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Equations are derived for the calculation of the total cell e.m.f. of cells where
formation of strong complexes takes place at [A*]=C M constant. This can be
defined at 25°C as

Ey=Ey +(59.16/z;) log ¢; fyrsa + Ep + Eps

Here, ¢, is the concentration and z; is the charge of the potential determining
ion J, TS2 denotes the terminal solution 2 (i.e. the test solution), f; is the activity
coefficient of ion J around the measuring electrode, Ep is the ideal diffusion
potential, Ep; is the contribution to the activity factors to Ep. The cells have
liquid junctions of constant ionic medium type: AY|AY +HY +BY 4+ A L.
They are assumed to contain equilibrium solutions which exist in the system
HY-BY . -A,L in the jonic medium (A*,Y"). Here, L”~ denotes the ligand.
E,, is an experimental constant. The cells have indicator electrodes reversible for
the B*®* (cell B’) and H* ions (cell H), respectively; B®* is the central
metal ion.

The dissociation of the complexing agent HL and H,L has been studied. The
usefulness of the derived potential functions is proved on the H*-H ascorbate™

and H*-acetate™ systems as some examples.

This work is Part 6A of this series. The earlier parts can
be found in Refs. 1-6. Symbols and definitions used
throughout this series are defined in Ref. 1. Symbols and
definitions used in equilibrium systems are given in
Ref. 5 (Part 5).

In the following parts of this series, we shall consider
cells in which complex formation takes place under differ-
ent experimental conditions. Considering the concentration
conditions generally used in potentiometric titrations, the
concentration of the ionic medium chosen is much larger
than the concentration of the other components. The
ligand is also generally present in large excess. Thus, the
reacting species are often present only in trace concentra-
tions and it is generally believed that the total potential
anomalies, in such cells, can be neglected. This hypothesis
will be tested in the present paper.

In Refs. 1-4 cells containing mixtures of strong electro-
lytes have been studied realizing different experimental
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conditions: [A*]=CM, constant, [Y ]=CM, constant,
and /=C M, constant, respectively. The total potential
anomalies, AEj, have been calculated and compared with
the measured ones for these cells containing different mix-
tures of HCIO,+ Cd(ClO,),+NaClO,. The agreement
was good between the calculated and measured AE; values.
It means that the calculation method used describes quite
well the total potential anomalies appearing in e.m.f. cells
with liquid junctions of constant ionic medium type. On
the basis of these results, it is assumed that the same
method can be used for the calculation of AE) in cells
where complex formation takes place as well.

It is assumed that strong complexes of any kind can be
formed in the test solution with a ligand which may be the
anion of a weak or strong acid, as defined in Ref. 5. The
deduction of the potential functions Ep, Epe, AEy, AEy,
in a general form, for cells with complex formation, is
presented in Ref. 5. Here, we shall follow this general
treatment.

Approximate potential functions will be suggested for
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the preliminary treatment of e.m.f. data, taking into
account, first, only the potential contributions of the H*,
B=®* L*", A* and Y~ ions to AE,. Then a procedure
will be suggested for the refinement of the preliminary
chemical model and equilibrium constants.

The definition of the complex formation reactions and
the cells studied is given in Ref. 5. The composition of
the test solution and of the transition layer is also
given there.

The titrations can be carried out in different ways.
Some possibilities are summarized in the Appendix of
this paper. It is important to realize that the different
ways of making the titration will result in quite different
data sets. The point is that the equilibrium concentration
of the undissociated acid H, L is different in the different
titrations. These uncharged molecules isolate the ions
from each other differently in the test solution. Therefore,
the ionic molar conductivities can be very different in
the different titrations, resulting in systematic errors of
different magnitude. This effect has not been recognized
previously. The proof of this hypothesis will be given in
a forthcoming chapter.

The determination of the constants Eyy and E,y should
be done as described in Ref. 1.

We derive the equations for the case when A L was
used as a complexing agent at constant or varied concen-
trations. For other cases (using H,L and AOH), the
term yL should be replaced by caont, the total concen-
tration of the alkali metal hydroxide used, in the func-
tion cy.

The ionic strength in the test solution is

I= C+(1/2)(h+AcY+ Y bzt + Y niz;
k i

LYo +bz%,+1zi) )

The necessary functions for the calculation of the poten-
tial terms Ej, and Eps, moreover, for the total cell e.m.f.
Eg and Ey, considering the functions derived in Parts 1}
and 5,5 are presented below.

Survey of the potential functions for the
HY-BY ,5)-A L-AY system

1. The calculation of the ideal diffusion potential term,
E,. The complete function for the description of the
potential contribution Ep, is given by eqn. (28) in Ref. 5.

TS2
Ep = —(g/2.303) J (1/N)
TS1
X {{iHh +hgb + Y (hpuspix™1) =Ml
— Z (kaukaxukfl) - z (KNju',-njxuf~l)} dx
k=2 i

P aadet dc¢} (2a)
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where the potential contributions of the ions of the ionic
medium is

Aadck =0,  —Aydet= —AyAcydx (2b)

In the function N, given by eqn.(29a) in Ref. 5, the
coefficient w and the term @ appear. In the present cell,
they have the following values

u=CO\'A+)"Y) (3)
w=Ayh + Agzgh + Ayl + Ay Acy (4)

Substituting the values of ¢ and w for the eqn. (28) and
(29a) in Ref. 5, the integral defined by eqn. (2a), here,
can be obtained graphically.

1.1. The approximated function for Ep, suggested for the
preliminary treatment of the data. For the establishment
of the preliminary chemical model and equilibrium con-
stants, an approximate function can be used for Ep,
supposing only the species LY, Y, A", B*®* and H*
to be present in the test solution. This function is given
by eqn. (30) in Ref. 5. In this equation, the coefficient 8,
has the following value

n

0, = hygh + b — 2 ] — by Acy (5)

After the integration, eqn. (32b) describes the function
Ep in Ref. 5.

1.1.1. For small values of w/a we obtain, using the
approximation In[(w/a) + 1]x w/a, according to eqn. (33)
in Ref. §

Ep~ —gFy(Ayh + hgb — Aol — hyAcy) (6)
where
Fy,=1/[2.303C(As + Ay)] (7

1.2.2. As the considered ions represent a mixture of
strong electrolytes, the function Ep can also be integrated
in the same way as was already discussed for this case
in Ref. 1. Hence, Ej, can also be calculated on the basis
of the potential functions given below.

Ursy — Ursy =6, (8)

[cf. eqn. (16) in Ref. 1]

Stsa — Sts1 = hhy + bzghg + AyAcy + |z [ Ay =w 9)

[cf. eqn. (17) in Ref. 1]

Stsa = hhyg + bzghg + C(hy + Ay) + AyAcy
+lz |lho=w+a

Stsi=Chp +Ay)=a

(10)
(11)

2. The calculation of the contribution of the activity
coefficients to the diffusion potential, Ej,. The complete
function which describes the potential contribution Ep,
in this cell, is given by eqn. (34b) in Ref. 5. The ion
concentrations ¢, and c¢y, given there, moreover, the
dlog f; values for the different ions should be substituted
into this equation.

We define log f; in general, according to the specific



ionic interaction theory, SIT,”° cf. eqns. (25)-(28) in
Ref. 1. The reference state is chosen in such a way that
the trace activity coefficeints /> 1 as ¢;—»0in CM AY
as solvent. Hence, we can write for some intermediate
plane in the transition layer

log f; = —z{[D(I*) — D(C)]

+ [Z EJL)IF + Z EINjn¥ +E(J,Y )(c% — C)]

ca

+ [E(J,H)h* +EUB)b*+ Y é(J,Pi)p;":' (12)

an

Here, [...].. =the terms to be used if J is a cation
+[...Jan=the terms to be used if J is an anion.
The other symbols have the same meaning as in Ref. 5.
Considering eqn. (12) and the actual ion concentra-
tions in the transition layer, given in Ref. 5 and here, the
individual log f; values can be formed. At this procedure,
the interactions with the ions of minor concentrations
can probably be neglected, such as

&(H,Nj)n¥, &B,N)n¥, EAN)n}, &P, ,N)n},
E(P.,Y)p¥, &L, H)*, &P,L)p¥, &H,Np)AI*,
g(Pi,Nj)Pz*a E(H,Y )h*.

Therefore, we obtain e.g. for the H* and B*®" jons,
assuming that the ion interactions mentioned above are
negligible

log fu~ —[D(I*) — D(C)]

+ Y 8(H,L)bx™ + 8(H,Y )xAcy (13a)
k

dD(I*)
dlog fy ~ |:— d(x

+ Y &(H,Ly)u x4V
k

+ é(H,Y)AcY:I dx (13b)

log fy ~ —z§ [D(I*) — D(C)]

+ Y &B,Ly)x", + &B,Y )xAcy (14a)
k

dD(I*
dlongz[—zf; )

dx + zk: E(B,Lk)lkukx(“"fl)

+ é(B,Y)AcY] dx (14b)
Here, D(I*) is the Debye-Hiickel term expressed with
the ion concentrations in the transition layer. The dlog f;
values, for the other ions involved, can be obtained in
the same way. Substituting these values into eqn. (34b)
in Ref. 5, the function Ep, can be integrated graphically.

2.1. The suggested approximate function for Ey;, for the
preliminary treatment of the data. For the preliminary
treatment of e.m.f. data we can suppose, again, that only
the ions H*, B*®* 1>~ Y~ and A* should be consid-
ered when we calculate the potential contributions to
Ep¢. The approximated function can be obtained by the

LIQUID FUNCTION POTENTIALS

integration of eqn. (35a) in Ref. 5. The functions ¢,(x),’
¢3 and 05 are included in this equation. These have the
content given below in this cell.

