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were laid by Longsworth and MacInnes! in their
study of the interaction of ovalbumin and yeast
nucleic acid. Further information concerning
such interactions may be obtained by use of the
concept of constituent mobility.??
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Summary

The application of the moving boundary equa-
tion to systems formed by weak electrolytes has
been discussed. The constituent mobility of a
weak electrolyte may be determined with pre-
cision if this constituent disappears in a steady
state moving boundary which moves into the
original solution. The conditions under which
such boundaries are obtained in simple systems
formed by weak acids of the uncharged-acid
type and by weak bases of the uncharged-base
type are discussed.
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Moving Boundary Systems Formed by Weak Acids and Bases. An Expérimental
Study!

By J. C. Nicror?

Introduction.—Moving boundary systems con-
taining strong electrolytes, for which relative
ion mobilities are constant, can be described by
the general theory of Dole.? Thus, if the relative
ion mobilities of all the species present in the
system and the compositions of the two end solu-
tions forming the initial boundary are known,
Dole’s theory can be applied to calculate the
concentrations of the ions in all the newly formed
phases, as well as the displacements of the sepa-
rated boundaries.

If weak electrolytes are present in one or both
of the end solutions, the strong electrolyte theory
in many cases is inadequate for the description of
the system because chemical reactions occur in
the moving boundaries.®#8 This fact is important
because the majority of electrophoresis experi-
ments involve weak polyelectrolytes such as pro-
teins and nucleic acids. Studies of simple weak
electrolyte systems are required as a preparation
for work with the more complicated polyelectro-
lytes. For example, an understanding of moving
boundary systems in which chemical reactions
take place is necessary for the interpretation of
electrophoresis experiments with antigen-anti-
body mixtures or protein—nucleic acid mixtures.

A striking illustration of a chemical reaction is
provided when an initial boundary is formed be-
tween a solution of sodium caproate and a solution
of sodium acetate and acetic acid and a potential
is applied so that caproate ions descend into the
acetate solution (i. e., the caproate ions follow the
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faster acetate ions). At first a new boundary
forms and can be seen moving into the acetate
solution. However, the reaction of caproate ions
with acetic acid molecules which otherwise would
be left behind this boundary soon results in a layer
of insoluble caproic acid droplets which com-
pletely obscures the boundary position.

If all the products of the reaction in a system
similar to the above are soluble, then the velocity
of the moving boundary can be determined. The
mobility calculated in the ordinary way will be
found to be lower than that obtained from similar
measurements on systems where none of the acid
form is present (Fig. 1).
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Fig. 1.—Schlieren patterns of the systems (a) NaOAc
(0.05)(y) < NaCac(B)::NaCac(a), (b) NaOAc(0.05),
HOACc(0.05)(y) < NaCac, HCac(8);:NaCac(a) 40 cou-
lombs of electricity passed in each experiment.

Another result of the chemical reaction is the
formation under certain conditions of a steady
state moving boundary even when the faster ion
follows the slower. In strong electrolyte experi-
ments the corresponding boundary always spreads
with time.

In the preceding paper Alberty® has developed a
theory on the basis of the weak electrolyte moving

(6) Alberty, ibid., T2, 2361 (1950).
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boundary equation to account for the above be-
havior of simple moving boundary systems formed
by weak electrolytes. For the case in which the
chemical reaction in a steady state boundary goes
to completion, the theory predicts that the ex-
perimental mobility will be equal to that of the
ion constituent, which is referred to as the constit-
uent mobility.® It is the purpose of this paper
to describe experiments which test the theory.
These experiments are mainly restricted to sys-
tems containing not more than two weak acids or
bases which form monovalent ions and a total of
three ions. A few experiments involving both
mono- and divalent phosphate ions are described.

Experimental

The experiments were carried out in the standard 11-ml.
Tiselius cell with electrode vessels connected directly to
the top section.”® The current was supplied by B bat-
teries connected to the cell through an electronic current
regulator,® or in some cases without the regulator, and the
quantity of electricity was computed from observations of
time and the current measured by means of a potentiome-
ter.

The boundary displacements were determined from pho-
tographs taken with a diagonal knife edge schlieren optical
system designed so that light passed through the cell in a
parallel beam. The accuracy of the mobilities is limited
by the accuracy with which the cell cross-sectional area
and the camera magnification factor could be obtained, as
discussed by Longsworth.’® The cross-sectional area was
determined by filling the channel with mercury and meas-
uring the length of the channel with vernier calipers, a
procedure which assumes uniformity of the cross section.
The magnification factor was determined by photograph-
ing a brass bar containing 0.2 mm. diameter holes spaced
1 cm. apart, which was placed in the cell in its usual posi-
tion in the electrophoresis bath. The distances between
the holes in the bar and between the corresponding lines on
the photographic plate were determined with a Gaertner
comparator. This instrument was also used in measuring
boundary displacements on plates used for moving bound-
ary experiments.

