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The ionic molar conductivities have been determined in the test solutions &‘\ \\\
some e.m.f. cells containing mixtures of Cd(ClO,),+HCIO,+ NaClO, under t A\
experimental condition that 7 (ionic strength)=3 M is kept constant. It was

found that the ionic molar conductivities are either constant or a linear function

of the concentrations [H*] or [Cd?*], respectively. The trace ionic molar
conductivities of the Cd** ions (AZ;) and of the H™ ions (Af) are different in

the different mixtures studied, and they cannot be interchanged. Once the ionic

molar conductivities had been obtained, the systematic errors present in the
determined Ej; values of the Nernst equations could be calculated. These errors

are: —0.71 mV in Eyg, and Mixture 1, where [H*]=0.025 mol dm ™2 was also

kept constant, and —0.86mV in Ey, and Mixture 2, where the [Cd?*]=

0.050 mol dm ~3 was also kept constant. The composition of the species formed

in B,H,L,, where B is the central metal ion and L is the ligand. The systematic

errors 1n the equlhbrlum constants (log B, ,,) have been estimated caused by the

systematic errors in E;.

This work is Part 4 of a series. The earlier parts are
presented in Refs. 1-3. In Ref. 1, potential functions
were derived for the calculation of potentials across
liquid junctions of constant ionic medium types, for
e.m.f. cells' containing mixtures of strong electrolytes
with the junction type AY|AY +BY, +HY under the
experimental conditions that [A*]=C mol dm ™3 is con-
stant, [Y "]= Cmol dm 3 is constant and /= Cmol dm 3
is constant. For the calculation of the total potential
anomalies in these cells, the ionic molar conductivities
are needed for every electrolyte mixture studied.
Definitions and symbols used throughout this series are
also presented in Ref. 1.

Ionic molar conductivities have been determined in
the mixtures of Cd(ClO,), +HCIO,+ NaClO, under the
experimental conditions that [Na*]=3 mol dm 3 is kept
constant (Ref. 2) and [ Y 7]=3 mol dm 3 is kept constant
(Ref. 3). The influence of the neglection of the liquid
junction potential terms on the equilibrium constants
studied (log B,,,) has also been discussed.?

In the present part, the ionic molar conductivities will
be estimated in the electrolyte mixtures given above,
under the experimental condition that /=C mol dm~3 is
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kept constant. The constants of the Nernst equation, Eyg
and E,y,, are determined in e.m.f. cells containing these
mixtures. The total cell e.m.f. for these cells studied can
be given as

Ey= Eoy+ (g/z)) log ¢, firsa + Ep + Epy¢ (1a)
The total potential anomalies in the cells are
AE;=(g/zy) log fyrs2 + Ep + Ep¢ (1b)

In the present practice, conditional constants are deter-
mined! in the e.m.f. cells

Eop, = Eop + geud, (1c)

in Mixture 1, as an intercept of the plot Ez —(g/zg) log ¢g
versus cy at constant c¢y. Moreover,

Eona = Eon + 845 (1d)

in Mixture 2, as an intercept of the plot' Ey—glogcy
versus cy at constant cz. The composition of these
mixtures is given below. Here, the terms d, and d; are
functions' with constant values, in terms of some ionic
molar conductivities and interaction coefficients.

In studies of complex formation reactions through
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e.m.f. cells, the constants E,z; and Eyy are needed.
Therefore, the systematic errors geyd, and gegds must
be determined.

The composition of the mixtures studied was as
follows.

Mixture 1: ¢y =0.025 mol dm 3, is kept constant, cy is
varied within the range 0-0.1 moldm™3, X moldm 3
AY under the experimental condition that 7=
3 mol dm ™3, constant.

Mixture 2: ¢y =0.050 mol dm ™3, is kept constant, ¢y is
varied within the range 3x1073-0.1 moldm™3, X’
mol dm ™3 AY under the experimental condition that /=
3 mol dm ™3 is constant.