O1(x) ~ x(—hhy — z3bAg + Acy by + Y2Ny)
+ Clhy — Ay) (15)
b > Mg [E(H,L)! + 8(H,Y )Acy]
+ bAS[E(B,L)! + &(B,Y )Acy]

— Acy Ay [E(B,Y )b + E(H,Y )]
— IV [E(H,L)h + &(B,L)5] (16)
0, ~ CAA[E(A, L) + 5(A,Y )Acy]
— CMy[8(B,Y )b + &(H,Y )] (17)

After the integration of eqn. (35a),® the function Ep is
given by eqn. (31) in Ref. 1.

2.1.1. For small values of w/a, we can use the form
given by eqn. (36) in Ref. 5. Hence, we have

Epe~corr — g1, [8(A,L)] + &(A,Y )Acy]

+ gty [8(B,Y )b + &(H,Y )A] (18)
where
Ia=ha/(Aa+MAy) and ty=7Ay/(hs+2hy) (19)
and corr is given by eqn. (32) in Ref. 1.

3. The total e.m.f. of cell B with an amalgam indicator
electrode and for small values of w/a. For the preliminary
treatment of e.m.f. data, we can use the approximated
functions obtained for Ep and Ep, for small values of
w/a, given by eqns. (6) and (18), respectively. Hence, we
can write, considering only the species H*, B=®* 1~
A" and Y~ to be important in the test solution

Eg >~ Eog + (g/z) log b — gzg[D(I) — D(C)]
+ Y, O(B,V)V +corr (20)

where V' denotes all the changing concentration terms
appearing in eqn. (20) (b, 4, I, Acy). Q(B, V) is a function
with constant value, in terms of some interaction coeffi-
cients and ionic molar conductivities measured in TS2 in
equilibrium.

In the present cells studied, the different Q(B,V)
functions in eqn. (20) have the follwoing values

Q(B,h) = —ghuky + gtyE(H,Y) (21
Q(B,b) = —ghg Fy + g1yE(B,Y) (22)
Q(B,]) = (g/z8)&(B,L) + ghFy — g1,&(A,L) (23)

OQ(B,Acy) = (g/z)&B,Y) + ghy Fo — g1A8(A,Y)  (24)

The function F, is defined by eqn. (7). Moreover, we
have

AEy= —gzg[D(I) — D(C)] + Y, Q(B,V)V +corr  (25)

According to the treatment presented above, eqn. (20)
is the correct function for the calculation of the free,
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equilibrium concentration of the metal ion, b, for small
values of w/a. This can be done by successive approxi-
mation in the knowledge of Ey,z and the functions
Q(B, V). The determination of the constant Eyg is discus-
sed in Ref. 1. It is important to remember that a condi-
tional constant, denoted either Eqp, or Eops and Egy in
Ref. 1, cannot be used here. The estimation of the
functions Q(B, V) will be used in a following section.

As is seen, the term AEg depends on the ion concentra-
tion and the deviation of the anion concentration of the
ionic medium from the composition of the ionic medium,
and not on total concentrations.

In eqn. (20), the term corr gives ouly a minor contribu-
tion to AEy if the composition of the ionic medium is
not changed drastically. It has been proved to be negli-
gible, e.g. in the cell containing mixtures of strong
electrolytes with the experimental condition [A*]= C M,
constant (cf. Ref. 1). For the estimation of the term corr,
the knowledge of the trace (tr) ionic molar conductivities
for the dominating species in the equilibrium solution,
such as Aff, Mf and A", is necessary. We can try to get
this information in the ways as as to be discussed in the
following section. The estimation of the term corr has to
be made for a titration where C and the maximum values
for By and L are used during the study of complex
formation.

The equations derived above are valid also for the
case where the ligand is an anion of a strong acid. When
using the functions presented above for the estimation
of AEg and Ej, the poles of the cell must be considered.
For cells which have poles opposite to those ones defined
here, for cells B and H, the function Ez must be taken
with the opposite sign.

4. The total em.f. of cell H with a H* ion-sensitive
indicator electrode and for small values of w/a. For the
preliminary treatment of e.m.f. data we can derive an
approximate function for Ey, using the same reasoning
and conditions as under Section 3. Hence, we obtain

Ey~Ey+glogh—g[D(I)— D(C)]
+ Y Q(H,V)V +corr (26)
|4

Here, V denotes the variables we have defined in Section 3
and Q(H,V) denotes a function with constant value,
again, in terms of some interaction coefficients and ionic
molar conductivities measured in the equilibrium solu-
tion. The functions Q(H, V) cannot be determined experi-
mentally, but they can be calculated. Those ones valid
for the present cell are presented below.

O(H,h) = —ghuFy, + gtyE(H,Y) (27)
O(H,b) = —gh Fy + gtv&(B,Y) (28)
O(H,!) = g&(H,L) + gh  Fy — g1sE(A,L) (29)
Q(H,Acy) = g&(H,Y) + ghy Fo — 81,8(A.Y) (30)

Moreover, we have
AEy= —g[D(I)— D)+ Y, Q(H,V)V + corr (31)
14
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If it was found in some separate experiments that the
cell em.f. is influenced by the presence of the H,L
molecules as well, eqn. (26) should be extended as follows

Ey=Eoy +glogh—g[D(I)—D(C)]
+Y Q(H,V)V +SL(H,acid)[H,L] + corr  (32)
v

where [H, L] denotes equilibrium and not total concentra-
tion. The slope function SL(H,acid) stands for the slope
of the plot Ey—glog[H*+g[D(I)— D(C)] versus
[H,L], at constant [HY ] and [A*]= CM, constant. It
should be noted that the magnitude of this slope depends
on the way the titration is carried out.

According to the treatment presented above, eqn. (26)
or (32) is the correct function for the calculation of the
free, equilibrium concentration of the H* ions, A, for
small values of w/a. This can be done by successive
approximations knowing Egy and the functions Q(H, V).
The determination of the constant Egy is discussed
in Ref. 1.

We should remember that a conditional constant,
denoted either Egy, or Egyp and Egy; in Ref. 1, cannot be
used here. The functions Q(H.V) can be estimated in
the same way as the functions Q(B.,}V), as it will be
discussed in the next section.

The equations presented under Section 4 are valid also
in cases when the ligand is an anion of a strong acid and
strong complexes are formed.

For cells with polarity opposite to that one defined
here, for cell H, the function Ey must be taken with the
opposite sign.

The use of the derived equations

The purpose of the e.m.f. studies on equilibrium systems
is to determine the composition of the species present in
equilibrium solutions and to determine the equilibrium
constants for the formation reactions of these species.
The necessary calculations are based upon the knowledge
of some of the free, equilibrium concentrations of the
reacting species H*, L*~ and B*®*: A, [ and b, respect-
ively. As it was shown above, some of these equilibrium
concentrations 4 and b can be determined by the use of
e.m.f. cells, through successive approximations.

1. The calculation of the free, equilibrium concentations h
and b from e.m.f. measurements. As was suggested above,
first we should do a preliminary data treatment based
on potential functions for which only the presence of the
species H*, B*®* 1’7, A* and Y~ was taken into
account. It means that we should consider only the
potential contributions of these ions described by the
corresponding terms Q(B,V)V or Q(H,V)V. For the cal-
calculation of the preliminary values 4; and b;, the
knowledge of these functions is necessary.

2. The estimation of the preliminary functions Q(B,V)
and Q(H,V) for V=h, b, 1 and Acy. These functions are
presented above. As is seen, they depend on the ionic



molar conductivities Mfj, A, AT, A4, Ay, to be determined
in the equilibrium solution studied, and some molar
interaction coefficients. However, the measurement of
the conductivity in equilibrium solutions cannot be inter-
preted in terms of the ionic molar conductivities without
knowing the equilibrium concentrations and composi-
tions for, at least, the main species. Therefore, the
preliminary equilibrium concentrations /4; and b, can
only be calculated by using preliminary values for the
Q(H,V) and Q(B,V) functions in question, calculated
with preliminary values for AJj, A, A, A4 and Ay,
determined in mixtures of strong electrolytes. This can
be done as follows.

2.1. The estimation of 1§, A% A4 and Ay in mixtures of
strong electrolytes. For the estimation of the A; values
given in the title or of Q(H,b) respective Q(B,b), we
have two possibilities.

2.1.1. The conductivity of the electrolyte mixture given
below should be measured by accurate conductivity
measurements:

0 S Cp < BTmax

1 <cy< ~5mM, constant, or a level should be used
which prevents the hydrolysis and complex formation of
the B*®* ions

[H,L] M undissociated acid, constant

CM AY, keeping [A*]=C M, constant.

Here, Brn.x denotes the maximum level of the total,
analytical concentration used for BY 3, during the study
of the equilibrium system. It is important to mention
that the same levels of the complexing agent H L should
be studied as those used under the study of the complex
formation.

As is seen, both ¢y and cy are varied during this
titration. The conductivity data can be interpreted in
terms of the ionic molar conductivities only with the
help of a curve-fitting computer program, e.g. ML AB,®
minimizing least-square sums and using the unknown
Ay values as parameters. This treatment has already been
described in Ref. 2.

