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Solubility of Transition Metal Complexes in Aqueous Salt Solutions.
I. Tris(1,10-phenanthroline)iron(II) Perchlorate

Katsuhiko Mivosui, Toshiaki Taura, Chiyori SHiMADA, and Hayami YoNEDA
Department of Chemistry, Faculty of Science, Hiroshima University, Higashi-senda-machi, Hiroshima 730
(Received January 16, 1975)

Solubility of tris(1,10-phenanthroline)iron(II) perchlorate was determined at 25 °C by spectrophotometry

in aqueous solutions of sodium halides, sulfate, acetate, and trichloroacetate up to ionic strength of 0.5.

It was

found that the solubility is higher in the presence of water-structure breaking anions but is lower in the presence of

water-structure making anions than is expected from the change in activity coefficients with ionic strength.

This

was interpreted in terms of compatibility and incompatibility of the influence of the complex cation on the water
structure with that of added anions, and the hydrophobic nature of the complex cation was noted.

According to Gurney) or Frank,? ions in aqueous
solution are classified into three groups on the basis of
their interaction with water.1=% The first group con-
sists of so-called electrostrictive water-structure makers,
which attract surrounding water molecules so tightly
through ion-dipole interaction that their co-spheres!)
cause a local increase in the viscosity. Typical examples
are provided by Lit, F-, SO2~, and other highly
charged ions. The second group consists of water-
structure breakers, which render the motion of water
molecules more vivid around them than that of bulk
ones (so-called negative hydration®). K+, Rb+, I-,
and other ions with low charge-to-radius ratio belong
to this group and lead to a decrease in the viscosity of
the solution. The last one consists of hydrophobic
water-structure makers and is quite unique in that,
when they are dissolved in water, though hardly soluble
in general, water-water interaction is strengthened,
i.e., “iceberg” is formed in the vicinity of their hydro-
phobic parts (hydration of the second kind® or hydro-
phobic hydration) and sometimes so-called hydro-
phobic bonding” may take place. This behavior is
characteristic of aqueous solutions and has attracted
the attention of biochemists in recent years. Tetra-
alkylammonium homologues®) and some organic ions
including surfactants belong to this group.

As for coordination compounds, however, the above
classification has not been well established,® though
they can be permitted to have a variety of physical and
chemical properties by substituting metal ions or
coordinated ligands. In a series of our study on the
solubility of transition metal complexes, we intend to
focus our attention on the nature of their interaction
with water and also with coexisting ions and to try to
classify them into some groups.

Recently Steigman and Dobrow,” and Desnoyers et
al.419 succeeded in interpreting most excess thermo-
dynamic functions of aqueous electrolyte solutions on
the following assumptions: ions belonging to the first
group are antagonistic with those belonging to the sec-
ond and third groups with respect to their influence on
the water structure, while those belonging to the second
and third groups are cooperative with each other. On
the basis of the above assumptions, it follows that
electrolytes composed of cooperative ion pairs tend to
have lower activity coefficients in water and the reverse
holds for antagonistic pairs.2'1) This phenomenon is
often called a mutual or structural salting-in and -out,
respectively and has been recently discussed quantitati-

vely by Friedman et al.1?

In our recent study on the Pfeiffer effect,’® it was
proposed that [Zn(phen),]?t (phen=1,10-phenanthro-
line) is classified into the third group in spite of its
relatively high charge. However, the complex is so
labile that it is not easy to examine its hydrophobic
nature by usual techniques such as electrolytic con-
ductance or viscosity measurements.’®  Since [Zn-
(phen);]%* and [Fe(phen)s]?t are closely matched in
many respects, particularly with regard to their inter-
action with water in which we are interested and the
latter is extremely stable, the solubility of [Fe(phen),]-
(Cl0,), was measured in place of [Zn(phen);](ClO,),
in various aqueous salt solutions as a function of the
total ionic strength of these solutions. These data
are expected to provide a valuable information on the
hydrophobic nature of [Fe(phen),]** as well as [Zn-
(phen),]2* if the concept of compatibility and incom-
patibility of the water structure influenced by ions,?:10
is suitably applied.