Here, B=Cd**, Y =ClO,”, A*=Na®" and
ey =[H']=[HCIO,] mol dm ™3, cy=[Cd* )=
[Cd(C10,),}roraL mol dm >,

The ionic strength in these mixtures can be given, with
the concentration condition ¢y =zgcg+c¢y+Ca, as

I=cy+cp+cp(zi+2z5)/2=C mol dm 3 (le)
Moreover, for the ion concentrations ¢, and ¢y we have
¢y =C—cy—cy(zh + 25)/2 mol dm 3 AY (2)
¢y = C+ zpcp — (g + 2)/2 (3)

Estimation of the ionic molar conductivities

The conductivity measurements have been carried out as
described in Ref. 2.

In this section, all molar conductivities (A and A) are
expressed in S cm? (g mol) ™! and the conductivity (x) in
Scm™! units, and are generally omitted in the text for
simplicity.

1. Conductivity measurements in mixtures where Cg is
varied while cy is kept constant. The conductivity 103
was measured in Mixture 1. These data have been
interpreted in terms of the ionic molar conductivities
S Mi> Ana and Ay. The interpretation of the data was
done with the help of several plots as presented below.
A similar treatment has already been used in Ref. 2,
where the same system was studied under the experi-
mental condition that [Na*]=3 moldm* is constant.
Here, tr denotes trace.

1.1. The percentage deviations of the conductivity from
additivity. The data were plotted as 10? (10° k-10° x,44)/
103k versus cy. Here, 10° x stands for the measured
conductivity of the solution studied and 103 x,4q is calcu-
lated according to the additivity, in the same way as
shown in Ref. 2 [cf. eqns. (17)-(19)]. This plot is given
in Fig. 1. As is seen, the deviation function is linear,
positive and at around [Cd?*]=0.1 moldm ™3 reaches
6%. This mixture shows the highest deviation from
additivity among all the mixtures of Cd(ClO,),+
HCI10,+ NaClO, which were studied by the author.

1.2. The plot 10° x versus [Cd** ] at cy=0.025 mol dm 3,
constant. This plot is presented in Fig. 2 and gives the
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Fig. 1. The deviation of the measured conductivity (10% k)
from additivity (10% k,qq), in %, as a function of [Cd?*], in
the system 0.025 M HCIO,, 0 <[Cd(CIO,4),]1<0.1M and X M
NaClO,, using /=3 M, constant, at 25.000 +0.005 °C.
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Fig. 2. 103 x versus [Cd?*], for the determination of the ionic
molar conductivities in the system 0.025M HCIO,,
0<I[Cd(CI0,4),1<0.1 M and X M NaClOQ,, using /=3 M, con-
stant, at 25.000 +0.005°C.

measured data without transformation. The fundamental
equation, which is valid here, is

103 k = zgepA¥ + ey Al +[Y Ay + [A TR, (4)

Here, Ay is the function of the composition of the test
solution. For this plot

the intercept = cyAfi + Ay [ Y 1+ Aa[A'], (5

which is equal to 168.88 in experiment 1 and 169.33 in
experiment 2. The intercept represents the conductivity
of the two-component system 0.025 M HCIO,+2.975 M
NaClO,. First, we can estimate the ionic molar conduct-
ivities valid in this system.

Here, Ay, can be considered as constant, being equal
to the value valid in 3 M NaClO,. We assume that the
ionic molar conductivity of the ClO,~ ions in this two-
component system, Ayp, can be calculated due to
additvitiy [cf. eqn. (19) in Ref. 2] in terms of the ionic
strength fractions. Therefore, we have

Ana = 0.43 x 54.60 = 23.48
Ay =[A"Thy (3 M NaClO,)/I
+eyhy (3 M HCIO,)/I=31.19 (6)
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as
Ay (3 M NaClO,) =0.57 x 54.60 = 31.12

Ay (3M HCIO,) =0.17 x 233.1 =39.6

Hence, Aj can be obtained from the intercept = 168.88
Miq)=218.28

As is seen, Aj is slightly higher than its value in 3 M
HCIO,: Ay (3M HCIO,)=0.83 x233.1=193.5. This
result is consistent with the positive intercept of the
straight line obtained for the percentage deviation curve.
Here, the transport numbers and the molar conductivities
for 3M NaClO, and 3M HCIO,, determined by
Biedermann and Douhéret,* were taken from Ref. 1.

