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Electric conductivities of the diastereoisomeric salts, 4(—)sso-[Co(NOz2)2(en)z]) 4(+)s46-[Co(edta)] and A-
(+)s89-[ Co(NOz)z2(en)2] 4(+)s46-[ Co(edta)], were measured in water at 15, 25, and 35°C. Results were ana-
lyzed in terms of the conductivity equations of Fuoss-Hsia and Pitts. The obtained values of the ion-asso-
ciation constant are large and decrease with increasing temperature. The results can not be entirely explained
by the electrostatic theories of ion association and suggest the formation of contact ion pairs, attributable to

the existence of interactions other than simple electrostatic ones between the complex ions.

No appreci-

able difference is found in the obtained thermodynamic parameters of ion association between the two salts.
Ion-solvent interactions and effective sizes of the dissolved complex ions are also discussed in connection with
the estimation of the closest distance of approach of the ions.

In recent years, many studies have been made on the
stereoselectivity in ion association between optically
active ions.!=® In particular, the association of L-
tartrate ion with 4- and 4-[Co(en)3]3* was widely inves-
tigated. Appearance of the stereoselectivity is attributed
to the differences in structure and stability of ion pairs,
and suggests the existence of ion-ion interactions other
than simple electrostatic ones such as the Bjerrum-type
ion association.®-1® The hydrogen-bonding has often
been presumed to be the most probable extra interac-
tion for the association of [Co(en)s]**+ with dicarboxy-
late ions or other anions.4=8:11.12 Such extra interac-
tions are of importance for studies of ion-ion and ion-
solvent interactions in the vicinity of dissolved com-
plex ions. However, they are not necessarily inves-
tigated well.

Optically active cis-bis(ethylenediammine)dinitro-
cobalt(I1II) ion and (ethylenediaminetetraacetato)cobal-
tate(III) 1on are frequently used as agents for resolu-
tion of optical isomers of complex ions.!® The abso-
lute configurations for (—)ssg-enantiomer of cis-[Co-
(NOg)z(en)z]* and (+)s46-enantiomer of [ Co(edta)]~ have
been determined to be 4-form by X-ray diffraction
studies.4:19 With respect to the solubilities of the dia-
stereoisomeric salts, 4-[Co(NOg)z(en)z2]4-[Co(edta)] and
A-[Co(NOz)z(en)z]4-[Co(edta)], the former is less solu-
ble than the latter in water. The stereoselectivity has
been observed on the rate of amino-hydrogen exchange
of 4- and A-[Co(NOg)z(en)2]* in aqueous mixed electro-
lyte solutions containing A-[Co(edta)]~.1® However,
no detailed information has been provided about the
nature of the interactions between the complexions. In
the present study, conductivities of the above diastereo-
isomeric salts in water were observed at 15, 25, and 35 °C.
From the analysis of conductivity data, we examined
whether extra interactions are present between the
complex ions or not, and whether these interactions,
if present, are stereoselective or not.

The reason why such 1:1-type salts were chosen is
given below. Strong 1:1 electrolytes such as sodium
chloride have been usually thought to dissociate almost
completely into ions in aqueous solutions.}” This is
consistent with the prediction from the electrostatic
theories of ion association.®1® Both ions, cis-[Co-

(NO2)z(en)z]* and [Co(edta)]—, are monovalent ones of
large size. Simple electrostatic interactions may there-
fore be considered to be almost absent. This makes
it easy to discuss the experimental results. The con-
ductivity measurements were made with solutions of
single salts alone. Consequently, the analysis of ex-
perimental data is very simple compared to the case
for mixed electrolyte solutions with which most of
the above studies on stereoselectivity have been car-
ried out. The coexistence of other ions complicates
not only the analysis but the explanation of results,
owing to competitions or cooperative phenomena
on ion association.!®

The conductivity method is very effective to investi-
gate ion association of 1:1 electrolytes, because it is
very sensitive to a lowering of the conductivity due to
the formation of noncharged ion pairs. More-
over, conductivity data obtained for 1:1 electrolytes
can be precisely analyzed by using the excellent theore-
tical conductivity equations of Fuoss-Hsia and Pitts
for a symmetrical electrolyte.!9:2® Pethybridge and
Spiers have measured conductivities of the following
1:1 salts in water at 25°C: trans-[Co(NOz)z(en)2]X-
(X~=CI-, Br—, I, NOs~, ClO4, and [Co(edta)]™),
cis-[Co(NOz2)2(en)z]X (X~=I- and NOs~), and M[Co-
(edta)] (M*=Lit, Nat, K+, and Et4sN*).21.22 They ana-
lyzed their experimental data by use of the equations
of Fuoss-Hsia and Pitts and found out that each elec-
trolyte is slightly associated in water. The results ob-
tained in the present study will be compared to theirs.