Experimental

Preparation. Tris(1,10-phenanthroline)iron(II) perchlo-
rate monohydrate was prepared by dissolving Mohr’s salt,
FeSO,(NH,),SO,-6H,0 and 1,10-phenanthroline monohyd-
rate in a mole ratio of 1 : 3 in hot water containing ca. 109,
of methanol, followed by adding sodium perchlorate mono-
hydrate. The resulting crystal was washed with water and
recrystallized from water. Its purity was checked by elemen-
tal analysis.

Reagents. Added salts were sodium halides, sulfate,
acetate, and trichloroacetate, all of which were of reagent
grade and used without further purification.

Procedure. Solution equilibration was attained in a
small glass bottle (100 ml) dipped in a water bath kept at
254-0.1 °C with a mercury-in-glass thermoregulator. The
salt solution to which solid [Fe(phen);](ClO,), had been
added, was continuously stirred in the water bath by a mag-
netic stirrer for 5 to 6 hours. Then an aliquot of the solution
was pippetted out through a glass filter and was diluted
appropriately in a volumetric flask with water. After 1 or
2 hours, an aliquot of the same solution was again pippetted
out and diluted as before. [Fe(phen);]?+ in the two diluted
solutions was determined with a Shimadzu UV-200 spectro-
photometer by use of its charge-transfer band with the maxi-
mum absorption at 510 nm. When the solution equilibration
proved incomplete within experimental error, a similar
procedure was done again after 1 to 2 hours. The time
taken to reach solution equilibrium was usually from 5 to
6 hours, The molar absorption coefficient of [Fe(phen),]*+
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at 510 nm was 11100 and was not affected at all by added
salts.

Results and Discussion

If K is defined as a thermodynamic solubility prod-
uct!® for [Fe(phen);](ClO,),, K in water is expressed
as

K = [[Fe(phen),]**][CIO If:0* =480 fe@® (1)

where § and fx denote the solubility in mol/l and the
mean activity coefficient of the complex salt, respec-

tively, and the subscript (0) refers to water. In salt
solutions, on the other hand, K is given by
K =48f.° (2)

In the above two equations, ion association is ignored
on the ground that S, is so small (8.99 x 104 mol/l)
that there is little contribution from ion association to
the solubility when the amount of added salts is small
and if any, it does not differ greatly as long as halide
ions are concerned!®) (the Bjerrum’s critical distance!?
amounts to 7.1 A for halides). From the identity of
Eq. (1) with Eq. (2), it follows that

S/S(o) :fim)/fi (3)

If the Debye-Hiuckel approximation'® for activity
coeflicients is employed, Eq. (3) is rearranged to

log S/, =1.018[I%/2/(1+0.329aI'/2)
— /(14 0.329aI)] )

at 25 °C, where I denotes the total ionic strength of
the salt solution in which [Fe(phen),;](ClO,), is dis-
solved and a the distance of closest approach in
Equation (4) suggests that S/S¢) should be greater
than unity, increase with /, and should not be depend-
ent on the kind of added salts.

Figure 1 shows the ratios S/S as a function of
square root of I and clearly indicates that they are in
fact greater than unity but differ considerably from
salt to salt added when they are compared at the same
ionic strength. Since the cation (sodium ion) is com-
mon to all salt solutions and the concentration of

A

VT

Fig. 1. Dependence of the solubility ratio §/S, on
square root of ionic strength I. Dotted lines repre-
sent the theoretical values estimated by Eq. (4).
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ClO,~ is much lower than that of added salts, the dif-
ferences in §/S(, are attributed to these added anions
and the co-sphere of [Fe(phen);]?+ overlaps predomi-
nantly with those of added anions rather than that of
ClO,~. As a result, it can be concluded to a good
approximation that the increase in S/S ) with I depends
on whether the complex cation is co-operative or anta-
gonistic with added anions with regard to their influ-
ence on the water structure. In Fig. 1 are also drawn
the two curves estimated by Eq. (4) with =8 and
9 A, which are chosen because the radius of [Fe-
(phen),;]2t in water has been determined to be 6.5 and
5.3 A by viscosity!® and conductance!®) measurements,
respectively and that of ClO,~ to be 2.92 A.20