A small uncertainty in the position of the intercept
strongly influence the value of A§j, as discussed in Ref. 2.
In order to estimate the magnitude of this uncertainty,
we shall consider the value of 10°x, measured in
Mixture 1 and Mixture 2 (to be discussed in Section 2.2)
at the common experimental point [H*]=0.025 M and
[Cd**1=0.050 M. These two values should be identical.
At this composition we have

Mixture 1 Mixture 2
103 « 166.93 (in expt. 1)
10% x 167.27 (in expt. 2) 167.20

Here, expt. denotes experiment. According to this com-
parison, —0.27 unit total uncertainty (0.18%) appears
between the corresponding 103 k values for Mixture 1,
expt. 1, and Mixture 2, due to some uncertainty in the
position of the intercept in Fig. 2. Therefore, we choose
expt. 2 as the correct one. Thus we take the intercept of
expt. 2 (169.30+0.07) for the calculation of the final
value of A{j, from eqn. (5). Hence, we obtain

Miw) = 235.08 + 1.60
The uncertainty in this result is +0.68%. Here, R
denotes result.

1.3. The plot of 10° k—[Y ™ JAys versus [Cd**], at
[HCIO,]=0.025 M, constant. The value of A%, in this
special mixture was estimated as follows. Inserting the
special concentration condition given by eqn. (2) into
eqn. (4) and forming the difference given in the title, we
obtain

10° ¥ — [Y "Thy@) = calzah — Aa(zh + 23)/2]
+ ea(Mi —Ax) + Chy (7

Here, Ay, denotes the values valid in the three-compon-
ent system and calculated according to the additivity

My = caly (3 M NaClO,)/I + cyhy (3 M HCIO,)/T
+ [cp(22 + 25)/2hy (1.5 M Cd(CIO,),)/I
(8)

The values obtained change linearly with composition,
according to

Ay =31.19 — 15.03 [Cd?*] )

The molar conductivity of 1.5 M Cd(ClO,), was meas-
ured by the author.? Moreover, the approximation fc4
[1.5M Cd(ClO,),]=tz, [1.5M Zn(ClO,),]*=0.319 was
introduced. The plot in question is shown in Fig. 3. Here,
the slope is equal to

zghg — A (25 + 25)/2 = 35.10 (10)
From this slope value we can calculate
gd = 52.77

As is seen, the Cd®* ions are strongly accelerated in this
mixture. Therefore, the deviations are positive in Fig. 1.
Having these results, we can check how the constancy
of the ionic molar conductivities is fulfilled. As is seen,
&> Mi and Ay, are constant. Ay, changes slightly with
the composition of the test solution.
This mixture is generally used in E|, titrations where a
B=®*_jon-sensitive indicator electrode is used. Here the
potential function given below is valid.!

Eg = Ey—(g/zp) log cg = Eop + gdy cp + gdy oy (1)

The functions d; and d, are defined in Ref. 1 by eqns.
(94) and (95). In this function, Eg, ratios of the following
ionic molar conductivities appear:

A5 — zpAy + (Ay — Aa) (23 + 25)/2]

zB)+y _
R(B*®*) = [2.303C(hs + Ay)] 0

R(H™) = —(Ay — ha)/[2-303C(M4 + Ay)] (13)