The measurements of conductivity were made by
employing the linear-bridge conductometer develop-
ed by Katayama et al.?2® This apparatus is very favor-
able to examine a temperature dependence of conduc-
tivity since the temperature of the solution can be de-
tected simultaneously with the observation of conduc-
tivity. The enthalpy and entropy of ion association
will be estimated from the temperature dependence of
the ion-association constant and will be used to discuss
the nature of interactions between the complex ions.

Experimental

Materials. A- and A-[Co(NOgz)s(en)2]X (X~=Br~ and
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I-): The optically active bromide salts were prepared fol-
lowing the method of Dwyer and Garvan?® from the nitrite of
the racemic complex,?® and were recrystallized from warm
water (ca. 60 °C) by cooling in ice immediately after filtration.
The recrystallization was repeated until a constant rotation
result was obtained. The iodide salts were obtained by adding
potassium iodide to aqueous solutions of the purified brom-
ide salts, and recrystallized in the same manner as the bromide
salts. Each salt was air-dried at room temperature. The [a]ss9
values of 4- and A-[Co(NOg)s(en)2]Br were —44°£1° and
+44°t1°, respectively. Those of the iodides of 4- and A4-
complexes were —39°+1° and +39°%1°, respectively.

KA-[Co(edta)]-2H20: The optically active potassium salt
was prepared following the method of Dwyer and Garvan.2®
The obtained salt was purified by fractional crystallization
and air-dried at room temperature. The value of [a]s6 was
+1010°%5°.

A-[Co(NOgz)oen)z]A-[Co(edta)]-3H20: This less soluble
diastereoisomeric salt was prepared by adding Kd4-[Co-
(edta)]-2H20 to an aqueous solution of 4-[Co(NOz)z(en)z2]-
Cl, which was prepared by the double decomposition of
the iodide of the complex and silver chloride in warm wa-
ter (ca. 60°C). The obtained salt was recrystallized from
warm water (ca. 45°C) by the addition of ethanol. The
absence of potassium and chloride ions was ascertained by
adding sodium tetraphenylborate and silver nitrate, respec-
tively, to an aqueous solution of the salt. After air-
drying at room temperature, the number of molecules
of the crystal water was confirmed to be three by the dehy-
dration under vaccum by the use of a Cahn electrobal-
ance.?? The value of [a]sss was +574°15°. The density of
the crystal was 1.74g cm=3 at 25 °C.

A-[Co(NOz)o(en)2]A-[Co(edta)]- H2O: This more soluble
diastereoisomeric salt was prepared by adding ethanol to a
warm aqueous solution (ca. 60°C) containing equimolar
proportions of the salts: 4-[Co(NOgz)z(en)2]I and K4-[Co-
(edta)]-2H20. The obtained salt was recrystallized twice
from warm water (ca. 40°C) by adding ethanol and was
air-dried at room temperature. The check for potassium
and iodide ions and the confirmation of the number of mole-
cules of the crystal water were performed in the manner
described above. The value of [a]s46 was +735°15°. The den-
sity of the crystal was 1.79g cm=3 at 25 °C.

ORD and Electronic Absorption Spectra of the Diastereoiso-
meric Salts in Dilute Aqueous Solutions. The measure-
ments of ORD and absorption spectra were carried out with
a JASCO ORD/UV-5 spectropolarimeter and a Hitachi 139
spectrophotometer. The molar rotation of 4-[Co(NOz)e-
(en)2]4-[Co(edta)] in water was identical with the sum of
those of 4-[Co(NOgz)z(en)z2]Br and K4-[Co(edta)] at any wave
length from about 340 to 700 nm within the experimental
error. A similar additivity was observed for A-[Co(NOz)s-
(en)2]4-[Co(edta)]. The absorption spectra of both dia-
stereoisomeric salts in the wave length region of about 280
to 700 nm agreed with each other and with the prediction
from those of cis-[Co(NOz)z(en)2]Br and K[Co(edta)] within
the experimental error.

Conductivity Measurements. All solutions were made
up by weight just before conductivity measurements. The
conductivity of water used for the preparation was lower than
2.0X10-7 S cm™! at 25 °C. The concentration of solutions on
the molar scale at each temperature was determined by density
measurements.

