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Studies on Cobaltammines

V. Anion-Exchange Investigations of the Outer-Sphere Complexity of
the Cobalthexammine (1II) Ion

RAGNAR LARSSON and INGA TOBIASON

Department of Inorganic and Physical Chemistry, Chemical Institute, University of Lund,
Lund, Sweden

The distribution of the Co(NH;)g+ ion between an anion exchanger
and water has been determined for varying concentrations in the
aqueous phase of sulphate, thiosulphate, fluoride, chloride, bromide
and acetate ions. From the distribution curves obtained the existence
of the third sulphate and thiosulphate complexes is deduced as well
as the fourth chloride and bromide complexes.

The tendency towards the formation of anionic complexes follows
the order S,0,2- > SO,.2- and Br- > Cl- ) F-. These results seem to
support the concept of a second coordination sphere of the Co(INH;)+
ion, which is closely analogous with the inner coordination sphere.

In recent years many reports have appeared concerning the association be-
tween various anions and complex ions, such as Co(NH,)2* and Cr(NH;) 3.
The association products have sometimes been described as “ion-pairs’”,
sometimes as outer-sphere complexes”. The first term was introduced by
Bjerrum ! and formally describes the effect of the long-range electrostatic
forces around such highly charged ions. These effects, however, can also be
treated in other ways (Gronwall et al.2, Mayer 3, Guggenheim 4).

On the other hand, if the concept of “outer-sphere complexes” shall be
used sensibly, we cannot confine ourselves to the mere existence of such asso-
ciation products, as they can be described as indicated above. The term
“sphere” is intimately related to the coordination theory of Werner %, and if
the term “outer-sphere complexes” should have any pragmatic sense, we
must demand that the same criteria shall apply to the outer sphere of coordi-
nation as to the inner one. That is, the ligands must be assumed to occupy a
limited number of so-called coordination sites, and moreover, these should be
spatially well defined. Such a situation obviously arises if some kind or kinds
of specific interaction is at hand.

As in the case of coordination in the inner sphere, it is not necessary to
specify the ’forces’ of interaction.
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It seems to the present authors that an indication of the usefulness of the
concept of outer-sphere coordination would be the detection of association
products that cannot be explained in terms of “’ion-pairing’’. Such association
products would be anionic complexes, e.g. [Co(NH;)sCl,]~ or [Co(NH,)¢(SO,)4J*,
t.e. of a composition that corresponds to an association between negatively
charged ligands and uncharged or negatively charged central groups.

A method for the detection of anionic complexes has been devised by
Fronzeus 8. This method has been used in this investigation to study the associa-
tion between the cobalthexammine(IIl) ion and fluoride, chloride, bromide,
acetate, sulphate and thiosulphate ions, respectively.

THEORY

The distribution of the hexammine cobalt complex, here denoted MA,,
between the anion exchange resin, saturated with the ligand B, and the
aqueous solution with the total concentration of ligand Cfg, is designated as:

@ = C(MA.)R/CMA. (1)

The subscript R indicates the resin phase.
It can be shown ¢ that

X([Blg) , _[BJ

P8 TmR X0 )
Here X=1+ .g B.[B] (3)
n=1

K is the constant of the Donnan equation, and » is the quotient between the
absolute values of the ionic charge of the central group and that of the ligand.

Further-more it has been shown ¢ that ¢ has a maximum value for such a
[B] that the mean ligand number # = ». This holds true whether » is a whole
number or not.

It can be seen from eqn. (2) that for two systems, for which K can be
regarded as approximately equal, ¢ will be greatest — at corresponding values
of [B], e.g. at the maximum — for the system that exhibits the greatest
anion complexity in the resin phase (cf. Ref.$, p. 3).

Thus there are two possible indications of the formation of the anionic
complexes alluded to in the introduction: the appearance of a maximum,
which indicates the formation of anionic complexes in the aqueous phase,
and the magnitude of that maximum, which is a measure of the degree of forma-
tion of anionic complexes at the very high ligand concentrations that exist in
the resin phase.