2.1.2. Another possibility is to estimate the function
Q(H,b) or Q(B,b). For this purpose, we should measure,
e.g., the experimental slope function SL(H,cp)yexpu I
the mixture in question, which is the slope of the plot!
Ey—glogcy+g[D(I)—D(C)]—corr vs. cg at constant
cu- Hence, we have

SL(H,cp)o = gd, (33a)

where d; is given by eqn. (46) in Ref. 1. Then we should
form and calculate the difference function Q(H,b)—
SL(H,cg),. Hence, we obtain

O(H,b) = SL(H,cp)yexpu + the difference function
(33b)

where the difference function is
—gzg¥(H,Y) — gzgAy Fy + gzpt4 8(AY)

and exptl denotes experimental.

(33c)

LIQUID FUNCTION POTENTIALS

The function Q(B,b) can be estimated similarly,
through the slope function SL(B,cg),, cf. eqns. (41) and
(44) in Ref. 1.

2.2. The estimation of Y, 14 and Ay in mixtures of strong
electrolytes. The value of A{" can be estimated in two
ways.

2.2.1. By measuring the conductivity, 10°x, in the
mixtures of
0 S [AyL] < LTmax
[H,L] M undissociated acid, constant
AY, keeping [A*]=CM, constant

we can make the estimation in question. From these
data, A{" can be estimated in a similar way as was used
for the estimation of A%y, discussed in Ref. 2. We can
assume that A, has the same value as in CM AY solution.
Aa should be calculated in terms of the ionic strength
fractions. )

The ionic strength in this mixture is

I=[AY ]+ L(y +%)/2
Hence, we have
Mix =1, (CM AY)[AY )/I
+Aa(Cly M A L)Ly (y +y?)/21
According to the additivity we have
10% x40 = CAN* + [AY Ay (CM AY)
+yLrA(C/y M A,L) (35)

We assume that the deviations from additivity are due
to the deviation of A{ from its value in C/y M AL
solution, denoted as

A = tyLqry (36)
This deviation is described by the following function
AQYE) =10% x — COAM* — [AY Ay (CM AY)

—yLiA(C/y M A,L)

(34a)

(34b)

(37)

Here, 10 x denotes the measured conductivity of the
mixture studied. Plotting A(A{") vs. L, r; can be calcu-
lated from the slope. Then we have

= tyLqr,

t=MCyMA,L)—r, (38)
where
MCYyMA,L) =1 (CyMAL)AC/y MA,L) (39)

The transport numbers in C/y M solution of the pure
electrolyte AL, ¢, and f,, can be determined with the
help of an e.m.f. cell (cf. Ref. 17), if the pK, values of
the corresponding acid are well separated.

2.2.2. The estimation of an approximate value for Af*
or Q(H,/) can be done, for the ligand HL and HL™,
from the experimental (exptl) value of the slope function
SL(H,!), defined by eqn. (61), determined by e.m.f.
measurements as suggested in a later section. Having the
experimental slope function, we can act in two ways.
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2.2.2.1. Using the definition of the slope function, the
value of Af" can directly be calculated from the known
function.

2.2.2.2. We form and calculate the difference function
Q(H,l)—SL(H./) on the basis of the definitions. Then

Q(H,l) = SL(H,/)expy + the difference function (40)

This estimation requires the assumption that the ionic
molar conductivities have the same values in both func-
tions. Therefore, the experiments, done for obtaining
SL(H,/) and to study the complex formation, must be
done practically in the same way. In these calculations,
for the values of A, and Ay we can use those which were
either determined under Section 2.1 or valid in C M ionic
medium AY.

During the study of the equilibrium system, the equilib-
rium concentration of the ligand, /=[L7], is changed
while [A*] CM, is kept constant, and 107" <[H*]<
1073 M. During the determination of the slope function
SL(H,/), the [H*] is kept at a constant or negligible
level by using the buffer system HL—L~, and [A*]=
C M, is kept constant, while [L 7] is changed in the range
0-Ly M. Therefore, we can hope that A; has the same
value in both systems.

It is important to emphasize that Q(H,/) and SL(H,/)
are two different functions and they cannot be
interchanged.

3. Refinement of the equilibrium constants. For the prelim-
inary treatment of e.m.f. data, we have suggested prelim-
inary functions for AE;, e.g. Q(H,h), Q(H,I), Q(H,b)
and Q(H,Acy). This treatment will result in preliminary
values for 4; and b,; moreover, it gives chemical model
and equilibrium constants. As a second step, we can
refine the results by using the complete functions for Ej
and Eyp;, for the treatment of the e.m.f. data. For this
purpose we must know the ionic molar conductivities in
the equilibrium solution. These can be estimated by
carrying out two identical titrations. One of the titrations
should be an e.m.f. titration, and the other a conductivity
titration. We can calculate the equilibrium concentrations
from the e.m.f. titration. Then the data from the con-
ductivity titration can be treated with a curve-fitting
computer program, where the unknown A, values
are parameters. In these calculations, Ago, and Ay, can
be calculated in terms of the ionic strength fractions, as
was shown earlier. Having the composition and the
ionic molar conductivities in the equilibrium system,
we can check the wvalidity of the approximation
In[(w/a) +1]~wj/a.

4. The effect of the composition changes of the ionic
medium on Eg, in mV and in log g, units. As it was
already pointed out, potentiometric titrations can be
carried out in different ways. Hence, the change of the
composition of the ionic medium, Acy, can have different
magnitudes in the different titrations. The corresponding
potential contribution to AE), e.g. in cell B the term
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Q(B,Acy)Acy, seems to be a dominating one, and it can
be useful to see how it develops in different titrations.
Therefore, this term will be estimated in this section for
four representative titrations (T1-T4). On the basis of
these estimations, the concentration limits to be used for
the reacting species in potentiometric titrations can be
established, in order to obtain a favourable magnitude
of AE;.

We assume that cell B contains the equilibrium system
H*-BY,_s L' in the ionic medium (A*,Y ™) where
reactions I-1II can take place.’ The composition of the
solutions to be used for titrations T1-T4 is listed in
Table 1. The titrations are supposed to be carried out as
follows: to a 50 ml solution S, obtained at the end of the
titration where the constants E,; and FEyy had been
determined, v, = v, =30 ml solutions S, and S, are added.
The value of the potential function Q(B,Acy) is calcu-
lated according to the definition [cf. eqn. (24)]. Here B=
Cd**, Y =ClO,”, A*"=Na". For the NaClO, ionic
medium, the following approximations are introduced:

’y = )Ly/()\.A + )My) >~ [Y(3 M N'dC]O4) = 0.57
and
14 = Aa/(Aa + hy) = 14(3 M NaClO,) = 0.43

These transport numbers were taken from Ref. 1.

The interaction coefficients are taken from Ref. 1 and
the approximation &(Na,ClO,)~g(Na,ClO,)=0.03 kg
solvent (mol) ! has been used. The value of the function
Q(B,Acy) is, for the titrations T1-T4,

QO(B,Acy) =11.83 +4.88 —0.76 = 15.95 mV/M Acy
This value is the sum of the following terms
(g/25)8(B,Y)=11.83 mV/M Acy

ghy/2.303C(Ms + hy) =4.88 mV/M Acy
—giA8(AY) = —0.76 mV/Acy

As is seen, the activity factor change of the potential-
determining ion is a dominating term. The ideal diffusion
potential change (4.88 mV M™!) cannot be neglected
either. The calculated potential contributions for titra-
tions T1-T4 are summarized in Table 2. Here, we show
the potential contributions in the first and last titration
points. As is seen, we shall obtain logB,, values
which will increase monotonously in one direction.
Consequently, this effect will be interpreted as formation
of polynuclear complexes, as

Acy=cy— C=HYr+zyBr—yLy,>

namely depends on By and L.

As is seen, these potential contributions show the
magnitude of the uncertainty of the equilibrium constants
log B, if we do not make correction for the contribution
O(B,Acy)Acy. However, the real uncertainty of the
constants determined can be even higher, as the poten-
tial contributions Q(B,b)b and Q(B,/)! can also be
significant.
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Table 1. Survey of the composition of the solutions to be used in titrations T1-T4 ([Na*]=3 M, constant).

Titration Solution S Solution S, Solution S,

T1 The system 0.01 M Cd(ClO,),-0.2 M H,L;-H*-3 M Na(ClO,)

0.01 M Cd(CIOy,), 0.02 M Cd(CIO,), 0.050 M NaOH
~0.001 M HCIO,4 ~0.005 M HCIO, 2.950 M NaClO,
0.2 M H,L; 0.4 M H,L,
3 M NaClO, 3 M NaClO,
3.021 M [CIO, "] 3.045 M [CIO, "]
T2 The system 0.1 M Cd(CIO,4),-0.5 M H,Lr—H*-3 M Na(ClO,4)
0.1 M Cd(ClOy4), 0.2 M Cd(CiOy4), 0.1 M NaoH
~0.001 M HCIO, ~0.001 M HCIO,4 2.9 M NaCiO,
0.5M H,Ly 1M H,Ly
3 M NaClO, 3 M NaClO,
3.201 M [CIO, "] 3.401 M [CIO,"]
T3 The system 0.1 M Cd(CIO,),-0.5 M Na,L;-H*-3 M Na(CIO,)
0.1 M Cd(CiO,), 0.1 M Cd(Cl0,4),
0.5M Na,L; 0.5M Na,Lr
1.001 M HCIO, ~0.001 M HCIO,
2 M NaClO, 2 M NaClO,
3.201 M [CIO, 7] 2.201 M [CIO, 7]
T4 The system 0.01 M Cd(CIO,),-H*-NaL varied-3 M Na(ClO,)
0.01 M Cd(CiO4), 0.01 M Cd(CIOQy),
~0.001 M HCIO, 3 M NabL
3 M NaClO, 0.02 M [CIO,7]
3.021 M [CIO, ]

Table 2. The effect of the change of the composition of the ionic medium on Eg, in mV and in log B, g, units [Q(B,Acy) =
15.95 mV/M Acl.