When required, samples of the phases produced by the
passage of current were removed from the cell at the con-
clusion of the experiments by means of a syringe equipped
with a long stainless steel needle and clamped in a device
for raising or lowering the needle and withdrawing the
barrel of the syringe.!%!! The specific conductances of
these solutions were determined at 0° in a conductance
cell with conical platinum electrodes!? having a volume of
1.8 ml., using a Jones conductance bridge. Mobilities
were calculated by using these conductances at 0° and the
boundary displacements measured at 1° in the electro-
phoresis apparatus.

Reagent or C. p. quality chemicals were used for the
preparation of solutions. Solutions of weak acids and
bases and their salts were prepared by titrating solutions
of the acids or bases with standard sodium hydroxide or
hydrochloric acid. The solutions were made up to volume
at 0° in calibrated volumetric flasks. The pH values
were measured at 25°, using a Beckman pH meter.

Mobhility Data.—The mobilities of the ions involved in
various experiments are given in Table I along with the
pK/ values for the acids, which are included because the
dissociation constants play an important part in determin-
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ing the type of moving boundary system obtained. The
abbreviations for the ions used in describing the various
moving boundary systems are also indicated.

Systems Involving Weak Acids which Form Monovalent
Anjons.—Detailed experiments with the following moving
boundary types were carried out to illustrate the weak
acid systems shown in Fig. 2 of the preceding paper:® Type
I fast ion and corresponding weak acid followed by slow
ion which forms an acid of higher pKj than the leading
acid; Type 2, fast ion and corresponding weak acid fol-
lowed by slow ion which forms an acid of lower pK{
than the leading acid (1 or 2 pK units lower); Type 3,
slow ion and corresponding weak acid followed by a fast
ion which forms an acid of higher pK, than the leading
acid; Type 4, fast ion and corresponding weak acid fol-
lowed by a slow ion which forms an acid of very much
lower pK/ than the leading acid (3 or 4 pK units lower).
Since the Tiselius cell has two channels, two such experi-
ments were sometimes carried out simultaneously, the
anion with the higher mobility leading in one channel and
following the slower ion in the other.

Type 1: NaOAc, HOAc(y) « NaCac, HCac-
(8)::NaCac(a)®® (Fig. 1).—In this system the
chemical reaction occurring in the 8y boundary is
Cac~ 4+ HOAc 2 OAc— + HCac. The pK; of
cacodylic acid is considerably higher than that of
acetic acid (Table I) and the reaction goes to
completion because the acetate ion produced is
carried out of the region in which the reaction oc-
curs. Since no acetic acid is left behind the mov-
ing boundary, the acetate constituent® mobility
in the v solution, #§ ., is obtained from the bound-

ary velocity by means of the expression

ﬂgAe = vﬂyx" (1)
where 87 is the volume in ml. swept through by
the boundary on passage of 1 coulomb of electric-
ity and «” is the specific conductance of the vy

phase. The cacodylate constituent mobility in the
B solution may be calculated from the expression
Bhye = PP @
if a sample of the B solution is removed from the
cell after the experiment for a conductance meas-
urement. Equations 1 and 2 are the forms to
which the moving boundary equation (equation 3
of the preceding paper®) for the acetate and caco-
dylate constituents reduces in this instance. The
acetate constituent mobility is given by the equa-
tion
che
RN ®
€oas t CHOAG
if the mobility of acetic acid is zero. The quan-
tities c¢loac and cgl* represent the molar con-
centrations of acetic acid and acetate ions and
#Hae is the mobility of acetate ion in the ¥ solu-
tion. Similarly

=Y e
UoAo = UoAc

8
CCao
_ oo @
cgne + CEBICM:

(13) The conventions used are the same as those in the preceding
paper.

(14) Molar concentrations are given the sign of the ion, e. g., cOAc
is negative and ¢HQAc, Which is one form or subspecies of the acetate
constituent, is also taken as negative, The acetate constituent con-

centration is ¢coAe + €HOAc ™ COAe-

=8
UOus = %Cao
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According to the theory the mobilities calculated
by means of equations 1 and 2 should check those
obtained using equations 3 and 4, respectively,
within the limitations of our knowledge of u},.,

y 8 8 8 15
COAcs GzIOAc' UCacs CCacy al’ld CHCAc_- R

Table II gives data for experiments with this
system which verify the theory. The concentra-
tions in the original solutions « and #, the bound-
ary displacements 97, the specific conductances
¥ and «#, and pHS,  are given in the footnotes
and in columns 1, 2, 3, 4 and 10. Columns 5 and
6 list, respectively, the acetate mobilities calcu-
latéd from the experimental data 987 and the
acetate constituent mobilities calculated from
equation 3 by using the known concentrations
cdac and cfios. and taking uf,. = —17.6 X 10-°5
cm.? volt—! sec.—! (Expt. 1). The agreement
between the data of these two columns verifies
equation 1.