Furthermore, if we assume that [B]g is constant, it is easily deduced (Ref.?,
p. 1449) that

dIn ¢/d In [B] =v—7 (4)

from which relation 7 may be estimated also beyond the value of ».

Acta Chem. Scand. 16 (1962) No. 8



STUDIES ON COBALTAMMINES V 1921

MEASUREMENTS

Experimental technigue. In 50 ml glass bottles with well ground stoppers a weighed
amount (w g) of resin was added to 15 ml of a solution with a ligand concentration C's
and a concentration C’ma, of Co(NH,),(ClO,),. w was always 1.00 g. The bottles were
carefully closed and put into brass cylinders, which were kept rotating in a water ther-
mostat (20°C) for 30 h at least.

The brass cylinders had the twofold purpose of preventing the bottles from breaking
and of protecting the solutions from light, that might have produced decomposition of
the cobalt complex 8,

After the indicated time, the solution was separated as completely as possible from
the resin phase by backway filtration using a large-porous filterstick. The cobalt concen-
tration was determined for both phases. As the ¢ values were in all cases < 1072 1/g, the
cobalt charge of the resin phase could be quantitatively extracted by shaking witha
certain volume v, (15 ml) of water. The cobalt used contained an amount of °Co (Harwell)
and the determinations of the cobalt concentrations could thus be easily performed
radiometrically.

Measurement of radioactivity. The detector and the scaler were the same as before °.
In addition, auxiliary equipment, constructed in this laboratory, was used, which,
together with a Tracergraph Printing Timer, allowed automatic registration of a series
of samples. The reproducibility was 1 9%,.

Chemicals used. Sodium (in one case litium) salts of pro analysi quality were used.
Stock solutions were made by dissolution of weighed amounts in distilled water. The
concentrations were checked for the NaCl and NaBr solutions with argentometric titra-
tion, for Na,SO, solution with alkalimetric titration after cation exchange and for the
Na,S,0; solution with iodometric titration.

The anion exchange resin was Dowex 1 X 4, 50—100 mesh. It was converted to
the proper ionic form and air-dried.

Calculation of [B]. The swelling factor of the resin, § = C's/Cg, wasdeter-
mined by a titration of the liquid phase for the chloride, bromide and thio-
sulphate systems (Fig. 1). For the sulphate system the values for the thio-
sulphate system were used. From these curves Cp could be calculated for any
Cy (the concentration of ligand before equilibrization). As Cy was kept
very low (0.2 mM), [B] was put equal to U5 in all cases but those of very low
sulphate and thiosulphate concentrations, where [B] = (05 + 3 Cy) 67 (cf.
Ref 6, p. 5).

Calculation of @. To calculate Cyr we use the relation

Coagr = vy - COya, . w! where C’;,IA. is the cobalt concentration of the wash-
ing-solution.
Thus
¢ = Cuagr/Ona, = v; Oya, wCOa, (5)
1.00 ———
é /“?:’ T
/
0.95 -/ 4
Fig. 1. Swelling factor § = C’y/Cy of the |
resin: chloride (-—), bromide (— — —) and
thiosulphate (— - — - —) solutions. L ! ' ¢ ,
1.0 20 C4M
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As C;IA, = Const - I, and Cya, = Const - I, where I, and I, are the y-inten-
sities of 10 ml of the first filtrate and the washing-solution, respectively,
we then obtain

o = v Jw I /g (6)

A reproducibility of 5 9, or better was obtained. As the resin particles could
not be completely freed from adherent solution, there is a certain contribution,
@., in the thus calculated @ values. (¢f. Sonesson, Ref.?, p. 1448). In order to
obtain the real ¢ we must make an estimate of ¢,. Sonesson 7 used the value
0.5 ml/g, a value obtained from his measurements of the gadolinium acetate
system. This choice was based on the assumption that the tendency to form
anionic complexes was very small within this system so that the ¢ obtained
could be regarded as almost a pure g,-contribution. In the present investiga-
tion the estimate of ¢, is based upon the measurements of the fluoride and ace-
tate systems, where very low and rather constant ¢ values are found (Table 3).
As @, must be equal to or less than the smallest ¢ found, we make the estimate
@, = 0.45 ml/g. This is in good agreement with the value used by Sonesson 7,
as it should be for the same type of resin. Some difference must be expected
caused by variations in particle size and separation effectivity.