Titrations

Effects T1 T2 T3 T4
Burette additions/ml vi=1, vp=1 vi=1, vp=1 V= Vi =
cy/M 3.0201 3.199058 3.18139 2.962 157
Acy/M 0.0201 0.199058 0.18139 —0.037843
Q(B,Acy)Acy/mV 0.32 3.17 2.89 —0.60
—(1/9)Q(B,Acy)Acy

in log B, q,r units —0.005 —0.054 —0.049 0.010
Burette additions/ml v;=30, v,=30 v;=30, v,=30 v, =30 v, =30
cy/M 3.008 18 3.173454 2.826 1.895625
Acy/M 0.00818 0.173454 —-0.174 —1.104375
Q(B,Acy)Acy/mV 0.13 2.77 —-2.77 —17.61
—(1/9)Q(B,Acy)Acy

in log By, q,- units —0.002 —0.047 0.047 0.298

The following fundmental equations were used for these calculations: log B, =log [complex]—glog h—rlog /—plog b,
log h=(E —Egy)/g+D(l)—-D(C)—(1/g) Z,Q(B,V)V—corr/g

Survey of the potential functions for the S: HYg=[H']~1073M
lysis of th k acids HL and H,L
prot: ly;sns oh e we;lil a(: fs a: lz e = [HL]
W the sa ell as before, with a glass or H
e shall use the same ¢ i g 2(g) eays=[AY] = C— AOH,q

indicator electrode. The test solution can be prepared by

titrating v ml solution S (being the result of the determina- The E,; determination should be evaluated with the
tion of the constant Egy) with v, =v, ml solution S, and  help of a Gran plot,'® in order to check the acid level
S,. The composition of the solutions used can be: HY;.
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S,: HY,=[H"], is present in trace amounts
2cy =[HL]
cavi =[AY]

S, caon2 =[AOH]
Cay2 =[AY]=C—crom

We assume that the following chemical reaction takes
place in the cell

H*+L =HL

The composition of the test solution is essentially the
same as that one described in Ref.5. Only for the
concentration of the ions in the ionic medium have we
different values.

ca=[A"]1=CM=c,y + AOH;
ey=[Y]=C+HY; - AOH; = C + Acy
where

Acy = HY; — AOH;

The necessary equations for the calculations of AE,.
valid in this system, can be obtained from those ones
presented in Ref. 1 and in this paper. Here, we give only
the final results for some important functions

I=C+(1/2)(h+ Acy + I22) (41)

1. The calculation of the ideal diffusion potential term E,,.
The test solution is essentially a mixture of the strong
electrolytes AL and AY. Therefore, we shall integrate
the function Ej with the help of the formulas used in
mixtures of strong electrolytes.! According to this treat-
ment, we must know the following functions

Usrsz — Ursy = by — Ay Acy — Ay, (42)
STSZ —_ STSI = h)\'H + )LyACY + IZLII;\'L =W (43)
Sts2=hhy + C(hp +Ay) + AyAcy +z [IA =w +a

(44)

Hence, we obtain for small values of w/a

Ep = —gFy(hhyy — hyAcy — IAy) (45)

2. The calculation of the contribution of the activity factors
to Ep, Ep,. We shall follow the same treatment as given
in Ref. 5 for the preliminary treatment of equilibrium
data. The value of some important functions is

¢y (x) = X[ —hhy + AyAcy + Ih 28] + Chy — Ay) (46)

b3 = hhg[E(H,L)] + &(H,Y )Acy] (47)
03 = CAL[E(A, L) + &(AY )Acy) — CAyE(H,Y ) (48)
N~wx+a (49)

log fu= —[D{I)— D))+ &(H, L)/ + &(H,Y)Acy  (50)

We obtain for small values of w/a.
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Epe~corr — g1, [E(A, L) + &(A,Y )Acy] + gty 8(H,Y A
(51)

3. The total cell em.f. for small values of w/a. For the
total e.m.f. of cell H we have, considering 4 ~0

Ey~Ey+glogh+ AEy (52a)
where
AEy=glogfu+ Ep+ Epg
~ —g[D(I) - D(O)] + Q(H,])!
+ Q(H,Acy)Acy + corr (52b)

If it was found in a separate experiment that the total
cell e.m.f. is influenced by the presence of the uncharged
molecules HL too, then we can write

Ey = Eoy + g log h—g[D(I) — D(C)] + Q(H,])!
+ QO(H,Acy)Acy + SL(H,acid)[HL] +corr  (53)

h can be calculated from eqn. (53) by successive approxi-
mations knowing E,; and the potential functions
involved. These functions can be estimated in the same
way as it was discussed before. It should be noted that
[HL] means equilibrium and not total concentration.

The constant Eyy can be determined at the beginning
of the titration when we can use solution S, containing
HY,~25 mM strong acid. The other components of S,
can be those ones as used in solution S. Solution S, can
be titrated with v, =v, ml solution of S, and S,.

During this so called E, titration, the hydrogen ion
concentration of the test solution can be given as

[H*]=HY;— AOH;

[H*] is formally identical with ¢y in Ref. 1. Thus, the
cell can be treated in the same way as it has been done
for cell H in the mixture of strong electrolytes, con-
sidering ¢g=0. This case was discussed in Ref. 1.
Therefore, the following potential function is valid

Ey = Eoy + g log[H"] - g[D(I) — D(C)]
+ SL(H,¢;)[H ]+ SL(H,acid)[HL] + corr  (54)

The intercept of the plot Ey—g log[H *1+g[D(I)—D(C)]
—SL(H,acid)[HL]—corr vs. [H*] will result in Eyy. The
slope of this plot is SL(H,cy).

4. EMF titration suggested for the determination of the
experimental slope function SL(H,1),.,, and the proof of
the usefulness of the derived equations. The knowledge of
the experimental slope function SL(H, /),y is very useful
for the estimation of the function Q(H,/), moreover, for
the calculation of an approximate starting value of A, in
the interpretation of the conductivity data of an equi-
librium system. Moreover, as the experimental slope
functions are the result of the changes of the ion concen-
trations going on and the ionic molar conductivities, we
have in the transition layer of the junction studied, they
can be used for checking the theory presented here.



We shall study the protolysis

HL=H" +L".
We shall titrate with a solution containing the buffer
system HL-AL in the determination of the slope function
SL(H,/) in order to assure a stable and negligible level
for the concentration of the H* ions. The concentration
of the acid component HL, in the solutions used, has to
be chosen in such a way that 3< —log[H*]<10 in the
test solution. Hence, neither the H* nor the OH ™ ions
are present in a dominating concentration, and they can
be neglected when calculating the potential contributions
of the different ions present to AEy;. The influence of the
HL molecules on the potential of the measuring electrode
has to be taken into account. We use the same cell as
before. If the —log[H™] of the test solution studied is
less than 9, then a glass electrode can be used. Otherwise
a hydrogen gas electrode is necessary. First, the constant
of the Nernst equation, Eyy, should be determined as
discussed under Section 3. This can be done either in the
presence or in the absence of HL. When we reached the
acidity level —log[H*]=3, the E, titration should be
considered as fulfilled. It should be evaluated with the
help of a Gran plot.8

Then we can decrease the volume of the test solution
to v§, if it is necessary, by sucking out a known volume
of the solution with a pipette calibrated to inlet. We
assume that the constant E,y was determined in the
absence of HL. Then totally v, ml solution S, should be
added to v¢ ml test solution, in several steps. Solution
S, can have the composition S,, 0.1 MHL;
I8MAL=Lrand C— L MAY=12M AY.

Now, we have the following species in the test solution:
H*,L7,HL,A* and Y ~. Itis obvious that the protolysis
of the HL molecules will be strongly pressed back by the
high concentration of the salt component used, in the
test solution. Therefore, we can use the following
approximations:

[HL] ~[acid ]¢
[LT]=I~[salt]g= Ly

Consequently, the acidity of the test solution can be
calculated as

log[H™] = log K, — log([salt]g/[acid |¢) (55)

Here, F denotes formal concentration and K, is the
protolysis constant. During this titration, the log[H*] of
the test solution will be constant, because the ratio
[salt]g/[acid]¢ is constant. For the ion concentration of
the ionic medium in the test solution we have

ca = CM, constant = ¢,y + AOH; + Ly
¢y=C~—AOH;— Ly +HY

Acy=cy— C=HY;—AOH;—Ly=—L;

as HY;—AOH;~0 at the end of the E, titration.