The mobilities v#7x# (column 7) also agree
with the cacodylate constituent mobilities within
the experimental error (column 8). The values in
column 8 were calculated from equation 4, cf¢,.
being taken equal to ¢jga. and cZ,. (column 9),
being computed from the conductance of the 8
solution by using a graph of conductance versus
concentration of sodium cacodylate on the as-
sumption that the cacodylic acid in the 8 solution
has no effect on the conductance.

It is interesting to note that for strong elec-
trolyte systems the af boundary remaining near
the site of the initial boundary is always a dilu-
tion boundary, all ion species being diluted in the
same ratio. In the weak electrolyte system under
consideration, cacodylic acid is formed in the g
phase whether or not it is present in the « phase,
and since it is part of the cacodylate constituent,
the af boundary is not a dilution boundary.

If acetic acid is omitted from the ¥ phase
(Expt. 1 of Table II), we have the strong elec-
trolyte moving boundary system NaOAc (y)«

(15) In assigning values to the mobilities of the acetate and caco-
dylate ions and to the concentrations of these ions and of acetic
and cacodylic acids, the following assumptions are made. In the
first place, for solutions containing both the ion and uncharged acid
forms of the acetate (or cacodylate) constituent, it is assumed that
an individual acetate moiety in the ion form has the same mobility
as in the absence of the acid form, {. e., that the viscosity effect of
the acid is negligible, and that the acid form has zero mobility.
Thus, in the solution 0.05 molar in both sodium acetate and acetic
acid, if hydrolysis is ignored, an acetate moiety on the average is
assumed to spend half of its time as an ion with a mobility of —17.6 X
10-5 cm.? volt—! sec.~! (the mobility determined from moving
boundary experiments on 0.05 M sodium acetate solutions at pH
8-9) and the remaining time in combination with hydrogen as an
acetic acid molecule with mobility zero. Although we have no
means for measuring the mobility of an ion in the presence of the un-
charged acid, the conductance data give an indication of the vis-
cosity increase when the acid is present. The conductances listed in

column 3 of Table II for 0.05 M sodium acetate solutions decrease by
roughly 1% when the acetic acid concentration is varied from 0.0-

0.25 M. Finally in assigning values to cgc“ it is assumed that for

every molecule of acetic acid in the volume of the v solution replaced
by the B solution, a molecule of cacodylic acid is produced, whence

8 4
CHCac = CHOAc.
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NaCac (B)::NaCac(a), for which the expres-
sions vA%” and vf7«f give the ion mobilities,
udae and wud,. TFigure la shows the electro-
phoretic pattern for this experiment while Fig.
1b illustrates the decrease by one-half observed
in the 8y boundary velocity when acetic acid and
sodium acetate are present in equal concentra-
tion in the y phase. Since «¥ (column 3) changes
by only 0.3%, when the acetic acid concentration
is increased from zero to 0.05 M, the mobility
2% decreases by one-half within the limits of
accuracy of the data in column 5.

Figure 1 shows that the o8 boundary remaining
near the site of the initial boundary undergoes a
small backward displacement. The moving
boundary equation predicts this movement which
results from the change in relative mobilities of
sodium ion and cacodylate constituent across the
boundary.

TABLE I

MopBILITIES OF ANIONS AND CATIONS AT O ° AND TITRATION
CoNsTANTS (pK[) FOR THE CORRESPONDING ACIDS AT 25°

% X 105 cm.? volt ~! sec, =1
Symbol 0.1 s
Ion in text equivs./l. 0.05 0.01 ?K,
Sodium?® Na 22.23 23.2¢ 24.84
Chloride?® Cl1 —37.03 —38.25 —40.40 ...
Formate? Form —25.0 ~—26.1 —28.3 3.6
(—26.3)°
Acetate? OAc -16.6 —17.7 —-19.5 4.7
(—17.6)°
Monochloro- M —16.3 —17.3 —19.2 2.9
acetate?
Trichloro- T —13.6 —14.8 —16.2 0.9
acetate?
Lactate? L —13.1 —14.2 -16.3 3.8
(—14.3)°
Cacodylate® Cac —-10.1 —11.4 —13.2 6.2
Phosphate® H.PO, —12.0 —13.4 -15.7 6.8
(monobasic)
Phosphate® HPO« —20.2 -22.3 ... 12.3¢
(dibasic)
Dietbhanolamine DEH 11.4 13.0 16.3 9.0
H
Triethanol- TEH 9.1 11.0 13.8 7.9
amine H?

¢ Moving boundary method, E. A. Anderson, Disser-
tation, University of Wisconsin, 1949. ? Assuming addi-
tivity of ion conductances of sodium or chloride salt.
¢ Moving boundary method. ¢ Constant for ionization
of monovalent phosphate ion. ¢ Constant for ionization
of divalent phosphate ion.