Calculating these ratios at the beginning and at the end
of the concentration range of the Cd?* ions studied, we
obtain the uncertainties given in Table 1. As it is seen
from this table, the ratios of the ionic molar conductivit-
ies in question are constant. However, the function
obtained for the total cell e.m.f. Eg, is very sensitive to
small changes in the ratios of the ionic molar conductivit-
ies. The uncertainties in Eg, which appear due to changes
in Ayga,, are 0.13mV/M Cd**, which gives 0.01 mV at
0.1 M [Cd?*], and 0.79 mV/M H™, which gives 0.02 mV
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Fig. 3. U(Cd**)=10%k—[Yg Ay versus [Cd?*'], for the
estimation of Afy in the system 0.025M HCIO,,
0<I[Cd(Cl04);1<0.1M and X M NaClO,, at =3 M, is kept
constant.
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Table 1. Estimation of the uncertainties |dEg| in Eg [cf.
eqn. (11)], in mV/M Cd?* or H™, caused by the change of
Ay(3) with the composition.

[Cd®*]in M: 7.679x 102 99.508 x 103
31.08> A3 > 29.70
—0.0356>R(B%*) > —0.0334
—2.10>59.16 R(B%*) mV L/mol Cd** > —-1.97

|dEg| mV L/mol Cd?*=0.13
—0.5168<R(H") < —0.5292
—30.562<59.16R(H*) mV L/mol H* < —31.31

|dEg| mV L/mol H* =0.79

uncertainty at 0.025 M [HCIO,]. As is seen, the uncer-
tainties are of the same order of magnitude as those of
the most accurate e.m.f. measurements. Hence, the poten-
tial functions derived in Ref. 1 are valid for these
mixtures.

2. Conductivity measurements in mixtures where cy is
varied and cg is kept constant. The conductivity 10° k has
been measured in Mixture 2. These data have been
interpreted in terms of the ionic molar conductivities
A, Mi, Ana and Ayg,. The treatment of the data has
been similar to that one used in Section 1.

2.1. The percentage deviations of the conductivity from
additivity. The deviation function used in Section 1.1 is
plotted as a function of [H] in Fig. 4. The deviations
are positive, a linear function of [H*] and decrease. At
[H*]=0 we have large positive deviation due to the
increase of A%; in this mixture, too. The small and
negative slope shows that A{] is slightly lower than in
3 M HCIO,.

2.2. The plot of 10° k versus [H* ] at [Cd(ClO,),]=
0.050 M, constant. This plot is presented in Fig. 5 which
is a straight line and gives the measured data without
transformation. According to eqn. (4), the intercept of
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Fig. 4. The percentage deviation of the measured conduc-
tivity (10% k) from additivity (103 k.qq) as a function of [H*],
in the system 0.050 M Cd(ClO,);, ~2x1073<[HCIO,]
<0.1M and X M NaClO,, at /I=3 M, is kept constant, at
25.000+0.005°C.
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Fig. 5. 10% x versus [H*], for the determination of the ionic
molar conductivities in the system 0.050 M Cd(CiO,),,
~2x1073<[HCIO,41<0.1 M and X M NaClQ,, using I=3 M,
is kept constant, at 25.000 +0.005 °C.

this plot is
ZgCy g+[A+]2)\.A+)\.¢(2)[Y_]= 163.1 (14)

This equation describes the conductivity of the two-
component system 0.050 M Cd(ClO,),, is kept constant,
and 2.850 M NaClO,. The intercept can be used for the
estimation of Ag;, A¥ and A,. We can assume, again,
that Ay, has the same value as in 3M NaClO,.
Moreover, A¥, will be calculated as before. Hence, we
have for this system Ay, =23.48 and A%, =30.37. Thus,
we can calculate from the intercept Agy;,=65.93.

Again, a small, possible uncertainty in the position of
the intercept strongly influences the value of Afy. The
uncertainty of the intercept in question was found to be
+0.04 units. Hence, the following final result could be
calculated:

xcd(R) = 66.31 i 0.38
This corresponds to +0.57% uncertainty.

