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The conductance behavior of mixtures was investigated for the systems tris(ethylenediamine)cobalt(III)-
chloride-sodium maleate and tris(ethylenediamine)cobalt(III)chloride-sodium fumarate in aqueous solutions
of various ionic strengths at 25°C. Appreciable deviation of the measured conductivity from additivity was
attributed to the ion-pair formation of tris(ethylenediamine)cobalt(III) ion with maleate Ma?~ and fumarate Fu?-
ions. The concentration formation constants K, at various ionic strengths were determined by means of computer

analysis of the deviation.

The thermodynamic ion-pair formation constants K at 25°C were as follows: log K=

3.60 for [Co(en),]3t-Ma?- and log K=2.95 for [Co(en)g]3*+-Fu?-.

In a previous paper,) the continuous variation
method was applied to the determination of the ion-
pair formation constants of [Co(NHs)]3+-SO,2~ and
[Co(en)4]3+-SO,2~ from the conductance measure-
ment of [Co(NH,)4]Cl;—Na,SO, and [Co(en);]Cly—
Na,SO, mixtures. The good agreement of the results
obtained with those of Jenkins and Monk?® suggests that
the conductance measurement of mixtures is a useful
method for determining formation constants, particu-
larly when applied to the systems of relatively high
ionic strengths where the theoretical equations of
conductance behavior lose their validity. The method
is also applicable to the study of ion-pair formation in
systems where a pure sample is difficult to obtain.

This paper deals with the application of the contin-
uous variation method to the conductometric determi-
nation of ion-pair formation constants of tris(ethylene-
diamine)cobalt(III) ion with maleate and fumarate
ions at 25°C in aqueous solutions of varying ionic
strengths. The results will provide some information
on the cis-trans isomeric effect in the ion-pair formation.

Experimental

Materials. Tris(ethylenediamine)cobalt(III)chloride

1) S. Katayama and R. Tamamushi, This Bulletin, 43, 2354
(1970).
2) I. L. Jenkins and C. B. Monk, J. Chem. Soc., 1951, 68.

was prepared according to the procedure in literature®; the
sample was purified by two recrystallizations from its aqueous
solution containing a few drops of acetic acid. Sodium
maleate, Na,Ma, of analytical reagent grade was washed by
ethanol and ethyl ether, then dried at 80°C until it became
constant in weight. Sodium fumarate, Na,Fu, of analytical
reagent grade was purified by recrystallization from its aqueous
solution. The purity of the samples was examined by con-
ventional chemical analysis of the components and by con-
ductivity measurements in aqueous solutions. Chemical
analysis and conductivity measurements gave the results
shown in Tables 1 and 2, respectively. The limiting ionic
equivalent conductivity A° of [Co(en);]*+ was in agreement
with that reported by Jenkins and Monk,? and the A%-values

TaBLE 1. RESULTS OF CHEMICAL ANALYSIS
(calculated values are shown in parenthesis)

Component (%)

Material
C H N Co Na Cl
[Co(en),]Cl; 20.11 7.02 23.90 16.82 — 30.16
(20.85) (7.00) (24.32) (17.05) (30.78)

Na,Ma.H,0 26.96 2.69 —  — 26.13 —
(26.98) (2.26) (25.82)

Na,Fu 30.07 1.62 —  — 29.06 —
(30.02) (1.26) (28.73)

3) W. C. Fernelius (ed), “Inorganic Syntheses,” II, McGraw-
Hill, New York (1946), p. 221.
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TABLE 2. EQUIVALENT CONDUCTIVITIES, /A, OF [Co(en);]Cly,

Ton-pair Formation of [Co(en);]*t with Maleate and Fumarate Ions

Na,Ma anp Na,Fu IN AQUEOUS SOLUTIONS OF
VARIOUS CONCENTRATIONS AT 25°C

10'C 4
(equiv-/l)  rGo(en),]Cl;  NasMa Na,Fu
0.00 151.0, 111.0 111.0
(74.7) (60.9) (60.9)
5.00 143.3 — —
6.67 — 107.2 106.8
15.00 137.0 — —
20.00 — 104.8 104.0
50.00 125.7 — —
66.67 — 99.8 99.2
150.00 111.8 — —
200.00 — 92.5 92.4
500.00 94.8 — —
666.67 — 83.0 83.7