If cacodylic acid is included in the « phase
(Expt. 2, Table II), we have the system NaOAc-
(v)eNaCac(B)::NaCac, HCac(a). As in Expt.
1, ion mobilities are obtained from the 8y bound-
ary displacement. No cacodylic acid appears in
the B solution and hence a large pH gradient
occurs across the af boundary. Similar results
have been found in other experiments of this
type involving acetate-butyrate and acetate—
propionate systems. These experiments show
that by means of a potential gradient it is possible
to obtain a pure solution of the ign form of the
constituent from a solution containing the ion
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TaBLE 11
DATA FOR THE SvsTEM NaOAc,® HOAc(y) < NaCac,” HCac(8): : NaCac(HCac)®(a)
Expt. 1 2 3 4 5 6 7 8 9 10 11
Cloas  #P7 X 108 7 x 108 #8 x 100 2Q, X 105 aZ,, x 105 28 x 105, a8  x 10 &, puf  puP
obsd. theor. obsd. theor. obsd. obsd. theor.
1 0 —~89.0 1.978 1.310 —-17.6 -17.6 -11.7 -11.7 -0.0387 8.5
2b 0 -89.0 1.978 1.310 -~17.6 -17.6 -11.7 -11.7 - .0387 8.5 ..
3 -0.01 —-74.5 1.976 1.235 -14.7 —~14.7 - 9.2 - 9.3 - .0368 6.7 6.7
4 - 05 —44.5 1.972 0.963 - 8.8 8.8 - 4.3 — 4.4 - .0278 5.9 5.9
5 - .10 —-380.0 1.967 0.686 - 5.9 5.9 - 2.1 - 2.1 - .0194 5.5 5.8
6 - .15 -23.0 1.959 - 4.5 4.4 .. ... L
7 - .26 —15.0 1.953 - 2.9 2.9 ... L.
o CRaore = 0.05 M and Cgacae = 0.15 M in all experiments. ® Cfcac = =—0.15 M in Experiments 2 and 7.

In all other experiments CHcas = O.

and uncharged acid forms in equilibrium,*

From the weak electrolyte theory it is possible
to predict the composition of the 3 solution and
hence pHA. One cacodylic acid molecule is
produced for each acetic acid molecule in the
volume of solution which is replaced by the 8
solution, and, therefore, c¢&c.. = choae the latter
value being known.’® Furthermore, &, may be
calculated from the expression (see equation
(11) of the preceding paper)

8
CCac =
4 y 8 8 ¥ ¥ Y )8
CHOAc (uOAc UNa — UCac uNn) + C0Ac (uOAe - uNa)uCne

(ugne - ugn) ugAe

(6

where ud 5., %24, #l, and 4%, are ion mobilities.
To evaluate ¢, by means of equation 5 a
method of successive approximations must be
used. As an example, suppose that cHos. =
cdac = —0.05. The relative mobilities of sodium,
acetate and cacodylate ions at 0.05 M concen-

—-0.04

~

-0.02

CCx;c

.
0 O

0 -0.1 -0.2

cHC?Ae‘
Fig. 2.—Plot of dependence of ¢’ upon cudy, for the
system NaOAc(0.05), HOAc(y) = NaCac, HCac(B)::
NaCac(a) experimental curve, —; theoretical curve, -------.

-0.3

(16) Cf. Consden, Gordon and Martin, Biochem. J., 40, 33 (1946).
The authors point out that movement of the charged forms of amino
acids away from the uncharged forms under a potential gradient will
complicate the separation of individual acids from mixtures durihg
ionophoresis in silice jelly if the system is not well buffered through-
out to maintain a constant pH.

tration are used to obtain an approximate value
for cf,.. The calculation is repeated by using the
mobilities of sodium and cacodylate ions at this
concentration relative to that of sodium in a
0.05 M solution to obtain a second value for ¢,,.
The process is repeated until a constant concen-
tration is obtained.

In Fig. 2 c&,, determined by conductance
measurements, is plotted against cfjoac for cac =
—0.05 (solid line). This plot may be compared
with the curve constructed from equation 5 in the
manner just described (dotted line). The size of
the circles around the points on the curves in-
dicates the probable accuracy of the data. Equa-
tion 5 contains terms which are differences of
mobilities, and the error in the calculated value
of &, is approximately 5%, if the error in the
mobility values is approximately 19,. When
this is taken into consideration, it is apparent that
for acetic acid concentrations up to about 0.10
M, the experimental and theoretical curves are
in agreement. An examination of the electro-
phoretic patterns reveals that the 8 phase is not
homogeneous at concentrations above 0.1 M
and therefore, ¢}, calculated from «# would have
no significance. A diffuse boundary, barely
detectable when cfgse = —0.15 but quite pro-
nounced when cfigs. = —0.25 appears between the
af and Bv boundaries. This suggests convection
in part of the B region. In Table II the values
of v87, k¥ and the acetate constituent mobility
(columns 5 and 6) agree within the experimental
error even at high acetic acid concentrations and
in all experiments a steady state moving bound-
ary is formed. This is still possible as long as
the inhomogeneity in the 8 phase does not ex-
tend right up to the moving boundary.