2.3. The plot of 10°k—[Y Ji}s versus [HY] at
[Cd(ClO,),]=0.050 M, constant. The value of Afj, valid
in this mixture, has been estimated with the help of the
plot given in the title and is presented in Fig. 6. On the
basis of this plot, and eqn. (7), the slope is given by

A — Ay = 156.43 (15)
From this, we can calculate
H=179.91

The values of Af,, valid in the three-component system,
have again been calculated due to the additivity. The
values obtained can be described by the equation

M =30.37 +2.83 [H*] (16)

The slight change in these values with [H*] does not
influence the constancy of the ratios R(B2*) and R(H*)
which appear in the total cell em.f. Ey [cf. eqns. (45),
(95) and (96) in Ref. 1].



IONIC MOLAR CONDUCTIVITIES IN Cd(ClO4); +HCIO, + NaClO, SOLUTIONS

UIH") O/
O FORWARD TITR. v
@ BACK TITR. ‘/.
/O
85 L [
/
O
/.
(e}
go| ‘)/
v
_®
O
o

75 D/O/

1 i L 1 i - 1 1 A1 . +

0 20 40 60 80 100103 M (H']

Fig. 6. UH*) =10k —[Y3 ]\ versus [H*], for the estima-
tion of A in the system 0.050 M Cd(CIO,),, ~2x1073
<[HCIO4]<0.1M and X M NaClO,, at /=3 M, is kept
constant.

3. Conductivity measurements in mixtures where both cg
and cy are varied. If both E,y and Eyy are to be
determined within one titration, then both ¢ and cy
should be varied. For the calculation of AE;, the relevant
Ay values must again be determined. The conductivity
must to be measured in a mixture of strong electrolytes,
as suggested in Section 3 of Ref. 2. The measured conduc-
tivity data can be interpreted in terms of the ionic molar
conductivities only with the help of a curve-fitting com-
puter program, e.g. MLAB.® This can be done in a
similar way as suggested in Refs. 2 and 3. In this
treatment of the data, Ay can be used for the ionic
molar conductivity of the ClO,~ ions.
Expressing A&y in general as

g =/f1+(or =) frcp (17)
we can transform the data into the following form:
Foexp = 10° X — [Y hy@ — CAy

=cp {zp[f1 + (or =) f¢5] — Ma(2h + 28)/2}
+ eu(Mi— Ra) (18)

on the basis of eqn. (7). Here, we can assume that Ay,
has the same value as in 3 M NaClO,. Now, the function
Fy..1c, which consists of the right-hand side of eqn. (18),
can be fitted to the data F,, by adjusting f;, f, and

%1 as parameters. Here, we can use Agqg [1.5M
Cd(Cl0,),] as a starting value for f;. The subscript calc
stands for calculated. Experimental details are given
in Ref. 2.

Discussion

As is seen, the ionic molar conductivities (or some ratios
of them) obtained here are constant. This was the most
important condition of the deductions used for the
calculations of the potential functions valid in e.m.f. cells
with liquid junctions and contained mixtures of three
strong electrolytes [cf. eqns. (1a) here and (40) and (45)
in Ref. 1].

Having these results, we can estimate the systematic
errors in the conditional constants Fyg, and Egy,.

Considering eqn. (1c) here and eqn. (95) in Ref. 1, we
can calculate the systematic error in Eyg, and Mixture 1.
We obtain

geyd, = —0.71 mV
Hence, we have
EOB = EOBu + 0.71 mV

Considering eqn. (1d), here and eqn. (96) in Ref. 1,
we can calculate the systematic error in FEyy, and
Mixture 2. We obtain

chd3 = _0.86 mV
Hence, we have
EOH = EOHa + 086 mV

As is seen from these estimates, the systematic errors
in Egg, and Eyy, are not negligible if we use a curves
fitting treatment for the e.m.f. titration data, and the
accuracy of the fitted function should be 0.01 mV.