The conductivity measurements were made at 1000 Hz with
a Fuso 360 linear-bridge conductometer according to the
procedure described by Katayama et al.2¥ The conductivity
cell used was a four-necked flask with a 250 cm?® capacity
which was equipped with a thermistor, a nitrogen inlet, a
magnetic stirrer, and two platinized platinum electrodes. The
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cell constant was 0.13702 cm~1.

The conductivities of solutions were measured at 15.0, 25.0,
and 35.0 °C in an atmosphere of purified nitrogen gas. Before
the beginning of the measurements, dissolved carbon dioxide
was removed by bubbling moistened nitrogen gas through the
solution in the cell for about 50 min. During the bubbling,
the solution was cooled to a temperature a little below 15 °C.
The measurement was started from this temperature. The
solution was warmed slowly at a speed of 0.02—0.03 °C/min
to a temperature a little above 15°C, while the change of
resistance of the solution was recorded together with that of
resistance of the thermistor inserted in the cell. Immediately
after the recording, the solution was warmed at a high speed
of 0.5—0.8°C/min to a temperature a little below 25°C.
Subsequent procedures were made in a similar manner. A
set of runs was accomplished in every case within about
2.5h after the preparation of the solution. Throughout
the measurements, the solution was protected from light.

The resistance readings of the linear bridge were calibrated
by the substitution method with a precision decade resistance
box (Dekabox DB62, Electro Scientific Industries; accuracy
+0.02%). The observed conductivity data were corrected for
the conductivity of the solvent and for the minor conduc-
tivity change considered to be due to the aquation of cis-
[Co(NOg)z(en)2]*.2® The reproducibility of the conductiv-
ity measurements was about 10.1%. The precision of the tem-
perature measurements was 10.003 °C.

Density Measurements. The density measurements
were performed at (25.0010.02) °C with all solutions used for
the conductivity measurements, employing an Ostwald-type
pycnometer of 10 cm3 capacity. An approximately linear
relationship was found between concentrations and densities
for solutions of each diastereoisomeric salt. The density of the
most concentrated solution was also measured at 15.0 and
35.0°C to determine its molar concentration; these values
were used to estimate that of the other solutions where a
similar linear relationship was assumed to hold at these
temperatures. The density measurements for solutions of
c1s-[Co(NOg)z(en)z]Br and K[Co(edta)] were carried out at
25.0°C by using an Ostwald-type pycnometer of 50 cm3
capacity, in order to estimate the partial molar volumes of the
complex ions.

Results

Hereafter, the diastereoisomeric salts, 4(—)sso-
[Co(NOz2)2(en)2] 4(+)s46-[ Co(edta)] and A(+)sse-
[Co(NOz)z(en)z2]4(+)s46-[Co(edta)], will be often
expressed by the abbreviations, 4-4 and A-4 salts,
respectively.

The observed values of molar conductivity, 4 (obsd),
are summarized in Tables 1 and 2, where ¢ is the molar
concentration of a salt. In Fig. 1, the values of 4 (obsd)
for each salt are plotted against those of \/c. No
appreciable difference in the plot is present between
the 4-4 and A-4 salts at any temperature.

The data of the density, d, obtained for aqueous
solutions of the diastereoisomeric salts can be repro-
duced as a function of c:

d(4-4 salt, 25°C)/g cm=2 = (0.99704+0.00002)
+ (0.301+0.003)c
and

d(A-A salt, 25 °C)/g cm=3 = (0.99705+0.00002)
+ (0.29940.003)c.
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TaBLe 1. Morar conpucTiviTIES OF A-[Co(NO,),(en),]4-[Co(edta)] IN AQUEOUS SOLUTIONS
AT 15, 25, anp 35 °C

Temp=15°C Temp=25 °C Temp=35°C

¢ A(obsd) ¢ A(obsd) ¢ A(obsd)
10-3 mol dm~-3 S cm? mol—! 102 mol dm~—3 S cm? mol-! 10-3 mol dm~3 S ¢cm? mol-?