(Limiting ionic equivalent conductivities, A°, of [Co(en),]3+,
Ma?- and Fu?- are shown in parenthesis)

of Ma?- and Fu?- were in fairly good agreement with the
results of Topp and Davies.¥

Preparation of Solutions. Each solution of different
ionic strengths was carefully prepared by using the conductiv-
ity water of low specific conductivity (<2 X 10-7 ohm-! cm-?1)
in an atmosphere of purified nitrogen gas, and the pH-values
of these solutions were adjusted to 9 with sodium hydroxide.
In aqueous solutions of pH 9 the concentrations of HMa-
and HFu- ions can be ignored.

Conductivity Measurement. The electric conductivities of
mixtures were measured by mixing the solutions of same
ionic strength at various volume fractions. The apparatus
and the reproducibility of measurements were the same as
those described previously.) All measurements were carried
out in a water-thermostat of 25.000+0.005°C which was
electrically grounded.

Results and Discussion

In tris(ethylenediamine)cobalt(I1T)chloride—sodium
maleate and tris(ethylenediamine)cobalt(IIT)chloride—
sodium fumarate mixtures (systems I and II, respec-
tively), a large deviation of the measured conductivity
from additivity was observed at each ionic strength.
The deviation, 4«, of the mixture, consisting of a C
molar solution of tris(ethylenediamine)cobalt(III)chlo-
ride (abbreviated as MCl;) and a C, molar solution of
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Fig. 1. Deviation of the observed conductivity from addi-

tivity, Ak, as a function of the volume fraction, x, of complex

(1000 Hz, 25°C).
(1) [Co(en);]Cl3-Na,Ma,

(2) [Co(en);]Cl;-NayFu.

Ionic strength: (a) 0.001, (b) 0.003, (c) 0.01, (d) 0.03, (e) 0.1.
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Na,B (B2-=Ma?- or Fu?") at the volume fractions x
and (1—ux), respectively, is given by the equation
10%4k = 10% — Cyr Ay (MCL) — Cy(1—x)A,,(NagB) (1)

where « is the specific conductivity of the mixture, and
An the molar conductivity of the species specified in
parenthesis at the ionic strength of the mixture. Fig-
ures l(a—e) show the deviation as a function of
volume fraction x of the complex. The Ax-values of
system I were always larger than those of system II,
and the deviation reached a maximum at x=0.5—0.6
in each case.

The following ion-pair formations are expected to
occur in systems I and II.

M3+ + B2™ —— M3+.B2™
M3t + ClI- — M3*.Cl-
Na* + B2~ —= Na‘*.B?"”

where M3* represents tris(ethylenediamine)cobalt(III)
cation. In the present discussion, however, the con-
tribution of ion-pair formation of M3+.Cl~ and Na*-B2-
is neglected, and the deviation of the observed conductiv-
ities from additivity is assumed to be entirely due to the
formation of M?3+.B?-, This assumption seems to be
reasonable, because the formation constants of M3+-Cl—
and Nat-B?- should be much smaller than those of
M3+.B2-,

The deviation A« is then related to the molar con-
centration of ion-pair M3+.B2- by the equation
1034«

“ (2)
o = IZ(M3+-B2_) |l(M3+oB2“) _ IZ(M“)M(M“)

— [2(B*) |A(B*)
— J(M2+.B2) — 3A(M3+) — 21(B2") (3)

where z is the charge number of ionic species, and A the
ionic equivalent conductivity at the ionic strength of
the mixture.

The concentration formation constants K. of M3+-B2-
were determined by analysing the Ax-values according
to the same methods given previously.) In method (i)
the K -values were obtained by estimating the values
of parameter « at each ionic strength, while in method
(ii) a set of K. and a for the best fit between the observed
and calculated 4-values was obtained by computer
calculation. Table 3 summarizes the concentration
formation constants thus determined for [Co(en)s]%*-
Ma?- and [Co(en)4]3+-Fu?~ at various ionic strengths, 1.