4.1. The presentation of the theoretical and experimental
slope function for the system studied, if —log{H" ]<7 in

(56a)
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the test solution. The necessary equations for the deduc-
tion of the value AEy, in the present system, can be
obtained from those ones presented in Sections 3 and 4.
Here, we give only the final results for some important
functions. Considering the composition of the test solu-
tion, we have, now

I=C+(1/2)(h~0) (56b)
wzh;"H+(7\'L_}"Y)LT (57)
a has the same meaning as before [cf. eqn. (3)]

log fy= —[D(I)— D(C)] + &H,L) Ly — &(H,Y )L,
(58)

(%) = x[—hhyg + (M, — Ay) Lyl + Cy — Ay) (59)

According to the earlier treatment of the problem, pre-
sented in Ref. 1 and here, we obtain eqn. (53) for the
total cell e.m.f. Ey and for small values of w/a. Moreover,
we can also write

Ey = Eoy + g log h + SL(H.acid)[HL]

+ SL(H,l)! —g[D(I) — D(C)] + corr (60a)
and
AEy=glog fu+ Ep+ Eps
= —g[D(I)— D(C)] + SL(H,acid)[HL})g
+ SL(H,/)! + corr (60b)

SL(H,/) is the slope of the plot Ej versus /=L.
Considering eqns. (52a) and (52b), we have

Egy=Ey—glogh+g[D(I)—D(C)]
— SL(H,acid)[HL]g — corr
= Eoy + Q(H,/)/ + Q(H,Acy)Acy (60c)

Considering eqns. (29), (30) and Acy, for the calculated
slope function we obtain

”

dE;,
SL(H,/)= a g[&(H,L) — &8(H,Y)] — gFo(Ay — ML)

—81A[E(A,L) — &(A,Y)] (61)

It is important to emphasize that this slope function is
valid only in the case when a buffer solution of suitable
concentration was used as a titrating solution and the
approximations [HL]~[acid]y and /~[salt]y is valid.
This is not the case when we titrate with dilute NaOH
and a solution containing HL. In this case the function
Q(H,!]) describes the potential contribution of the ligand
in the preliminary data treatment. Therefore, the function
SL(H,/) must be recalculated to Q(H,/).

In order to get the experimental slope function
SL(H,l), eqn. (55) should be inserted into eqn. (60a).
Then we obtain

Ej=Ey+g[D()— D(C)]—SL(H,acid)[HL]y — corr
+ g log([salt]g/[acid ]¢)
= constant + SL(H,/)L, (62)
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where
constant = Ey; + g log K| (63)

As is seen, the slope of the plot Ejj vs. Ly gives SL(H.,/)
and from the intercept =constant the protolysis constant
log K, can be obtained with high accuracy in a broad
concentration range. This graphical method is the correct
way for the determination of log K, and this treatment
does not result in the suggestion of non-existing dimer,
trimer and so on species. If we treat the data with a
curve-fitting computer program, without giving the cor-
rect value for SL(H,/), we cannot explain the titrations
without the suggestion of dimer, trimer, etc. species.

If we want to recalculate SL(H,/) into Q(H.,/), first,
the difference function given below should be formed

Q(H,l) - SL(Hsl)eXptl
=eqn. (29) —eqn. (61)
=g&(H.Y) + ghy Fy — g1,8(A.Y) (64)

Using the known value for the experimental slope func-
tion SL(H./) Q(H./) can be calculated from
eqn. (64).

exptls

4.2. The study of the H* ~Hascorbate™ and H* -acetate™
systems, as a proof of the theory. The protolysis of the
systems given in the title was studied by potentiometric
titrations at different experimental conditions. The cell
was the same as defined in the introduction. We used a
glass electrode as measuring electrode. NaClO, ionic
medium was used in all experiments at [Na*]=3 M kept
constant.

4.2.1. The H*-Hascorbate™ system. After the deter-
mination of Eyy, this system was studied by potentio-
metric titrations, as described in Section 4.1, at the
experimental conditions given below. The equilibrium
studied is

H,Asc=HAsc™ + H*, K,=[HAsc ][H"]/[H,Asc]

4.2.1.1. We chose [H,Asc]g=0.29749 M kept con-
stant. Here, H,Asc denotes ascorbic acid. The buffer
system 0.29749 M H,Asc, 1.6 M NaHAsc and 14 M
NaClO, was used in the burette. The concentration of
the HAsc™ ions was varied in the test solution within
the range 0-0.7 M. The graphical treatment of the data
is shown in Fig. 1, based upon eqn. (62). Here, we
obtained from the slope of this plot the slope function

SL(H,HAsc) = —7.6 mV/M HAsc™

valid in the buffer system. From the intercept of the plot
given in Fig. 1, the following value was obtained for the
protolysis constant

log K; = —4.348 + 0.002

This slope function was recalculated to the function
Q(H,]), according to eqn. (64).
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Fig. 1. The determination of the slope function SL(H, HAsc)
and the first protolysis constant of the ascorbic acid, log K3,
at [H,Ascle=0.29749 M, is kept constant, and [Na*1=3 M,
is kept constant. The plot of E; vs. [NaHAsc]; is based upon
eqn. (62). Filled symbols denote back titration.

Q(H,I) = SL(H,/)expy + difference function
=—-7.6+148=72mV/M HAsc"~

Here, the notation /=[HAsc™] M is valid.

This function is valid if we titrate with dilute NaOH
and a solution containing H,Asc. In this case we must
take into account the potential contributions given in
Table 3. Hence, the total systematic error at [NaHAsc] =
1M is —8.7mV. If we do not take into account these
effects, we must suggest the formation of dimer, trimer,
etc. species, in order to explain the data.

4.2.1.2. Now we chose [H,Asc]g=0.1 M, is kept con-
stant. We titrated with the buffer solution 0.1 M H,Asc,
1.8 M NaHAsc and 1.2 M NaClO,. The concentration
of the salt NaHAsc in the test solution was varied within
the range 0-0.8 M. The evaluation of this titration is
shown in Fig. 2. The graphical treatment of the data
resulted in the following results

SL(H,HAsc) = —8.1 mV/M NaHAsc
log K; = —4.359 +0.002

As we can see, 0.009 unit difference appears between the
protolysis constants obtained until now. This can be the

Table 3. Survey of the potential contributions to the total
potential anomalies in the H*-HAsc™ system, when dilute
NaOH and H,Asc solutions were used in the burette.

(a) The effect of the undissociated
molecules HyAsc:
at [H,Asc]=1M
13 mV—— 13" [H,Asc]

(b) The effect of the ligand HAsc™:
at [NaHAsc]=0 M

[HpAscl=0M
0mv

[NaHAscl=1M

0 mV———Q(H,HAsc)[HAsc"]— 7.2 mV
(c) The effect of the composition change
of the ionic medium:
0 mV———Q(H,Acy)Acy———— —15.9mV
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Fig. 2. The determination of the slope function SL(H, HAsc)
and the first protolysis constant of the ascorbic acid, log K;,
at [H,Ascle =0.100 M, is kept constant, and [Na*]1=3 M, is
kept constant. The plot of E|] vs. [NaHAsc]; is based upon
eqgn. (62). Filled symbols denote back titration.

result of some changes in the contribution of the H,Asc
molecules and/or the change of the value of Ey.

4.2.1.3. A titration was carried out at constant
[acid ] /[salt]¢ ratio, too, which was equal to 0.186 20.
The constant Eyy was determined in the absence of
H, Asc. During the main titration we used the following
solution in the burette: 0.29941 M H,Asc, 1.60799 M
NaHAsc and 1.39201 M NaClO,. The salt concentration
in the test solution was varied within the range 0-0.7 M.
The evaluation of this titration is shown in Fig. 3. The
graphical treatment of the data resulted in the following
results

SL(H,HAsc) = —9.6 mV/M HAsc™
log Ky = —4.359 +0.002
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Fig. 3. The determination of the slope function SL(H, HAsc)
and the first protolysis constant of the ascorbic acid, log K,
at constant [acidlg/[salt]r ratio, which was equal to 0.186 20,
and [Na*]=3M, is kept constant. The plot of E|j vs.
[NaHAsc]: is based upon eqn. (62). Filled symbols denote
back titration.
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As is seen, all data could be explained by the equilibrium
H,Asc=H"* + HAsc™, log K; = —4.359 4+ 0.002

which could be obtained in a broad concentration range

without the suggestion of dimer, trimer, etc. species.
These titration data were also treated by linear regres-

sion analysis. Equation (62) was fitted to the data. We

obtained very similar results to those discussed above,
For the forward titration:

SL(H,HAsc™) = —9.8 mV/M HAsc~
log Ky = —4.356

For the back titration we obtained:
SL(H,HAsc™) = —8.8 mV/M HAsc™
log K; = —4.366

The average of log Ky = —4.361 10.005.

This system was also studied by Wahlberg and
Ulmgren'® in the concentration range 0<[H,Asc];<
1 M. The data were explained by assuming the following
equilibrium processes

(i) for [H,Asc];<0.1 M

HAsc™ + H* = H,Asc
HAsc"=Asc™2+H"

(i) for [H,Ascly=>0.25M
2HAsc™ + H* < HjAsc,”  log By, =4.4540.04
2HAsc™ +2H" = H,Asc, logB,,=28.56+0.05

As is seen, our result for log K is exactly the same as
that obtained in Ref. 19 at a low concentration of H, Asc,
namely <0.1 M. Hence, we can conclude that the species
H;Asc,” and H,Asc, are artifacts. They appear due to
the neglection of important potential contributions at
the explanation of the data. The log K, value in this
system should be correctly calculated as given below [cf.
eqn. (62)].

log K; = (1/g){Ey; — Eoy — SL(H,HL)[HL]¢
—SL(H,L) [AL]g — corr}
+[D(I) — D(C)] — log[HL]¢/[AL]¢ (65)

By the neglection of the effect of the ligand ions on
log K;, SL(H,L)[AL]r, the caused systematic error in
log K, will be for the acid H,L

Alog K, = gA log h = g(1/g) SL(HL)[ALJs (66)

This will result in monotonously increasing equilibrum
constant, as seen from Table 4. This effect will be inter-
preted as the formation of dimer, trimer etc. species,
which are artifacts.