1.0064 39.57 1.0043 50.31 1.0013 61.87
1.4646 39.04 1.4616 49.64 1.4572 61.01
1.9495 38.59 1.9454 49.08 1.9396 60.36
2.4314 38.15 2.4263 48.52 2.4190 59.62
3.0350 37.64 3.0287 47.91 3.0195 58.94
3.8935 37.10 3.8854 47.24 3.8737 58.13
5.0228 36.42 5.0125 46.38 4.9973 57.10
6.4907 35.71 6.4773 45.57 6.4577 56.00
8.3986 34.69 8.3813 44.29 8.3560 54.59
10.478 33.84 10.456 43.25 10.425 53.47

TaBLE 2. Morar conpuctiviTiEs OF A-[Co(NO,),(en),]4-[Co(edta)] IN AQUEOUS SOLUTIONS
AT 15, 25, anp 35°C

Temp=15 °C Temp=25 °C Temp=35°C
¢ A (obsd) c A(obsd) ¢ A (obsd)
10-3 mol dm~—3 S cm? mol—? 102 mol dm—3 S cm? mol-! 102 mol dm—2 S cm? mol—?!
1.0417 39.61 1.0396 50.31 1.0364 61.80
1.5322 38.97 1.5291 49.55 1.5244 60.92
2.0226 38.58 2.0184 49.06 2.0123 60.34
2.5025 38.12 2.4974 48.50 2.4899 59.62
2.9623 37.79 2.9562 48.12 2.9472 59.22
4.0161 37.06 4.0078 47.21 3.9957 58.11
5.1694 36.34 5.1586 46.31 5.1430 57.02
6.5361 35.66 6.5224 45.50 6.5027 55.90
8.1154 34.85 8.0984 44 .48 8.0739 54.80
10.505 33.84 10.483 43.25 10.451 53.35
From these data, the values of the partial molar vol-
ume of a salt at infinite dilution, P”(salt), were
L Qaa evaluated to be 31814 cm3mol-! for the 4-4 salt
50 Sy 35%C and 320%4 cm3 mol—! for the 4-4 salt according to
*a the conventional manner.29
a & The values of V™(salt) for cis-[Co(NOgz)z(en)z]Br
a and K[Co(edta)] were estimated to be 17512 and 18112
P cm? mol~!, respectively, from the density data of their
ESOF °Q° solutions: d(cis-[Co(NOz)z2(en)z]Br, 0.009972 mol
E % a 25°€C dm™3, 25 °C)=0.99880 g cm~3 and d(K[Co(edta)], 0.009161
S | %4 mol dm=3, 25 °C)=0.99893 g cm—3. From these results,
E & A the values of the partial molar volume of an ion,
% V*(ion), can be estimated to be 1451%2 and 17712
40 cm3 mol~1 for cis-[Co(NOgz)2(en)z]* and [Co(edta)], re-
Qap 15°C spectively, using V”(Br-, 25°C)=30.1 cm3 mol-! and
I 2 4 N V*(K*, 25°C)=3.6 cm3mol~1.29.30 The sum of the
a partial molar volumes of the complex ions, 32213
cm3 mol-1, agreeds closely with the above values of
30, . " — V’"(salt) obtained for the diastereoisomeric salts.

VC/102molY2dm3/2

Fig. 1. Plot of A(obsd) against 1/ ¢.
O, A(obsd) values for the A-A salt; A, A(obsd)
values for the A-A4 salt.

Discussion

Analysis of Conductivity Data. The plot of 4
(obsd) against \/c gives a straight line in each case, but
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Fig. 2. A(obsd) values and theoretical curves for the
4-A salt at 25 °C.
O, A(obsd) values.
Curve 1 (----) is the Onsager limiting slope drawn
with a value of 53.45 S cm2? mol! for the limiting
molar conductivity, 4%, obtained by extrapolation of
A(obsd) to/ ¢ =0. Curves2 (—-—) and 3 (—--—)
are Fuoss-Hsia’s theoretical curves for a completely
dissociated electrolyte with A*=53.45 and 52.93 S
cm? mol~1, respectively, on the assumption of a value
of 7.0A for the closest distance of approach of ions.
Curve 4 ( ) is the theoretical curve of Fuoss-Hsia
or Pitts with a set of ¢, K, and A” values given in
Table 3 (each set ranging a=1—9 A gives almost
the same curve).

does not obey the Onsager limiting law,'™ as illus-
trated in Fig. 2. Further, the 4 (obsd) values lie consid-
erably below the theoretical curves predicted for a
completely dissociated electrolyte by the conductivity
equation of Fuoss-Hsia.!® Such negative deviations
from the theoretical curves are considered to be due to
the ion association. In this study, the conductivity data
were analyzed by assuming the following ion associa-
tion between the complex ions:

M+ 4+ A- == M*A-, (1)

where the symbol M+ refers to the complex cation,
4-[Co(NOz2)z(en)z]t or A-[Co(NOgz)z(en)2]*, and the
symbol A~ to the complex anion, 4-[Co(edta)]~. The
analysis was made by using the Fuoss-Hsia equation!?
and the Pitts equation2® for a symmetrical electrolyte.