The thermodynamic formation constants K were then
determined by the extrapolation of the log K, uvs. /T
plots as shown in Fig. 2, and are given in the first line of
Table 3. The values of log K obtained by the two
methods of calculation are in relatively good agreement.
The computer calculation, however, is expected to
give more reliable K,-values particularly at higher
ionic strengths, because the analysis can be made with-
out introducing arbitrariness into the estimation of
paramieter «.

Our study shows that the ion-pair formation constant
of [Co(en)4]3+-Ma?- is about 3 times larger than that of
[Co(en)s]3+-Fu?~. A similar tendency of maleate and
fumarate ions towards ion-pair formation has been

[M2+.B] =
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TABLE 3. LOGARITHM OF CONCENTRATION FORMATION
CONSTANTS, log K, oF 10N-PAIRs [Co(en);]3+-Ma?~
AND [Co(en),]3t-Fu?~ AT 25°C AND AT
VARIOUS IONIC STRENGTHS, [

(The values of log K, K being thermodynamic formation

constant, are also included)

log K,
I [Co(en);]3+- Ma?~ [Co(en);]3« Fu?™
—_ —_
Method (i) Method (ii) Method (i) Method (ii)

0™ 3.56 3.60 3.15 2.95
0.001 3.37 3.31 2.86 2.83
0.003 3.26 3.46 2.64 2.51
0.01 2.93 3.32 2.28 2.61
0.03 2.52 3.06 1.89 2.20
0.1 1.94 2.43 1.28 2.21

a) values in this line correspond to log K.
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Fig. 2. Cloncentration formation constants of (1) ion-pair
[Co(en);]?*-Ma?~ and (2) ion-pair [Co(en);]3+-Fu?~ as a
function of ionic strength (25°C).
—-(O-: determined by estimating o (method (i))
-/\-: determined by computer calculation (method (ii))

reported by Topp and Davies® for Ba?*-Ma?-, Ba’+-
Fu2-, Ca?t-Ma?-, and Ca?t-Fu?" in aqueous solutions
at 25°C, where the K-value of Ba?t-Ma?~ was found to
be about 5 times as large as that of Ba?*-Fu?-, and the
K-value of Ca?t-Ma?~ to be about 3 times as large as
that of Ca?t-Fu?-.

According to Bjerrum’s theory of electrostatic inter-
actions,® the ion-pair formation constant between ions
¢ and j of opposite charge in aqueous solutions at 25°C
is given by the equation

log K = 0.4386 + 3 log | z;z;| + log Q (b) “4)
log b = log |z;z;| — 7.1468 — loga
where Q(b) is a function of b, and a the distance of
closest approach of the ions. Introducing the values
of log K given in Table 3 into Eq. (4), we obtain a=4 A
for [Co(en),]3*-Ma2~ and a=6 A for [Co(en);]3+ Fu2-

5) C. B. Monk, “Electrolytic Dissociation,” Academic Press,
London (1961), pp. 272—275.
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respectively. On the other hand, the Stokes radii of
[Co(en);]3t, Ma?-, and Fu?-, calculated from their
limiting ionic equivalent conductivities, are: 7,([Co-
(en),]3)=3.7A and r(Ma2-, Fu?)=3.0A. It is
interesting to note that the a-value for [Co(en)4]3+-Ma?~
is significantly smaller than the sum of the Stokes radii
of the ions. The result suggests that the charge distri-
bution in ions and/or some interactions other than
electrostatic attraction should be considered in the

Ion-pair Formation of [Co(en);]3+ with Maleate and Fumarate Ions
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ion-pair formation between [Co(en)s]3+ and Ma?~ or
Fu?-.

The present work provides further evidence for the
cis-trans isomeric effect in the ion-pair formation. How-
ever, much more information will be needed for a dis-
cussion on the isomeric effect.

We wish to thank Mrs. K. Takahashi for her kind
collaboration in computer calculation.