As is seen, the value of the slope function SL(H,HAsc)
changes slightly with the experimental conditions. This
is probably due to the influence of the undissociated
molecules H,Asc, which is not constant. Therefore, the
titrations for the determination of SL.(H,/) and the study
of metal complex formation must be carried out in the
same way.

log B, = 4.35, + 0.006
log Byy = —11.34, +0.007
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Table 4. The estimation of the systematic error in the first
dissociation constant of the ascorbic acid (log K4) caused
by the neglection of the potential contribution of the
HAscorbate™ ions to AEy: SL(H,HAsc™) [HAsc ]z in mV,
using NaClQ, ionic medium at [Na*]=3 M, constant, and

the cell —RE|3M NaClO,|Test soin|GE+. The slope
SL(H,HAsc™)= —8.1 mV/M was used.

Neglected Alog K,
[NaHAsclg/M effect/mV [cf. eqn. (66)]
0.028299 —-0.23 —0.004
0.055720 —-0.45 —0.007
0.082 305 —0.66 —0.010
0.108 089 —-0.87 —0.015
0.203915 —1.65 —0.028
0.328 867 —2.66 —0.045
0.410435 —3.32 —0.056
0.527 949 —4.27 —0.072
0.614539 —4.98 —0.084
0.741072 —6.00 —0.101

The correct value is at [NaHAsclp=0M: —4.359+0.002.
Wahlberg and Ulmgren found'® at low concentrations:
—4.359+0.006.

4.2.1.4. The slope function SL(H,H,Asc)=13 mV/M
H,Asc was determined in Ref. 19, on the basis of the
change of Eyy with [H, Asc]y. This slope function was
checked by the author in the following mixture: 10 mM
HCIO,, 0.100 M Cd(ClO,), and 3 M NaClO,. All of
these concentrations were kept constant and H, Asc was
varied in the range 0.15-0.3 M. Here, we obtained

SL(H,H,Asc) =22.9 mV/M H,Asc

As is seen, the value of this slope function changes with
the experimental conditions.

4.2.2. The H" —acetate™ system. This system was also
studied by potentiometric titrations at different experi-
mental conditions, in a similar way as described in the
previous section for the H*-Hascorbate ™ system.

4.2.2.1. A potentiometric titration was carried out at
constant ratio of [acid]g/[salt]z which was equal to
0.1000. The buffer solution 0.3 M HAc (denotes acetic
acid) and 3.000 M NaAc was used in the burette. The
salt concentration in the test solution was varied within
the range 0-1.3 M. The data were evaluated graphically,
on the basis of eqn.(62). For the slope function
SL(H,HAc) the value 6.7 mV M ~! HAc was used, deter-
mined by the author in a cell free from liquid junctions
and at [HClO,]=50 mM kept constant. The plot is
shown in Fig.4. The results given in Table5 were
obtained. The slope values SL(H,Ac) are valid in the
buffer system used, while the function Q(H,Ac) in the
case when dilute NaOH and HAc solutions are used in
the burettes. From the intercept of the plot in question
[cf. eqn. (62)], the following constant was obtained for
the protolysis of acetic acid in 3 M NaClO,:

log K, = —5.026 + 0.002

In the ‘Stability Constants’?° the following values can be

568

"
Ey
mV

-365

-360 |

1 1 [l 1 i 1

11 [NaAel M
F

~350 41 1 1 T N
01 03 0.5 07 09

Fig. 4. The determination of the slope function SL(H, Ac) and
the protolysis constant of the acetic acid, log K,, at constant
ratio of [acid]g/[saltlr which was equal to 0.1000, and
[Na*]1=3 M, is kept constant. The plot of E}; vs. [NaAcl; is
based upon eqn. (62). Filled symbols denote back titration.

Table 5. The determination of the slope function SL(H,Ac)
and the function Q(H,Ac), using the plot defined by eqn. (62)
for the cell Ref. half-cell||3 M NaClO, || Test solution|glass
electrode.

SL(H,Ac) Q(H,Ac)

[NaAc)s/M /mV M~ NaAc /mV M~ NaAc
0-0.58 —-9.1 5.6
0.58-1.3 —-7.7 71
found:
log K, = —5.017 (Ref. 21)

= —5.024+0.01 (Ref. 22)

= —5.01 (Ref.23)

This titration data were also treated by linear regres-
sion analysis. Equation (62) was fitted to the data. The
following results were obtained.

For the forward titration:

0<[NaAc]<0.58 M
SL(H,Ac7)= —-93mVM™!Ac~
log K; = —5.024
0.58 <[NaAc]<13M
SL(H,Ac”)= —7.8 mV/M Ac™
log K, = —5.039

For the back titration:
SL(H,Ac™)= —8.0mV/M Ac™
log K, = —5.035

For the average value we obtained: log K, =—5.033+
0.006. We can see that this value of log K, agrees well
with that one obtained above.

As is seen, the same log K, value was obtained as it
was published by other scientists for low concentrations
of HAcy. No dimers or trimers were found, even though



Table 6. The estimation of the systematic error in the dissoci-
ation constant of the acetic acid (log K4) caused by the
neglection of the potential contribution of the acetate ™ ions
to AEy: SL(H,Ac) [Ac” I in mV, using NaClO, ionic medium
at[Na*1=3 M, constant, and the cell —RE |3 M NaClO, | Test
soln|GE +.

Neglected log K1+ A log K4
[NaAclg/M effect/mV [cf. eqn. (66)]
0.047 408 —0.43 —5.036
0.093 341 —0.85 —5.039
0.264 822 —2.41 —5.060
0.552 207 —5.02 —5.112
1.069 835 —8.24 —5.180
1.322198 —10.18 —5.212

The correct value is at [NaAclp=0 M: —5.026+0.002.

such species were reported in the ‘Stability Constants’.
The neglection of the effect of the acetate ions on log K|
will result in monotonically increasing equilibrium con-
stant, as seen from Table 6. This can be interpreted as
the formation of dimer species, which are artifacts.

Persson has investigated?? this system in NaClO, ionic
medium at /=3 M, constant, in an e.m.f. cell with poles
opposite those discussed here. For the [NaAc]; the
following values were used: 1000, 500, 250, 100, 50, 25
and 10 mM. The given constant was found in both a cell
without liquid junction and with liquid junction. In both
cases, the author could describe the measurements by
assuming the presence of the species HAc, Ac™, HAc,~
and (HAc),. However, he pointed out that the formation
of the dimers is the result of the neglected diffusion
potential and the changes of the activity factors. This
conclusion is correct. The potential anomalies given
below have existed in his system, in a cell with liquid
junction

SL(H,HAc)= —6.7mV M ! HAc
SL(H,Ac)=7.7mV M ! NaAc
As is seen, the maximum value of the systematic error,
at [NaAc]g=1M, was 7.7 mV in this study. This is the
explanation for the formation of the dimers.

In Persson’s cell, free from liquid junctions, the follow-

ing potential contributions have existed, which he
neglected.

Ey = Eoy — g log[H "] — g log fi; — g log[C17]
—glog fo — 6.7[HAC] (67)

We can write according to the specific ionic interaction
theory

log fu= —[D(I) — D(3)] + &H,ClO,)(cy — 3)]

+ &(H,Ac)[NaAc]z (68)
log fo = —[D(I) — D(3)] + &Na,Cl ) (cna — 3)
+&H,CH[HM (69)

As is seen, these activity factors are not constant.

LIQUID FUNCTION POTENTIALS

The change of logfy is especially significant. Here,
&(H,Cl0,)=0.18" litre solution mol~!, & H,Ac)=0.12
litre solution mol~* determined'” by the author and
&(Na,Cl)~0.03 litre solution mol .}

As is seen, the systematic errors are of different kinds
and magnitudes in the two cells studied by Persson.
Consequently, he has found different equilibrium con-
stants for the dimers in the two different cells.

4.2.2.2. Some titrations were carried out at constant
level of acetic acid too. The purpose of these experiments
was to show how the magnitude of the slope function
SL(H,Ac) changes with the experimental conditions.

In one case we chose [HAc}z=0.010 M, is kept con-
stant. Here, we obtained the following slope functions

0 <[Na,Ac]g <90 mM,
SL(H,Ac) = —28.2mV/M Ac™

90 < [Na,Ac]y < 215 mM,
SL(H,Ac)= —11.2mV/M Ac~

215 <[Na,Ac]y < 450 mM,
SL(H,Ac)= —8.3mV/M Ac~

In another titration, we chose [HAc]z=1.000 M, is
kept constant. The slope function

SL(H,Ac)= —9.5mV/M Ac™

was obtained in the concentration range 0<[NaAc]p
<250 mM. These changes correspond to the change of
the ionic molar conductivities. The change of the slope
function with the experimental conditions cannot be
explained on the basis of the present theory. According
to the opinion of the author, this phenomenon can be
connected either to the different isolation effects of the
undissociated molecules HL in the different titrations or
to the change of the activity factor of these molecules.