The Fuoss-Hsia equation can be written symboli-
cally as

A=a(4”—Ad)[1+ (AX/X))/(1+1.5¢), 2

where a is the degree of dissociation, A is the limiting
molar conductivity, A4. is the electrophoretic term,
AX/X is the relaxation term, and 1.5¢ corresponds to
the term related to the obstruction effect.}’® The symbol
¢ denotes the volume fraction occupied by the obstruc-
tions, approximated by (4mN ac/3000) (a/2)® where Na
is the Avogadro number and a is the closest distance of
approach of ions. The expressions for the electropho-
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retic and relaxation terms have been given by Fuoss and
Hsia. The electrophoretic term isa function of ac, a, T,
z, Mo, and, €, where T is the absolute temperature, z is the
absolute value of charge number of ions, and 7y and ¢
are the viscosity and the dielectric constant of the sol-
vent, respectively. The relaxation term is a function of
these parameters and 4”.

The Pitts equation for an incompletely dissociated
electrolyte can be written symbolically as

Aeo_(A/“) = AOOP: + P, — Py, (3)

where P; is a function of ac, a, T, z, and ¢, and where P2
and P3 are functions of these parameters as well asn,. In
practice, however, the following modified equation
was used for the analysis instead of Eq. 3:

A = a[AT(1—P)—P,+ P,]/(1+1.5¢), 4)

This obtained by rearranging Eq. 3 and introducing an
obstruction term identical with that involved in Eq. 2.
The ion-association constant, K, was estimated for a
given value of a in the following way. With an assumed
value of A%, the degree of dissociation, &, was calculated
by usig Eq. 2 or 4 through a successive approximation.
The result was inserted in the following equation to
obtain the value of K:
l—a
x a*cyy s’ )
where yy and y, are the activity coefficients of the free
ions, expressed by the Debye-Huckel equation:

log yy = log v, = — ApgV a¢/(1+ BppaV ac), (6)

where Apu and Bpu represent the theoretical coeffi-
cients.1® In these calculations, the values of 1 and ¢ of
water were taken from the monograph of Robinson and
Stokes.17 The best-fit values of 4™ and K for a given a
value were determined by the least-squares method with
the molar conductivity, 4.

In Table 3, the results obtained on the assumption
of several values for a are summarized, together with
the values of the standard deviation, 0.3 The obtain-
ed values of A are not much dependent on a,
whereas those of K are somewhat changed by the
choice of the value of a. The best values of 4™ and
K as well as of a are usually determined by the mini-
mization of a. However, this is not necessarily a good
criterion for the determination of the best parameter
values, because, as can be seen from Table 3, the
variation of o with a is only slight over a rather
wide range of a and the value of a giving the
minimum value of o depends on the conductivity equa-
tion used for the analysis. The former reason is sub-
stantiated by the fact that the A(obsd) values can
be theoretically reproduced well with any set of the
values of 4 and K for a=1—9 A as illustrated in
Fig. 2. Further details have been described in the
earlier papers.3) We shall discuss what value of a
should be taken as the best value after considering the
effective sizes of the dissolved complex ions.

Ionic Radii of the Complex Ions and Ion-Solvent Inter-
actions. From the results of the conductivity mea-
surements, we can obtain the information concerning
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TasLe 3. A” anp K varues at 25°C ror THE A-A aNp A-A saLTs OBTAINED WITH THE Fuoss-Hsia
EQUATION (Eq. 2) AND THE Prrrs EQUATION (Eq. 4) BY ASSUMING SEVERAL VALUES FOR @