Columns 10 and 11 of Table II list, respectively,
the measured values of pH# and those calculated
from the predicted composition of the 8 phase by
means of the relation

PHB = pKiicas + 108 (cB,e/Bicac) ®)

Values for ¢2,. from the dotted curve of Fig. 2
which is based on equation 5 are used.
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From equation 5 it is predicted that ¢&,. be-
comes zero at a definite concentration of acetic
acid (dotted curve, Fig. 2). However, in the
derivation of the equation it is assumed that the
ionization of cacodylic acid is zero. Actually
there will always be some cacodylate ions in the
B phase because of the ionization of cacodylic
acid.

In order that boundaries of the type discussed
above may move in a steady state, the conditions
illustrated by the graph in Fig. 3 of the preceding
paper must be fulfilled. These conditions which

a BY *p
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Fig. 3.—Patterns for the system NaOAc, HOAc(y) +
NaL, HL, HOAc(8)::NaL(e): coke = =—0.05 and
¢f = —0.10 M for all experiments. cuga, is (a)
~-0.03, (b) —0.01, (c) —0.005, (d) 0.0 . 40 coulombs of
electricity passed in each experiment.

are expressed by equation 16% depend upon the
ratio of ion to acid concentration in the phase
into which the boundary moves, the ionization
constants of the two acids, and the relative mobil-
ities of the cation and of the two anions. The
graph may be considered to consist of four quad-
rants divided by lines rgr/7rs = 1 and pKHs —
pKur = 0. The leading and indicator anions
are designated as R— and S—. For the acetate—
cacodylate system, pK#oae — PKicee = 1.5
and 7oac/7cac ~1.5. These values are represented
by a point in the upper right hand quadrant in
which one would always expect a steady state
boundary yielding the constituent mobilities.
Experimentally, this is found to be true for acetic
acid in the concentration range zero to 0.25 3.
Similar results were obtained for the system
NaForm, HForm (y)«NaCac, HCac(B)::Na-
Cac(a). If acetate—cacodylate boundaries are
formed in both cell channels, the system obtained
in the second channel is NaCac, HCac(a)—
NaOAc, HOAc(B): NaOAc('y) In this ex-
ample PKHOAc — pKtcae = —1.5 and rcec/
roac~0.7 (lower left quadrant). As predicted by
the graph, a steady state boundary yielding con-
stituent mobilities is not obtained.

Type 2: NaOAc, HOAc(y)«NaL, HL(B)::
NaL(«a).—Here pKfir — pKtioac = —0.9 and
roac/rL ~ 1.2 (lower right quadrant). Equation
16 indicates that if the ratio cgs./clioac iS less than
29, a steady state boundary will not be ob-
tained. Experimentally, it is difficult to say
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for exactly what ratio spreading occurs with time
because there is a gradual change from a sharp
to a diffuse boundary as ¢4, is increased (Fig. 3).
However, the boundary quite definitely spreads
when cfac/clioac £ 5 (Figs. 3a and 3b) and moves
as a steady state when ca./clioa. S 10 (Figs. 3c
and 3d). Similar results are observed for the
system NaForm, HForm(y)«—NaM, HM(g)::
NaM(«), which also falls in the lower right quad-
rant. Spreading definitely occurs when ¢ m/
Clirorm < O. This observation is in qualitative
agreement with equation 16 which predicts spread-
ing when the ratio is 2 84. For this type of
experiment, if the concentration of the leading
acid is high enough, one would expect an incom-
plete chemical reaction in the 8 phase and hence
an inhomogeneous solution because pKfHr >
pKus. In Figs. 3a and 3b the very diffuse trail-
ing edge of the moving boundary looks like a par-
tially separated secondary boundary. It is pos-
sibly a result of the incomplete reaction of lac-
tate ions with acetic acid.

Type 3: NaL, HL(a)«NaOAc, HOAc(B)::
NaOAc(y).—For this system pKfoac — pKhL =
0.9 and r./roac~0.8 (upper left quadrant).
Equation 16 predicts that ¢ /cfy; should be less
than 2.6 if a steady state boundary is to be ob-
tained. Again, experimentally the exact transi-
tion point is hard to determine because of the
gradual change from a sharp to a diffuse bound-
ary as c%p is decreased. Figure 4 shows the
schlieren patterns for four experiments over a
range of cfj; values. The boundary moves in a
steady state yielding the lactate and acetate
constituent mobilities when c¢/¢fcfiy 2 5 (Figs.
4a and 4b) although when the ratio is 5, a shoulder
is apparent on the trailing edge of the peak (Fig.
4b). Spreading is observed when cf/cf; S 10
(Figs. 4c and 4d). Figure 4d (c¢% = 0) is the
pattern for a strong electrolyte experiment in
which the faster ion follows the slower with the
result that the boundary rapidly spreads. The
system NaM, HM(a)«—NaForm, HForm(g)::

