per
mole of HCl added to the system and the appearance of

HC1l molecules as such. The HCl molecules as a result of
their greater mass and the fact that there is no electro-
static atiraction between the molecules such as exists be-
tween other ions, diffuse through the dispersion medium
more slowly than do the pairs of their oppositely charged
ions. The generzl result is a decrease in the diffusion
velocity of HCl with increased concentration. For non-
electrolytes, the corresponding decrease, which results
from increased collidons =zlone, is less.

The situation with regard to the "abnormally high
diffusion velocities" exhibited by lyophilic collbids is
analogous to that of‘HCl. This investigation has shown
that the partieles in solutions of pure isoeleciriec
gelatin exhibit a change in diffusion velocity with change
in concentration (Figure VIII) analogous to the correspond-
ing change for non-polar materials. Exact coincidence
of the curve for gelatin with the general form of the curve
for non-electrolytes is not to be expected sinece the gela-
tin particles, as shown by the change of the pH of solutions
of isoelectric gelatin with change in concentration, show
a slight ionization. This ionization, however, is so

slight and the mass of the gelatin particle so great that



105
the resulting deviations from the behavior of true non-
electrolytes are immeasurably small.

With the addition of an acid such as HC1l or a base
such as NAOH, the system is radically altered. The prac-
tically unchanged gelatin particles become highly ionized
gelatin hydrochloride or sodium gelatinate. The gelatin
ions, as is shown by the decomposition products and the
molecular weights of the gelatin particles, are multi-
valenkt. The result of electrostatic pull of the number
of chloride or sodium ions,as the case may be, upon the
gelatin ion is +the inerease of its diffusion velocity
from 0.051 cm®/day Tor the practically uncharged particle,
to 0.216 emz/day for the polyvalent ion. The lowering of
the diffusion coefficient produced by the addition of
more HC1l results from the same factors which produce the
decrease in the diffusion velocity of HC1l itsélf with in-
creasing concentration coupled with the fact that with
increased HC1l concentration the number of chloride ions
within the sphere of influence of the gelatin particle is
increased and the electrostatic drag upon the gelatin
particle is decreased accordingly. The lowering of the
diffusion velocity of the gelatin particle upon the addi-
tion of KCl results from the same change.

The sudden and continued increase of D of the gelatin

particles upon the successive addition of small amounts of
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acid or base results from the fact that the reaction of
gelatin with acid or base is subject to the law of
Guldberg and aage. As more electrolyte is added more

of the more swiftly moving gelatin ion is formed. The
diffusion velocity measured, which is the mean of the
velocities of the uncharged particles and the gelatin ions,
increases continuously until all the gelatin particles
have become gelatin ions. This condition i1s indiceted by
the maximal value at pH %.34. The second increase of D,
which begins at about pH 1.20 is the result of the begin-
ning of de-aggregation of the gelatin partieles.

The very low values of the "apparent molecular weights"
calculated from diffusion data by McBain (60) to show the
necessity of using values for D of isocelectric solutions
of lyophilic colloids in order to calculate the correct
molecular weights, illustrate the errors introduced by
the application of the Stokes-Einstein equation to ions,
the error, of course, increasing with the mass and the
valence of the more massive ion. The data indicate the
possibility of the development of a relationship analo-
gous to the Nernst equation by means of which the apparent
molecular weight of the gelatin salt could be calculated.

In addition to the "apparent molecular weights™, the

pH stability range, and the "apparent molecular weighi"
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of the molecularly dispersed particles (at zero concentra-
tion), diffusion measurements are a potential source of
the actual molecular weights of lyophilic substances, if
conditions within the systems measured are properly regu-
lated. The differences between the "apparent molecular
welghts" and the true molecular weights, from the physico-
chemical standpoint, are relatively enormous, but can be
measured to within a few percent (Table XIV) zand from such
measurements, the thickness of the water mantle and its
effeect upon the physical properties of the particles can

be determined.
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IX. Summary

The changes of several properties of gelatin solu-

tions with change of solution medium have been measured

and the changes noted and explained. The changes studied

and measured were:

1.

2.

Variation of the diffusion velocity (expressed
in terms of D) with source.

Variation of the diffusion velocity with
concentration.

Variation of the diffusion velocity with
different concentrations of added KC1.

Variations of D with different concentrations
of added aleohol.

Variations of D with different concentrations
of added HC1l.

Variations of D with different concentrations
of added IHIC1 and KC1.

Variations of D with different concentrations
of added Ha(H. '

Variations of D with different concentrations
of added Na(H and KCl. '

Change of the relstive viscosity of gelatin
solutions with:

(a) Change of the concentration of gelatin.

{b) Change of the concentration of added
¥C1 to a constant concentration of
gelatin.

(e) Change of the concentration of added
aleohol.
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10. Variation of the pH of gelatin solutions with:
(a) Change of the concentration of gelatin.

(b) Change of the concentration of added
acid or bhase.

From the above measurements were calculated the:

1. Change of the "apparent molecular weight" (M)
of the gelatin particles with the change of
source of the gelatin.

2. Change of M with change of concentration of the
gelatin.

3. Change of M with change of concentration of the
added HC1 and KCI1.

4. Change of ¥ with change of concentration of the
added NaOH and KC1.

5. Change of M with change of concentration of the
added alcohol. -

6. Apparent change of the "apparent molecular weight"
of the gelatin micellae which results from the
calculation of the I for charged particles by
means of the Stokes-Finstein equation.

7. Apparent molecular weight of the gelatin molecule
at zero concentration.

8. TIffeet of the removal of the water mantle from
the micellae upon the value of I

From the measurements and cslculations made from them:
1. The changes of D with concentration of the gelatin,

concentration of added HC1l, HC1l and KC1l, NaCH,NaOH
and KC1, and of added CpHyzOH have been explained.
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The possibility of error incurred by the use
of the Stokes-Einstein equation for the cagl-
culation of M from diffusion data for ions
has been shown.

The necessity of employing values of D corres-
ponding to zero concentration of diffusate
for the calculation of the apparent molecular
weight of the diffusate when molecularly dis-
persed has been demonstrated.

The possibility of the determination of the
true molecular weights of lyophilie substances
by determining their diffusion velocities after
the removal of the walter mantle has been dis~
cussed.

The probable incorrectness of 211 the calculated
values of I for lyophilie colloids has been
shown.

The possibility of measuring the thickness of the
water mantle a2nd the determination of its ef-
feet upon the physical properties of the diffus-
ate have been discussed.

The probable sources of error possible by this
method have been enumerated.

The necessity of even more precise methods for
the measurement of concentrations has been
mentioned.
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