With Eq. 2 (Fuoss-Hsia) With Eq. 4 (Pitts)
Salt 4 o -
A A K g A K a
S cm? mol-?! dm?® mol-? S cm?2 mol-? S cm?2 mol-?! dm?3 mol—! S cm? mol—?
4-4 1.0 52.90+0.07 7.9+0.7 0.0691 52.914+0.07 8.5+0.6 0.0682
3.0 52.92+0.07 9.54+0.6 0.0673 52.93+0.07 10.04+0.6 0.0671
5.0 52.93+0.07 10.940.6 0.0668 52.9340.07 11.04-0.6 0.0670
7.0 52.9340.07 11.84+0.6 0.0671 52.9240.07 11.9+0.6 0.0673
9.0 52.90+0.07 12.240.7 0.0681 52.91+0.07 12.440.7 0.0684
11.0 52.8640.08 12.1+0.8 0.0730 52.88+0.07 12.740.7 0.0705
A-4 1.0 52.96+0.04 8.14+0.6 0.0422 52.98+0.04 8.7+0.6 0.0415
3.0 52.994-0.04 9.7+0.5 0.0411 52.99+4-0.04 10.1+0.5 0.0410
5.0 53.00+0.04 11.0+0.5 0.0410 53.00+0.04 11.2+0.5 0.0410
7.0 52.99+0.04 12.04+0.5 0.0410 52.99+0.04 12.04+0.5 0.0411
9.0 52.97+0.04 12.4+0.6 0.0418 52.97+0.04 12.64+0.6 0.0416
11.0 52.93+0.05 12.3+0.6 0.0459 52.95+0.05 12.8+0.6 0.0433

the ionic radii of the complex ions in the following
way. From the values of 4%(25°C) for a=1—9 A, the
sum of the limiting molar conductivities of cis-[Co-
(NOg)z(en)z]* and [Co(edta)]~ is considered to be 52.9
to 53.0Scm2mol-l. For A%([Co(edta)]-, 25°C), a
value of 26.17£0.10 S cm2 mol~! has been reported
by Pethybridge and Spiers.22 The use of this value
leads to A%(cis-[Co(NOgz)z(en)z]*, 25°C)=26.810.1S
cm?mol~1.32 By employing these A”(ion) values, the
Stokes radii, 7,3 are evaluated to be 3.44 A for cis-
[Co(NOg)z(en)2]* and 3.5z A for [Co(edta)]~.

The ionic radii of the complex ions can also be
estimated from their partial molar volumes, V*(ion).
According to Glueckauf’s study,3® V*(ion) of a uni-
valent ion of large size is expressed by

V*(ion) = 2.52(r+0.55)% — 33/(r+1.38), 7)

where r corresponds to the crystallographic radius of
the ion. The first term refers to the intrinsic volume of
the ion and the second term to the electrostriction
volume loss. Equation 7 was employed for the estima-
tion of the ionic radii of the complex ions by regarding
these ions as spherical.  Substituting V”(ion)=
14522 cm3 mol~! for cis-[Co(NOg)z(en)e]t and PV~
(ion)=177%2 cm3 mol~1! for [Co(edta)]~ in Eq. 7, we ob-
tain 7=3.37 A and 3.63 A, respectively. The r value is
in fair agreement with the 7, value for each complex
ion. This suggests that both complex ions are not
appreciably hydrated.

Information relating to the ion-solvent interaction
can be provided from the temperature dependence of
the Walden products: A4%(salt)p,/10~4 S N s mol-i=
0.474 (15°C), 0.471 (25°C), and 0.468 (35°C) which
are calculated from the averaged values of A~
(salt) obtained for the 4-4 and A-4 salts. These
A% (salt)n, values decrease slightly as the temperature
increases. The temperature coefficient, d In {47 (salt)ne}/
dT, is evaluated to be —6X10~4 K1 close to that of
MesN+.39 This implies that at least one of cis-[Co-
(NOz»)z»(en)z]+ and [Co(edta)]~ is a structure-breaker.
The latter ion may be classified as a structure-breaker

from the fact that the v1scosxty B{[Co(edta)] } coeffi-
cient in the Jones-Dole equauon increases with in-
creasing temperature.3® For cis-[Co(NQOz2)2(en)z]*, there
is no available information about the temperature
dependence of the B coefficient. However, it is in-
teresting that the values of V”(ion) and A”(ion)
for cis-[Co(NOz)z(en)2]* are very closely similar to
those for tetrakis(2-hydroxyethyl)ammonium ion,
(HOCH:CH3)sN*: V”(ion)=146.8 cm3 mol~! 3 and
A%(ion)=27.0 Scm?mol~! at 25°C.3® Both the
Walden product A~(ion)n, and the B(ion) coeffi-
cient for (HOCH2CH32)sN* are known to be nearly
independent of temperature.35:39

From the above consideration, the complex ions, cis-
[Co(NOz2)2(en)z2]* and [ Co(edta)]~, are presumed to have
no hydration shell and to be able to come into contact to
each other. Therefore, it seems reasonable that the
value of a is taken to be equal to the sum of the values of
7 or r; obtained for the complex ions: =7.00 A from the r
values or a=6.96 A from the 7, values. These values of
a are considered to be moderate values because the
prediction from the distance between the central
cobalt(III) atoms of the two complex ions ranges
from about 5 to 9 A dependent on the direction of
approach of the ions. Such a range arises from the
unsymmetrical shape of the complex ions and the
complexity of their surface. For these reasons, the
best value of a was assumed to be equal to 7.0 A
for the diastereoisomeric salts in water.