Another correction, gs, that must be made, arises from the adsorption on
the surface of the resin (Ref.%, p. 4). This effect is more difficult to determine,
as it must be expected that several factors are at hand. First, the most strongly
adsorbed ionic species is of course, the tervalent uncomplexed MAg, and so s
will decrease more rapidly the stronger the complexity of the system is. On
the other hand, the adsorption must depend on the nature of the surface and
thus on the ioniec form of the resin. For this reason different correction terms
have been used for ¢ in this paper. For the sulphate and thiosulphate systems
the correction used by Sonesson 7 has been used, only slightly modified. This

Table 1. The distribution quotients for the sulphate and thiosulphate systems.
(C'm = 0.2 mM).

a. The sulphate system b. The thiosulphate system
[B] ] (a2 + @s) @corr [B] 4 Pa + @s peorr
M ml.gt! | ml.g? ml . g! M ml.g? | ml.gt | ml.g?
1.6 1.32 1.3 — 1.6 3.30 1.3 2.0
18.4 2.73 1.63 1.10 11.0 5.20 1.65 3.55
34.9 2.48 1.16 1.32 17.9 5.36 1.62 3.74
51.8 2.37 0.82 1.55 35.2 4.94 1.16 3.78
103 2.13 0.54 1.59 52.5 4.52 0.82 3.70
273 1.60 0.45 1.15 104 3.62 0.54 3.08
340 1.35 0.45 0.90 276 2.25 0.45 1.80
543 1.14 0.45 0.69 345 1.94 0.45 1.49
678 0.95 0.45 0.50 550 1.51 0.45 1.06
945 0.82 0.45 0.37 686 1.30 0.45 0.85
1020 1.13 0.45 0.68
1620 0.96 0.45 0.51
2015 0.90 0.45 0.45
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tog Peorr ! I '
05F -
0 -
Fig. 2. The logarithms of the corrected
distribution quotients of the sulphate (O)
and thiosulphate (@) systems plotted _ 05k
against log[B]. 5 1 | L

1
20 log (B] 30

correction was made, as it has been found to work properly for the system
(gadolinium glycolate) studied by Sonesson 7, a system, which seems to be of
about the same complexity as those two mentioned above (vide infra). For
the chloride and bromide systems of a much weaker complexity the excessive
value of ¢ for small Cp is much less, that is, ¢; does not contribute to any
greater extent. Any correction in these cases is very much a question of choice,
and the reported values (Fig. 3) have not been corrected for the adsorption
effect.

RESULTS

The measurements of the sulphate and thiosulphate systems are given in
Table 1. It can clearly be seen that both these systems exhibit a maximum of
@. In Fig. 2 log @ is plotted against log[B]. The maximum of the thiosul-
phate system is greater and appears at a lower value of [B] than the one of the
sulphate system.

From Fig. 2 one can obtain d log gcr/d log[B] and thus from eqn. (4)
one can calculate %. Such a calculation is very uncertain because of the many
corrections made and also because of the unvalidity of the assumption of a
constant [B]g at higher Uy values *. Nevertheless it has been attempted and
can be found in Table 2. As the 7 values for large [B] are greater than 2, we
must also assume the presence of the third complex.

It must be pointed out that the calculation of # for values of [B] > 0.1 M
is independent of the correction ¢s, as this function decreases rapidly for

Table 2. The sulphate and thiosulphate systems. % calculated from eqn. (4).

a. The sulphate system b. The thiosulphate system
[(B] M 0.2 0.5 0.9 0.14 0.2 0.5
n 2.0 2.4 2.7 2.0 2.1 2.4 **

* Furthermore, the g, values for the aqueous phase probably vary somewhat, as the ionic
strength is not kept constant.