A close inspection of Fig. 1 indicates that the devia-
tions of S/S) from theoretically estimated values are
observed even at low salt concentrations at which the
Debye-Hiickel approximation is taken valid®) and that
the order of increasing ratio /S is CCl;GOO->
Br—>Cl->CH,COO~>F-~80,2-, which is in good
agreement with the order of increasing water-structure
breaking power of anions® (Nal could not be examined
because of the precipitation of [Fe(phen)s]I,). There-
fore, it is certain that [Fe(phen),]?* is cooperative with
structure breakers, i.e., it belongs to the third group. It
is probably due to the ion association between [Fe-
(phen);]2t and SO,2?- that the curve for sulfate tends
to level off at high salt concentration, since the Bjer-
rum’s critical distance amounts to 14.3 A in this case
(the association constant of [Ru(phen);]SO, in water
has been reported to be 47 by Yokoyama and Yama-
tera?l). Otherwise, the ratio should begin to decrease
like that for fluoride at high salt concentrations.

The authors would like to express their deep gratitude
to Prof. Y. Yamamoto, Hiroshima University, for helpful
discussions.

References

1) R.W. Gurney, “Ionic Processes in Solution,” McGraw-
Hill Book Co., New York, N. Y. (1953).

2) H. S. Frank, Z. Phys. Chem. (Leipzig), 228, 365 (1965).

3) E. R. Nightingale, “Chemical Physics of Ionic Solu-
tions,” ed. by B. E. Conway and R. G. Barradas, John Wiley
& Sons, Inc., New York, N. Y. (1966), p. 87.

4) J. E. Desnoyers and C. Jolicoeur, “Modern Aspects of
Electrochemistry”, Vol. 5, ed. by J. O’M. Bockris and B.
E. Conway, Plenum publishing Corp., New York, N. Y.

(1969), p. 1.
5) O. Ya. Samoilov, Discuss. Faraday Soc., 24, 141
(1957).

6) H. G. Hertz and M. D. Zeidler, Ber. Bunsenges. Phys.
Chem., 68, 821 (1964); H. G. Hertz, ibid., 68, 907 (1964).

7) G. Némethy, Angew. Chem. Int. Ed. Engl., 6, 195
(1967) and references cited therein.

8) W.-Y. Wen, “Water and Aqueous Solutions,” ed. by
R. A. Horne, John Wiley & Sons, Inc., New York, N.Y.
(1972), p. 613; J. Solution Chem., 2, 253 (1973); T. S. Sarma
and J. C. Ahluwalia, Chem. Soc. Rev., 2, 203 (1973).

9) J. Steigman and J. Dobrow, J. Phys. Chem., 72, 3424
(1968).

10) ]J. E. Desnoyers, M. Arel, G. Perron, and C. Jolicoeur,
ibid., 73, 3346 (1969).
11) R. M. Diamond, J. Amer, Chem, Soc., 80, 4809 (1958).



June, 1975]

12) P. S. Ramanathan and H. L. Friedman, J. Chem.
Phys., 54, 1086 (1971); P. S. Ramanathan, C. V. Krishnan,
and H. L. Friedman, J. Solution Chem., 3, 237 (1972).

13) H. Yoneda, K. Miyoshi, and S. Suzuki, Chem. Lett.,
1974, 349; K. Miyoshi, K. Sakata, and H. Yoneda, ibid.,
1974, 1087; K. Miyoshi, K. Sakata, and H. Yoneda, sub-
mitted to J. Amer. Chem. Soc.

14) R. L. Kay, “Trace Inorganics in Water,” Advances
in Chemistry Series, No. 73, ed. by R. A. Baker, Amer.
Chem. Soc., Washington, D. C. (1968), p. 1 and references
cited therein.

15) A thermodynamic solubility product denotes a

Solubility of Transition Metal Complexes. I.

1785

hypothetical solubility product at infinite dilution where the
activity coefficients of ions are regarded unity.

16) Y. Yamamoto, E. Sumimura, K. Miyoshi, and T.
Tominaga, Anal. Chim. Acta, 64, 225 (1973).

17) R. A. Robinson and R. H. Stokes, “Electrolyte Solu-
tions,” Butterworth and Co., Ltd., London (1959), p. 392.
18) Ref. 17, p. 223.

19) T. Kurucsev, A. M. Sargeson, and B. O. West, J.
Phys. Chem., 61, 1567 (1957).

20) E. R. Nightingale, ibid., 63, 1381 (1959).

21) H. Yokoyama and H. Yamatera, Chem. Lett., 1973,
337.