Ion-Ion Interactions. The results obtained by
assuming 7.0 A as the best value of a are shown in Table
4. The K values for each salt are considerably larger
than those predicted by the electrostatic theories of ion
association.?:10:39  According to the Bjerrum theory,‘”
the values of K are expected to be equal to zero since the
Bjerrum critical distance q (=3.58 A at 25°C fora 1:1
electrolyte)!® is smaller than 7.0 A. From the theoreti-
cal equation presented by Yokoyama and Yamatera, 4
the values of K/dm3 mol-! are estimated to be 0.23
(15 °C), 0.24 (25 °C), and 0.25 (35°C). The Fuoss the-
ory3? predicts 2.38 (15 °C), 2.41 (25 °C), and 2.44 (35 °C)



May, 1984] Conductivity and Ion Association of Diastereoisomeric Salts
TasLe 4. A anp K varLues at 15, 25, AND 35°C rorR THE A-A AND A-A SALTS OBTAINED BY
AssUMING a=7.0 A wrte tHE Fuoss-Hsia quation (Eq. 2) anp THE Prrrs eQuation (Eq. 4)
With Eq. 2 (Fuoss-Hsia) With Eq. 4 (Pitts)
Temp
Salt —_°C ___ioo—_-‘— ___1(__ Aoo K
S ¢cm? mol-! dm? mol-! "Scm?mol1 "dm® mol-1
a4-4 15 41.66+0.04 12.940.4 41.66+0.04 12.9+0.4
25 52.93+0.07 11.84+0.6 52.9240.07 11.9+0.6
35 65.03+0.08 11.0+0.8 65.024-0.09 11.14+0.8
A-A 15 41.7240.04 13.14+0.7 41.7240.04 13.2+0.7
25 52.99+0.04 12.0+0.5 52.99+-0.04 12.0+0.5
35 65.124+0.05 11.4+0.5 65.11+0.05 11.440.5
TABLE 5. THERMODYNAMIC PARAMETERS OF ION ASSOCIATION, AG°, AH°, axp AS°, at 25 °C
OBTAINED BY ASSUMING a=7.0 A
AG° AH® AS°
kJ mol-! kJ mol-1 J K1 mol-!
Experimental value
with Eq. 2(Fuoss-Hsia) a4-4 —6.124+0.13 —5.8+0.4 1.1+1.6
A-4 —6.16+0.11 —-5.3+0.7 2.9+2.8
with Eq. 4(Pitts) 4-4 —6.134+0.13 —5.7+0.3 1.4+1.4
A-4 —6.174+0.12 —5.3+0.7 3.0+2.8
Theoretical value
by Yokoyama-Yamaterat® 3.55 3.54 —0.03
by Fuoss®® —2.18 0.93 10.4

for K/dm3 mol-1.

The K value for each salt decreases as the tempera-
ture is raised, contrary to the prediction from the elec-
trostatic theories. This tendency means that the ion
association is an exothermic reaction. The stan-
dard enthalpy and entropy of ion association, AH®
and AS°, were estimated from the temperature depen-
dence of the ion-association constant. The AH® value
was derived from the slope of a linear plot of log K
against 771, while the AS® value was calculated from
the equation, AS°=(AH°—AS°)/T, where AG® is the
standard Gibbs free energy of ion association. The ob-
tained values of AG°, AH°, and AS° are shown in
Table 5 and are compared with those predicted by the
electrostatic theories of ion association.3940

Table 5 shows that the relation, AH°<T AS°=0, is
valid for the observed values of AH® and AS°. This
relation is distinct from TAS°>AH°>0 obtained for
the ion association of 2:2 electrolytes such as MgSQ4.23.40
The negative AH® values can not be predicted from
the ion-association theories.3?49 Such values of AH®
will be attributed to the existence of short-range forces
almost independent of the dielectric constant of the
medium. The AS° values nearly equal to zero may
suggest that the ion association occurs without the
release of the hydration water molecules of the com-
plex ions. This is consistent with the presumption
that the complex ions, cis-[Co(NOg)z(en)]* and
[Co(edta)]~, are not appreciably hydrated. Conse-
quently, the comparatively large values of K for each
salt are considered to imply the formation of contact

ion pairs resulting from interactions other than sim-
ple electrostatic ones between the complex ions.