o

L
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c By =B

I

d e «f
—>d
Fig. 4—Patterns for the system NaL, HL(«) <= NaOAc,
HOAc(B) :NaOAc(y) ¢xd = 0.05 and ¢y, 5, = 0.025
in each experiment: ¢fy is (a) —0.05, (b)— 0.01, (c)
—-0.005, (d) 0.0 M; 40 coulombs of clectricity passed in
each experiment.
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NaForm(v) is of the same type, and the boundary
moves in a steady state when c/chvm = 2. As
in the preceding example these results are in
qualitative agreement with equation 16, which
predicts sharp boundaries when the ratio is Z0.8.

In Table III is found a comparison of the con-
stituent mobilities, cf,, and pH? obtained in the
experiment of Fig. 4a with the values calculated
by using equations 3, 4, 5 and 6. The agreement
verifies the theory for this case. It is interesting
that although the conductance of the B8 phase is
higher than that of the « phase (and hence that
the acetate constituent mobility is greater than
the lactate constituent mobility) a steady state
moving boundary is obtained. This illustrates
the point that for such weak electrolyte systems
the quantity which will determine whether or not
a boundary will spread is the relative magnitude
of the product of constituent mobility and po-
tential gradient in the two phases rather than that
of the constituent mobilities themselves.

TaBLE III

DATA FOR THE SYSTEM NaL(0.05), HL(0.05) (@) < NaOAc,
HOAc(8)::NaOAc(y)

Obsd. Theor,
a8, X 108 —9.4 ~9.4
aF X 108 -7.2 -7.2
Bre ~0.061 ~-0.062
pHP 4.8 4.8

TABLE IV

DATA FOR THE SysTEM NaOAc(0.05), HOAc(3) <= NaT,
HOAc(NaOAc)(y) < NaT(8): :NaT(a)

8 [
(X108 g8 % 108
Expt. Ei{OAc py8xd X 108 Hoa theor. OA:heor.
1 0 -~17.6 -17.6 .
2 -0.05 -16.5 —-17.6 -8.8

Type 4: NaOAc, HOAc(8)«—NaT, HOAc-
(NaOAc)(y)«NaT(8)::NaT(a).—In the exam-
ples considered up to this point, the ionization
constants of the acids involved have been such
that complete or at least partially complete
chemical reactions can be expected. However,
for this system, pKit — pKioac = —3.8, and
therefore the chemical reaction proceeds to an
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Fig. 5.—Patterns for the systems (a) NaOAc (0.05),
HOACc(0.05)(8) < NaT, HOAc, (NaOAc)(y) < NaT
(B)::NaT(a), (b) NaForm(0.05) HForm(0.05)(8) <— NaT,
HForm, (NaForm)(y) <= NaT(g8)::NaT(a); 30 coulombs
of electricity passed in each experiment.
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insignificant extent. The behavior of the +3
moving boundary can be explained on this basis.
A steady state moving boundary is obtained
(Fig. 5a) and the value for the v7%°® product is
lower than the acetate ion mobility but higher
than the constituent mobility (Table IV, Expt.
2). If no acetic acid is present (Expt. 1), the
acetate ion mobility is obtained. In Expt. 2
the trichloroacetate ion can be considered to move
through the 8 phase without reacting appreciably
with acetic acid. The resulting system is some-
what analogous to strong electrolyte systems in
which the slower ion follows the faster and a steady
state moving boundary is obtained.

The resemblance to a strong electrolyte system
is, however, not complete. In the first place,
the acetate constituent does not disappear across
the moving boundary and therefore the v7%?
product does not represent the mobility of the
acetate ion. If the moving boundary equation
is solved, it is seen that the amount by which the
experimentally measured v7%?® is lower than u},,
depends on c¢}a.. This concentration is very
small and the velocity of the 48 boundary is
about 5% lower than that of the acetate ions
(Table IV). In the analogous experiment with
formate constituent leading (Fig. 5b), chorm iS
higher because of the higher degree of ionization
of formic acid, and the velocity of the «vé bound-
ary is 30% lower than that of formate ions. It
should be noted that in both experiments one
constituent, trichloroacetate, does disappear
across the 8 boundary. Consequently its mo-
bility is given by %% = v7%~. This value should
closely approach the trichloroacetate ion mobility
if the chemical reaction with the leading acid is
negligible.

Another difference between these systems and
the strong electrolyte three ion case is that be-
cause of the dissociation of the weak acid in the
v region, a second boundary (the By boundary)
might be expected to form and move with the
acetate or formate constituent mobility. Experi-
mentally, a very diffuse area extending the whole
distance between the v6 and a8 boundaries is ob-
served in both the acetate and formate experi-
ments (Fig. 5). This indicates that the bound-
ary forms, but that it diffuses very rapidly.
The inhomogeneous solution between the end
solutions is indicated as v-8 in Fig. 5.