The systematic error geyd, is a function of ¢y and
causes the variation of the equilibrium constants studied
(log B,..r) With cy, as is seen from Table 1 in Ref. 2. If
the complexes B,H,L, are formed, we have the following
systematic errors” in log B, .,

For z(B)=2
(Eon+geads)mV  p=1  p=2  p=3
Eogz—0.71 —0.024  —0.048  —0.071
For z(B)=3
(Eo + gcud,)/mV p=1 p=2 p=3
Egz—0.71 —0.036 —0.072 —0.106

The systematic error gegds is a function of ¢y and it
causes the variation of the equilibrium constants studied
(log Bp,4,r) With cg, as is seen from Table 2 of Ref. 2.
Hence, in the present case, we have the following system-
atic errors® in log B, ..,

(Eoy + gepds)/mV g=1 qg=2 q=3
Eyy —0.86 —0.014 —0.029 —0.043

The variation of log B, ,, with ¢y and cg, respectively,
can be interpreted as the formation of polynuclear com-
plexes, if we do not take into account the systematic
errors in question.

In Ref. 1, the potential contributions of the changing
concentrations of the Cd** and H™* ions to the total
potential anomalies in the cells were calculated, in order
to prove the theory developed in Ref. 1. The calculated
and measured slopes (defined in Ref. 1) agreed well.

Slope/mV M1

SL(H, cg) SL(B, cg) SL(H, cy) SL(B, cy)
Calculated —1.57 —2.75 —-19.80 —19.80
Measured 1.6 0+0.5 —-17.7
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Table 2. Estimation of the systematic errors in the formation constants log B, caused by the systematic errors in Egp

(cell B) and Egy (cell H) under different experimental conditions.

Conditional constants/mV Cell B Cell H
Mixture 1: cy=0.025 moldm™3 con- Mixture 2: cg=0.050 mol dm~3 con-
stant stant

Eopa=Eop+gcuds

Eona=Eon+gcgd}

Experimental conditions Systematic errors in log B,
p=1 p=2 p=3 qg=1 qg=2 g=3

[Na*]=3 M is kept constant:2

Systematic error/mV in Eogy: gdacy= —0.17 in Egue: gdicg = 1.99

Eog Or Egu/mV Eop,+0.17 Eone—1.99

Alog By Negligible for z(B)=2 0.034 0.067 0.102

[CI0,"1=3 M is kept constant:®

Systematic error/mV in Eggy: gd3cy= —0.63 in Egne: gdicy =0.56

EOB or EDH/mV EOBa+O'63 EOHa_O'SG

Altog By qr -0.017 —0.034 —0.050 0.0084 0.016 0.024
for z(B)=2

1=3 M is kept constant:

Systematic error/mV in Eggy: gdicy= —0.71 in Egue: gdicg= —0.86

EOB or EOH/mV E03a+0.71 EDHu+0'86

Alog Bpq.r —0.024 —0.048 —0.071 -0.014 -0.029 —0.043
for z(B) =2

This means that both the developed equations® and the
determined ionic molar conductivities are correct.

It should be pointed out that the real systematic errors
in e.m.f. cells with complex formation will be higher than
gepd, and gegds, because the ions of the equilibrium
solution will also contribute to the total potential anom-
alies in the cells [cf. eqns. (7) and (9) in Ref. 2 and
Part 57]. Moreover, the potential functions of the total
cell em.f. are different in cells containing the mixtures
of strong electrolytes and in those containing equilibrium
solutions.

‘We can compare the systematic errors in the formation
constants, Alogf,,,, in cells B and H, containing
Mixtures 1 and 2, under the three different experimental
conditions studied and caused by the systematic errors
in Eo and Egy. These are presented in Table 2.

For cell B we obtained:

Alog B, ., =negligible for z(B) =2 at [Na*]
=3 M constant < [ClO, ]=3 M constant < 1

=3 M constant.
For cell H we obtained:

Alog B, , . = smallest at [CIO, ]=3 M constant

< I=3 M constant <[Na "]=3 M constant.

At the experimental conditions [Cl1O, ]=3 M and /=
3 M, both kept constant, the systematic error A log B, ,,
is higher in cell B than in cell H.

If ¢y and ¢y are higher, the ionic molar conductivities
should be measured again and Alogf,,, should be
estimated again.

It is seen from this study too that the ionic molar
conductivities change with the experimental conditions
and cannot be interchanged.
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