It has been found that tetraalkylammonium halides,
R4NX, are slightly associated in water and the X values
of the salts decrease with increasing temperature in a
similar manner as observed in the present study.4?
Pethybridge and Spiers have reported the fact that
the K values in water for 1:1 electrolytes including
R4NX increase with increasing the sum of the
crystallographic radii, Xr(cryst).21.22.49  Such a trend
is the reverse of that predicted by the ion-associa-
tion theories of Bjerrum® and Yokoyama-Yamatera.9
The Fuoss theory predicts that the ion-association
constant increases with increasing the a value at a>
29/3 (@>2.39A at 25°C).!'™ However, his theory
can not also give the negative AH® value for any ion
association in water. Therefore, the phenomenon of
ion association of 1:1 electrolytes is considered to be
due to existence of ion-ion interactions other than
the simple electrostatic ones.

Pethybridge and Spiers have expressed graphically
the relationship between K and X)r (cryst).21:22.49 If we
estimate the value of K for the diastereoisomeric salts
from this relationship, a value of 4—5 dm3 mol~! can be
obtained.4¥ However, this value of K is much smaller
than the experimental ones given in Table 4. This
implies that different kinds of extra interactions exist
between the complex ions. The most effective inter-
action among them may be the hydrogen-bonding
between the hydrogen atoms of amino groups of cis-
[Co(NOgz)2(en)2]* and the oxygen atoms of calboxyl
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groups of [Co(edta)]~. Theion-association constants of
the 4-4 and A-4 salts are somewhat larger than that of
trans-[Co(NOz)z(en)z][Co(edta)]: K~9 dm3 mol-1.49
This may be mainly attributed to the difference not
only in the magnitude of the dipole moment of the
complex cations, but in the ease of the formation of
the hydrogen bonds. In the case of the trans-
isomer, the nitro groups are considered to be more
unfavorably located for the hydrogen-bonding than
in the case of the cis-isomer.

Stereoselectivity. The ion pairs, 4-[Co(NOz2)2-
(en)2]*4-[Co(edta)]~ and A-[Co(NOgz)z(en)z]*4-[Co-
(edta)]~, can not be stereochemically the same. How-
ever, as shown in Table 5, no appreciable differ-
ence between the two ion pairs is found in the ther-
modynamic properties of ion-pair formation. Al-
though the 4H° value of the 4-4 salt seems to be
slightly smaller than that of the A-4 salt, it is
indefinite because of the experimental error. The
difference in solubilities of the 4-4 and A-4 salts
would have to be interpreted from that in their crystal
structures.

Yamatera and Fujita have observed the rate of
amino-hydrogen exchange of 4- and A-[{Co(NOg)z-
(en)z2]* (0.039 mol dm™3) under the presence of A-[Co-
(edta)]~ (0.035 mol dm~3) in D20 and found out that
the rate constant for the A-complex cation is 0.86
times that for the 4-complex cation.!® The hydrogen-
deutrium exchange rate is thought to be slowed down
by means of the ion association. If the hydrogen-
deutrium exchange rate of the associated complex
cations were negligibly small compared with that of
the free ion, the degree of dissociation for the 4-com-
plex cation should be 0.86 times that for the 4-
complex cation. However, such a large difference in
the degree of dissociation can not be derived from
the present results. Therefore, in order to explain the
difference in the observed rate constant, the associat-
ed complex cations should be supposed to contri-
bute to the hydrogen-deutrium exchange rate. In
addition, the extent of the contribution of the asso-
ciated 4-complex cation should be greater than that
of the associated A-complex cation. The hydrogen-
deutrium exchange of [Co(en)s]?*+ has been consider-
ed to be assisted by the OD~ ion.? If a similar mech-
anism is assumed also in the case of 4- and 4-[Co-
(NO2)2(en)z]*, the difference in the extent of the con-
tribution to the exchange rate between the two asso-
ciated complex cations may be attributed to the dif-
ference in the ease of N-H bond breaking caused by
the association with 4-[Co(edta)]~ as well as the differ-
ence in the affinity of the associated complex cations
with the OD~ ion.
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