It can be noted that Olin and Svanstrém have also
studied®* the appearance of the liquid junction potential
in the H*-acetate™ system, using buffer solutions, at
different [acid ]z /[salt]¢ ratios, which were kept constant
during one titration. They evaluated the data graphically,
in a similar way as we did. It is seen from their plots,
also, that the slope function SL(H,Ac) is different at the
different [acid Jg/[salt]y ratios studied. Moreover, Olin
and Svanstrom have modelled the influence of varying
liquid junction potentials and activity coefficients on
calculated stability constants of the Pb?*—benzoate,
Cd**-benzoate and Pb>*-acetate complexes. They
found that ‘liquid junction potentials and activity coeffi-
cient changes can have considerable effect on the numer-
ical values of stability constants obtained from e.m.f.
measurements of central ion concentrations. Realistic
estimates of the uncertainties in these constants can
therefore be obtained only by a study of these influences.’

4.2.2.3. The value of the slope function SL(H,HAc)
was also checked in two different cells.

4.2.2.3.1. In a cell with liquid junction the test solution
contained [HCIO,]=50mM, kept constant, 3 M
NaClO,, kept constant and [HAc]z was varied in the
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range 0-0.45 M. Here, we obtained

0 <[HAc]; < 180 mM,
SL(H,HAc) = 2.2 mV/M HAc

180 <[HACc]r <45 mM,
SL(H,HAc)=3.0 mV/M HAc

422.3.2. In the cell given below, free from liquid
junctions,

Ag, AgCl| Test solution | glass electrode

at [HCIO,]=50 mM, kept constant, and [C] ]=10 mM,
kept constant, the following results were obtained

0 <[HAc]; <90 mM,
SL(H,HAc) = 7.4 mV/M HAc

90 < [HACy < 390 mM,
SL(H,HAc) = 8.4 mV/M HAc

As is seen, the potential contribution of the undissoci-
ated molecules HL to the AEy is not clear and not
constant. Therefore, experiments in which slope functions
and the protolysis constant of HL are determined, and
the formation of metal complexes are studied. must be
carried out under the same experimental conditions. The
author suggests that one should carry out potentiometric
titrations in such a way that a buffer solution is used as
a titrating solution in which the concentration of the HL
molecules is kept contant during the titration.

5. The calculation of the second protolysis constant of the
acid H,L. We shall study the equilibrium

HL =H*+L1?", K,=[H"][L?>"][HL]

in the ionic medium AY during the experimental condi-
tion that [A*]=CM is kept constant. The values of
log K, and log K, should be well separated. First we
determine the constant E,y in the absence of the ligand
as it was described earlier. During the main titration we
can add a solution with the composition 0.2 M
AHL+1M A,L+0.8M AY. In our equilibrium solu-
tion, the following ions are present: H*, [HL "] =[acid ],
[=[L*7]=[saltlp=Ly, Y~ and [A"]=C M. The acidity
of the test solution can be calculated as

log[H*]=log K, — log([salt]g/[acid ]¢) (70)

The composition of the test solution is also described
in Ref. 5.

In the deduction, the species H* and L? are con-
sidered as components and HL™ as a complex denoted
L,-, in the general treatment.

For the calculation of the ideal diffusion potential
term, Ep, we have [cf. eqn. (28) in Ref. 5]

TS2,x=1

Ep = —(g/2.303) (1/N)

TS1,x=0
X [Agh — Al — Ay 2]acid Jex — AyAcy] dx (71)

where
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ca=CM constant =c,y + AOH + yL++ HL;” M

(72)
¢y=C—AOHy—yL—HL;” + HY;=C+ Acy M
(73)
Acy=cy—C=—yLy—HL;™ M (74)
N=[Ayh+ A2l —Ay(Lyy+ HL; )]x
+ C(hp + Ay) + Ay [acid Jp x? (75)

as given in eqns. (29a-c) of Ref. 5. Then Ep can be
obtained by graphical integration of eqn.(71). Here,
HL;~ denotes the total concentration of AHL.

For the calculation of the contribution of the activity
coefficients to the diffusion potential, Ep,, we have [cf.
eqn. (34b) in Ref. 5]

TS2,x=1
Epe= *gf (1/N)

TS1,x=0

dD(I*) .
X — [xh?»H-l— ClA—“Y[)\‘LZL

X
— (C + .\‘A('Y);\.\' - [‘dCid]F.\‘z }"HL] + .\‘h;\H
x {&(H, L)/ + &(H,HL)2[acid ]y x + 5(H,Y )Acy }
+ CA{E(AL)] + &(A,HL)2[acid ]y x

+HAY)Acy }} dx (76)

Ep¢ can be obtained by graphicl integration of eqn. (76).
Moreover, log fyrs, is needed for the calculation of
the total cell e.m.f., Ey.

log furs, = —[D(I) — D(O)] + &H, L)/ + &(H,HL)[acid )¢
+ &(H,Y )Acy (77)

The term dD(/*)/dx is given by eqn.(34) and I* by

eqn. (29), both in Ref. 1.

For the total cell e.m.f., E}, we have

Ey = Eoy + g log[H "] + g log fyrs2 + Ep + Eps (78)

inserting log[H *], given by eqn. (70), into eqn. (78), we

have for log K,

[acid ¢

[salt]g

/g {EH—gIOg — g log furs: — Ep — Eps— Eon}

=log K, (79)

The determination of some interaction coefficients, &,
will be discussed in Part 7, to be published.

We can use a simpler alternative method too for the
determination of log K, utilizing the fact that the buffer
system AHL-A,L is a mixture of strong electrolytes.

Determination of log K, with the help of the slope functions
SL(H,HL™) and SL(H,L). log K, can also be deter-
mined in the buffer system AHL-A,L given above, from
the known slope function SL(H,HL™) and SL(H,L)
which should be determined. The potentiometric titration



can be carried out at the constant ratio of [AHL ]g/
[A,L]¢. In this case, the test solution is essentially a
mixture of the strong electrolytes AHL, A,L and AY.
We have the same species present as above. The total
cell e.m.f. in this system is

Ey=Eoy+glogh—g[D(I)— D(C)]
+ SL(H,HL")[HL ]z + SL(H,L)[L]s 4+ corr (80)

Inserting log 2 from eqn. (70) into eqn. (80), we can
form the function E” and neglect ‘corr’

E'=E +glog B2 L hiny— p(C
=Eytg og[acid]F+g[ (I)—D(C)]
— SL(H,HL")[HL ],
— Egy + g log K, + SL(H,L)[L]; (81)

The slope SL(H,HL™) can be determined as in the
H,Asc-NaHAsc buffer system, described in Chapter 4
according to eqn. (62). Plotting the function E” vs. [L]g,
log K, can be calculated from the intercept

log K, = (Intercept — Eoy)/g (82)

The slope of this plot is SL(H,L).

If we use the same ratio of [salt]g/[acid]¢ as above, the
pH of the test solution will be around 12. Therefore, the
use of H,(g) electrode is necessary in both cases.

The theoretical potential functions, defined in Parts 1
and 5 and valid in the mixtures of AHL +A,L+AY,
can be obtained by repeating the deduction for this
system. The deduction is based on the following ion
concentrations at some intermediate plane of the tran-
sition layer:

h* =xh, [HLJ*=xHL;",

x=C,

[L]*=xL,
c=C+xAcy
The results given below can be obtained.
0, = Uss, — Ursy  [cf. eqn. (16) in Part 1]

=hhy — AyAcy — HLy™ Ay — LAy (83)
w= Sts, — Sts1 [cf. eqn. (17) in Part 1]

=hhy+AyAcy + HLy™ |z | + Lelze A (84)
For small values of w/a, we have
Ep~ —glhhy — hAyAcy — HL1™ Ay — L1 ]/

{2.303C(As + Ay)}  (85)

log fursa = —[DU) — D(C)] + &(H,L)L

+ & HHL)HL; ™ + &(H,Y)Acy (86)
F(x) = x[—hg + HLy Mgy + Lehp 22 + AyAcy]
+ Clvy —2y) (87)

&3 = My [8(H,L)Lt + 8(H,LHL)HL; ™ + &H,Y )Acy]
— HLy ™ Mg 8(H,HL)h — LA &(H,L)h
— Acy AE(H,Y ) (88)
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0; = CAa[E(A,L)Lt + E8(A,HL)HL:™ + & A,Y )Acy]
— ChyE(H,Y )R (89)
For small values of w/a, we obtain
Epe~corr — gt[§(A,L)Lt + & A,HL)HL,~
+&(AY)Acy] + gtyE(H,Y )h (90)

t5 and ty are given by eqn. (19).

For the total cell e.m.f. in cell H, we obtain eqn. (80),
where the function SL(H,HL ") is given by eqn. (61) and
SL(H,L) is

SL(H,L) =g[&(H,L) — y&(H,Y)]
+ 80 — yAy)/{2.303C(h4 + Ay)}
— gtal8(AL) — y&(A,Y)] 91)

These equations are valid for the buffer systems studied.
If we use AOH+H,L or A,L as titrating solution, we
must recalculate SL(H,L) into Q(H,/). We form the
difference  function Q(H,/)—SL(H,L)=eqn. (29)—
eqn. (91). From here, we obtain

Q(HJ) = SL(HsL)exptl + gyg(H,Y)
+gyivFo — gyta(AY) (92)

Discussion

Potential functions have been derived for liquid junctions
of constant ionic medium type: AY[|AY+HY+
BY .5 +A L, for the preliminary treatment of e.m.f.
data [cf. eqns. (20)-(31)]. The potential contributions
given below have been estimated.

1. The potential contribution of the change of the
concentration of the ionic medium to the total cell e.m.f.
Eg, Q(B,Acy)Acy, have been estimated for four repres-
entative titrations (cf. Table 2). It is seen that the neg-
lection of this potential contribution causes the change
of the equilibrum constants log B,,, with Acy. This
effect will be interpreted as the formation of polynuclear
complexes, as Acy is the function of By, Ly and HY7.