Systems Involving both Monovalent and Di-
valent Anions: KI(0.15) (a)«—K.HPO4B)«K,-
HPO4, KH2P04(’)’) : KQHPO4(0025), KH2P04-
(0.025) (8).—1In this system two moving bound-
The faster bound-
ary is very sharp and in Fig. 6a the upper part
of the peak is cut off. The leading ion, iodide, is
the anion of a strong acid and has a higher mo-
bility than divalent phosphate ion. The value of
vehgf is —22 X 10-*% cm.? volt—! sec.”! which
corresponds to the mobility of divalent phos-
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phate ion in a pure potassium dibasic phosphate
solution of a concentration equal to that cal-
culated from «f on the assumption that only the
divalent form is present in the 8 solution. The
pH of a sample withdrawn from the 8 phase is
about 8.7 which indicates that 999, of the phos-
phate constituent in this phase is in the divalent
form. It is likely that the 8 solution in the cell
contains only divalent phosphate ions, the low
pH being accounted for by the absorption of
carbon dioxide from the air into the poorly buf-
fered sample during its withdrawal and transfer
to the pH cup.

Since the phosphate constituent does not dis-
appear across the By boundary, the value of
v#7xr is not a constituent mobility. Experi-
mentally, this value is about 159, higher than
would be expected for the monovalent phosphate
form. In all experiments the monovalent and
divalent phosphate ions were present in equi-
molar concentration in the § phase, and it was
observed that pH” = 6.8 = pH?, which indicates
that the v8 boundary is a dilution boundary.

This experiment illustrates the same type of
behavior as Expt. 2 of Table II. In the phos-
phate experiment the application of a potential
results in the formation of a phase of potassium
dibasic phosphate from an equilibrium mixture of
the divalent and monovalent forms, while in
Expt. 2 a phase of sodium cacodylate is formed
from an equilibrium mixture of ion and uncharged
acid.

If potassium iodide is present in all phases, two
moving boundaries are still observed (Fig. 6b).
This system is analogous to an ascending protein
boundary. The value of v*%F is —19.6 X
105 cm.? volt—! sec.—* which is the mobility to
be expected for divalent phosphate at the ionic
strength of the 8 phase. The pH of a sample of
the B phase is 8.7, as found in the preceding
system.

Figures 6¢c and 6d show the schlieren patterns
for experiments with solutions containing mono-
valent and divalent succinate and oxalate ions,
respectively. In these cases the refractive index
gradient does not parallel the density gradient
at all of the boundaries, with the result that in-
verted peaks are observed.

Systems Involving Weak Bases.—These sys-
tems are the same as the weak acid systems ex-
cept that cations instead of anions take part in
the chemical reactions. Therefore, the weak
electrolyte theory should apply to them equally
well. Experimentally, this is found to be the
case. The following experiment, involving di-
ethanolamine (DE) and triethanolamine (TE)
illustrates the behavior of a weak base system:
TEHCI(e)::TE, TEHCI(8)—»DE, DEHCI(7).
The reaction DE + TEH+t2DEH* + TE goes to
completion because the pK; of the leading cation,
DEH*, is considerably higher than that of TEH+
(Table I). In contrast, for the analogous weak

Moving BOUNDARY SYSTEMS FORMED BY WEAK ACIDS AND BASES

2373

o
le] ¥ ¥
- ‘a l
—

2l
b ¥ pY
—q
Y By «p

—q ‘V
d ¥s o ”
_A _

—d
Fig. 6.—Patterns of the systems: (a) KI(0.15)(a) <
K:HPO,(8) <« K,HPO,, KH,PO,(y)::K,HPO,0.025),
KH,PO4(0.025)(3); (b) KI1(0.20)(a) « K;HPO,, KI(8) «
KsHPO,, KHyPO,, K1(v)::KsHPO4(0.025), KH,PO,(0.025)
KI(0.05)(8); (c) NazS04(0.10)(a) < NasSu(B) < NasSu,
NaHSu(y) ::Na,Su(0.03), NaHSu(0.03)(3), (Su, divalent
succinate ion); (d) NasS04(0.10)(e) <+ Na;C0.(8) +
K2C204, KHC204(",') ::K2C204(0.04), KHC204(004) (5)

acid systems, it is desirable that the uncharged
acid form of the following constituent have the
higher pK}.

When diethanolamine is present only as the
hydrochloride in 0.05M concentration in the
v solution, the mobility calculated from the
boundary velocity and «¥ is 13 X 10-% cm.?
volt~! sec.~!, When the solution contains free
diethanolamine in 0.050/ concentration, the
mobility is 6.5 X 107% c¢m.? sec.~! volt—! (con-
stituent mobility). The values of ¢85y calculated
from the equation

8
CTEH =

Y 4 8 8 Y. Y Y v
c3g (4dem #c1 — #rpn 48) + pn (Udpr —4 &) ugEH

.(ugEH - “gx) ulgn
@

are 0.045 and 0.040 for the above cases where free
diethanolamine is present in the v phase in zero
and 0.05M concentrations, respectively, as com-
pared to the values 0.045 and 0.040 for By
calculated from conductance measurements on
the B phases. The assumption is made that
cbe = chg (¢f. the acetate—cacodylate experiments
discussed above).