2. The potential contribution Q(H,/) [I=L4] to Ey
has been estimated for cells containing the ions H*,
B*®* L~, A* and Y~ [cf. eqns. (40) and (64)]. Here,
L~ denotes Hascorbate™ and acetate™ ions. The neg-
lection of the term Q(H,!) [/= L] will cause the change
of the protolysis constant log K; with [AL], M (cf. Tables
4-6). This effect may be interpreted as the formation of
dimer, trimer, etc. species. It was shown in this study
that species dimer, trimer, etc. do not exist in the H*—
acetate” and H*-Hascorbate™ systems, if we take into
account the potential contributions of the ligand to the
total potential anomalies.

3. Similarly, the potential contribution of Q(H,b)b
can also be estimated according to eqns. (33a)-(33c).
Here SL(H,cp)yexpn=42.4mV M~ [Cd**] (cf. Table 1
in Ref. 1 and Table 5 in Ref. 2).

At [Cd®*]=0.040 M, the difference function is
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~29.43mV M~ [Cd>*]. The result is Q(H,b)=12.97
mvV M~ [Cd>*].
At changing [Cd?*] we have:

b=[Cd*>*)M  0.020  0.050
Q(H,b)b/mV 026  0.65

As is seen, the potential contributions Q(H, )b are larger
than the uncertainty of the potential readings (0.01 mV).
This term cannot be neglected.

4. The potential contribution of Q(H,h)h to Ey has
also been estimtated.

Q(H,h) = SL(H,cy)q.expu + the difference function
(93)

where
SL(HaCH )u,exptl =-26 mV/M [H+] = gd4 (94)

The function d, is given by eqn. (47) in Ref. 1. The
difference function is equal to

Q(H,h) — SL(H,cn),

= —g8(H,Y) — ghy Fy + g1,E(AY)

=—1472mV M ™! [HY] (95)
Hence, we have
Q(H,h)=—-17.33mVM ™! [H*

In this calculation, the ionic molar conductivities were
taken from Table 6 in Ref. 2. In e.m.f. cells with complex
formation, the concentration of the H* ions
<1x1073*M. At this H* level, Q(H,h)h = —0.02 mV.
This potential contribution is the same order of magni-
tude as the uncertainty of the potential readings.
Therefore, it can be neglected.

5. The potential contribution SL(H,HL)[HL "] mV/M
[HL ] has also been measured for the Hascorbate ™ and
acetic acid species. In these experiments, cy=0.050 M,
constant, was used and the concentration of the acid,
[HL], was changed. The slope functions of the plots
Ey—glog cy+g[D(I)—D(C)]|=SL(H,acid) [acid] wvs.
[acid], at constant ¢y, were determined. This potential
contribution must also be taken into account.

Experimental

Sodium perchlorate and dilute perchloric acid solutions
were prepared and analyzed as usually in this laborat-
ory.?> Sodium hydroxide stock solution was prepared
from Merck tritisol ampulles and was standardized
before every use against KH(I0;),, Merck p.a. quality.
Dilute sodium hydroxide solutions were prepared freshly,
by dilution, from a more concentrated stock solution.
Acetic acid stock solution was prepared from a Merck
product, p.a. quality. The ascorbic acid—sodium ascorb-
ate buffer solutions were prepared freshly, from solid
ascorbic acid, Merck p.a. quality, and NaOH stock
solution. The acetic acid-sodium acetate buffer solutions
were prepared freshly, from an acetic acid stock solution
which was standardized before use against NaOH solu-
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Table 7. Primary titration data (cf. Fig. 3) for the determina-
tion of the constant Eg and the first dissociation constant of
the ascorbic acid, log K4, in addition to the slope function
SL(H,HAsc™) [cf. eqgn. (62)].

The determination of Eqy

Vessel: 50.05 m| 0.024 804 M HCIO,, 3.00 M NaCIO,
Burette: 0.102599 M NaOH, 2.897 401 M NaClO,

[vg(ml), Enx(mV)l: (0.00, —90.41), (0.98, —93.12), (2.02,
—96.13), (3.04, —99.37), (4.04), —102.84), (5.03, —106.66),
(6.03, —111.00), (7.09, —116.41), (8.05, —122.31),
(9.08, —130.47), (10.08, —141.57), (11.05, —159.87).

The intercept of the plot £,—59.161log[H*] vs. [H*] is
Eon=4.69 mV.

Main titration

Vessel: 62.33 ml solution containing 0.2964 x 10" 3M OH ™,
3.00 M NaClo,

Burette: 0.299 408 M H,Asc, 1.607 995 M NaHAsc,
1.39201 M NaClO,

vg/ml [HAsc™ I/M [H,Ascl/M E,/mV
1.00 0.025 683 0.004 4357 —297.41
2.00 0.050279 0.009 0215 —296.99
3.00 0.074 123 0.013 466 —296.96
3.97 0.096 565 0.017 649 ~297.14
4.98 0.119243 0.021878 —297.32
5.98 0.141037 0.025941 —297.48
7.96 0.182 360 0.033643 —297.78
9.94 0.221418 0.040925 —298.08

11.96 0.259 121 0.047 953 —298.35

13.98 0.294 827 0.054 609 —298.60

16.98 0.344 499 0.063869 —298.95

19.97 0.390 402 0.072 427 —299.27

22.97 0.433226 0.080 409 —299.56

25.98 0.473 266 0.087 874 —299.83

29.96 0.522 201 0.096 996 —300.16

34.00 0.567 739 0.105 485 —300.48

38.00 0.609212 0.113217 —300.77

44.00 0.665572 0.123723 —301.17

49.00 0.707 897 0.131613 —301.46

Back titration

Vessel: 61.28 ml solution containing 43.3799 mmo! NaHAsc,
8.065 24 mmol H,Asc, 2.292 103 M NaCIO,
Burette: 3.00 M NaClO,

2.00 0.685523 0.127 453 —301.27
4.00 0.664 521 0.123548 —-301.12
8.02 0.625973 0.116 381 —300.86
14.00 0.576 248 0.107 136 —300.52
20.00 0.53371 0.099 228 —300.27
28.00 0.485886 0.090 336 —299.96
38.00 0.436945 0.081237 —299.66

tion of known concentration. For the salt component of
the buffer, a waterfree, solid sodium acetate was used,
Merck p.a. quality.

The experimental details of the e.m.f. measurements
are presented in Ref. 26. Glass electrodes were of the
type 6.0102.000 from the Metrohm Co. The e.m.f. of the
cells was measured with a digital multimeter, type
Fluke 8840 A.

The primary data of the titrations presented in Fig. 3
are given in Table 7, as one example. In this table vy



denotes the additions from burette in ml, Ey/mV stands
for the measured e.m.f. of the glass electrode.

Appendix

The potentiometric titration for the HY-BY 3 —H,L
system can be carried out in different ways, as it is
discussed below.

(1) First, the constants Eyg and Eyy should be deter-
mined by titrating v, ml solution S, with v, ml solution
T, with the compositions given here.

So=2BM B=®*
25 x 107* M HY
AYS,=CM AY
To=20 x 1073 M AOH
AYT,=(C—20 x 107> M AOH;) M AY

At the end of the E, titration, we have the composition
of solution S:

S=B;, HYS=25x10"3MHY, AOHq,
AYS = C— AOH; M AY

The cell solution, TS,, can be prepared during the main
titration by adding v, ml T, and v,=v; ml solution T,
to vg ml solution S.

2B, HY,, AY,=CM
Ly, AY,;=C—yLy,.

Solution T,:
Solution T,:

This titration can be carried out if the total concentra-
tions [A*] and [BY,,)] should be kept constant during
the main titration at the levels C and B M, respectively.
The constants E,z and Eyy can be determined as shown
in Ref. 1.

(2) If the total concentrations c,y, [BY.g] and
[H,L;] should be kept constant during the main titration
at the levels C, By, Cu,L respectively, we have for the
composition of the solutions

So: 2By M B*®*
25x 1073 M HY
AYS,=CM AY
2¢y, . M H,L
T, has the same composition as before. Moreover,
S: By, HYS, ¢y, AYS=C—AOH: M AY
Ty: 2Bp, HYy, 2c4,, AY, =CM
T,: AOH,, AY,=C—AOH, M AY

(3) If the total concentration [A*], [BY )] and [A,L]
should be kept constant during the main titration at the
values C, By and LM, respectively, we have for the
composition of the solutions
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So: 2By M B*®*
HY =25x10"*+2L M
AYS,=C—y2L; M AY
2Lt M AL

T, has the same composition as before.
S: By, Ly, HYS=1x10"34+yL; M,
AYS=C—AOH;—yL; M AY
Ty: Br, Ly, HY;=x107*M, AY,=C—yL M

(4) The main titration can be carried out by the
addition of a buffer solution containing [acid]g=
[HL7?*'e M, [saltlp=[L* Jg=Ly and C—y[salt]s M
AY to solution S.

The composition of the solution Sy, Ty, S and T, has
the same values as given under point (1). Here, F denotes
formal concentration.

Ty cuns Lz, AY, =C—yLq,

This titration can be carried out in different ways:

(4a) either we can keep the formal concentration of
the acid constant, when the ratio [acid]g/[salt]f is
changing,

(4b) or we can keep the ratio [acid ]g/[salt] constant,
and titrations are made at different ratios.
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