The theoretical triethanolamine ion and con-
stituent mobilities in the B phases formed in the
two experiments are 11.3 X 107% and 5.2 X
10—% cm.? volt—! sec.”), respectively, as com-
pared to the values 11.4 X 10-% and 5.3 X 10-¢
cm.? volt—! sec.™! obtained from the boundary
velocity and «f. The observed value of 8.0
for pHf in the experiment where ¢y = 0.05
agrees with the theoretical value calculated from
A

Discussion

The experimental results show that the weak
electrolyte theory developed by Alberty® predicts
the behavior of moving boundary systems in-
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volving two uncharged acids or bases and their
monovalent salts. For cases in which a chemical
reaction goes to completion in the moving bound-
ary with the result that eaeh constituent dis-
appears across it, the mobility values calculated
from the boundary velocity and the conductances
of the phases separated by the boundary agree
with the theoretical constituent mobilities within
the experimental error. Thus the moving bound-
ary method can be used for the experimental
determination of constituent mobilities as long
as a steady state boundary is formed in which the
chemical reaction is complete. It should be noted
that the theoretical constituent mobilities are
obtained by substituting the mobility of the ion
and the concentrations of ion and uncharged form
into the defining equation (e. g., equation 3 for
acetate constituent). This assumes that the
mobility of the ion form of the constituent is not
affected by the presence of the uncharged mole-
cules.

The conditions under which steady state bound-
aries are expected may be obtained from the
theory. The experimental results agree qualita-
tively with the theory, although the specific
experimental conditions for which the boundary
ceases to move in a steady state do not exactly
coincide with those predicted theoretically. This
is not surprising, since the titration constants are
assumed to be independent of concentration and
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since the theory assumes constant relative ion
mobilities.
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Summary

The moving boundary equation for weak
electrolytes has been verified for systems con-
taining weak acids and bases which dissociate to
give monovalent ions. Depending upon the
relative values of the ionization constants and
of the ion mobilities concerned, chemical reactions
may occur in the moving boundary systems. If
these reactions go to completion, the experi-
mentally determined mobilities (v« products)
are identical with the constituent mobilities.
Thus for the system NaOAc, HOAc(y)«—NaCac,
HCac(B)::NaCac(a), the experimental value,
v87x7, is identical with the acetate constituent
mobility given by the equation s, = %4daccdac/
(cdac + clioac). In contrast to the strong elec-
trolyte case, the theory predicts and the experi-
mental results confirm that, for weak electrolyte
systems, steady state moving boundaries may be
obtained even when the boundary is followed by
the ion of higher mobility.
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Hydrogen Cycle Cation Exchange for Heteropoly Acids and Salts*

By Louls C. W. BAKER, BERNARD LoOEV aAND THoMAS P. McCUTCHEON

This investigation was carried out to determine
the feasibility of preparing free heteropoly acids
from their salts by use of a cation exchange resin.
It was expected that the behavior of the hetero-
poly anions in the presence of a cation exchanger
would throw some light on the equilibria existing
in the solutions. In addition to their well-known
uses® 23 free heteropoly acids are, because of their
great solubility, frequently advantageous inter-
mediates in the preparation of heteropoly salts.45

A high capacity sulfonic acid type cation ex-
change resin was chosen because heteropoly acids
are usually strong and often easily reduced. This
resin possesses only strongly acidic functional
groups, has practically no reducing power, and,
if used properly, does not store anions from the

* We wish to thank the Committee on Advancement of Re-
search of the University of Pennsylvania for a grant which helped to
make this work possible,
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regenerant for later release to the solutions being
put through the column.

Several well-known heteropoly salts, representa-
tive of types suggested by their possible behaviors
in the presence of a cation exchange resin, were
prepared. Analyses, to establish the identity of
the heteropoly ions, were performed in most
cases. Following the suggestion of Illingworth
and Keggin,? powder X-ray patterns of all salts
were taken to enable easy identification when they
were re-formed in later stages of the work.®

Solutions or suspensions of the salts were passed
through a column of exchange resin. The pH’s of
the resulting heteropoly acid solutions were de-
termined, and aliquots of the solutions were ana-
lyzed for the constituents of the heteropoly an-
ions. In each case an attempt was made to re-
form the original heteropoly salt from the acid
solution by metathesis. The powder X-ray pat-
terns of the salts so formed were compared with
those of the parent salts. The general absence of

(8) These X-ray patterns will appear in the third supplement
to the A, 8. T.M. Powder X-Ray File,