** This value is probably too low because of a beginning variation of [B]g, which causes the
experimental points to lie above the expected curve for greater Cy values (Fig. 2).
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Fig. 3. The chloride and bromide systems.
The distribution quotients corrected for
the @,-contribution NaCl: O, LiCl: [ ], NaBr:
®. (In t.ue bromide case. precipitation
occurred for Cyz > 4 M.)

[B]< 0.1 M and is almost negligible for [B] > 0.1 M. The choice of the value
of the correction ¢, is more critical. However, even if such a low value as
0.3 x 1073 1/g is used, we obtain, e.g., # = 2.35 for [SO; ] = 0.7 M. Thus the
conclusion regarding the existence of the third complex is still valid.

The results of the measurements of the chloride and bromide systems
are given graphically in Fig. 3. In both cases a slight maximum is observed,
followed by an increase of @ at very high Cg values in the chloride case

The maxima indicate the presence of anionic complexes. The subsequent
increase of ¢ must be attributed to an complete invalidity of the assumption
of the constancy of [B]g. It is interesting to note the greater value of the
maximum for the bromide system. This indicates a greater tendency towards
formation of anionic complexes in the resin phase for this system as compared
to the chloride system.

The measurements of the fluoride and acetate systems are given in Table 3.
As it has been mentioned before, the estimate of ¢, is based upon these results.
The low values of ¢ makes it probable that the tendency to formation of anionic
complexes is negligible.

Table 3. The distribution quotients of the fluoride and acetate systems. (C’y = 0.2 mM).

a. The fluoride system b. The acetate system
C'y mM pml. g1 C’y mM @ml. g1
16 0.53 42 0.49
32 0.57 83 0.43
48 0.49 170 0.43
95 0.53 330 0.52
260 0.48 670 0.50
320 0.46 1330 0.59
510 0.53 1870 0.65

640 0.54
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DISCUSSION

From the existence of not only the second but also the third complex
of the sulphate and thiosulphate systems, it follows that the criterion of outer-
sphere coordination that was suggested in the introduction, is actually ful-
filled. Also the existence of the fourth chloride and bromide complexes gives
weight to the use of the concept of outer-sphere coordination”.

It is interesting to note that the order of increasing strength of the anionic

complexity is Br~ » CI-) F~ and 8,05 > SOi~. The last sequence at least,
is based both on the complexity in the aqueous phase (the position of the
maximum) and in the resin phase (the magnitude of the maximum). This order
is reverse to that reported by Evans and Nancollas '° for the first complexity
constant, CI~ > Br~ > I". This fact may seem astonishing at first, but an
inspection of the data of Evans and Nancollas 1° shows that this order of the
free energy change, CI"( Br~( I, is a consequence of very large positive
entropy terms. The enthalpies of reaction were 1° all positive and followed the
sequence CI” ) Br~ ) I". If we use this order of the enthalpies also for the forma-
tion of the higher complexes and use a rather small positive entropy term, we
may wery well obtain an order of the free energy changes ClI”) Br~ ) I~
which is in accordance with the sequence of anionic complexity that has been
found here.

In this connection some words can be said in favour of the measurements
of Evans and Nancollas 1°. These authors have used a method which is known
to yield reliable results (Olerup 1, p. 63) and their result for the iodide system
(B, =17 M1, I = 0.054 M) agrees well with that, which was reported inde-
pendently by Kubota 12, (; = 16 M, I = 0.03—0.1 M). Recently this work
has been critized by other authors 3. They, however, use a method, which is
also known to yield very uncertain information in the case of weak complexity,
(Olerup 11, p. 58). We therefore chose to base our discussion on the work of
Evans and Nancollas 0.

The observed trend for the complexity is contrary to the one that was
expected for pure electrostatic attraction. The degree of complex formation
rather follows the same order as the polarizabilities of the ligands do:
Br- > CI- > F; 8,05 > SO;~. This may be taken as an indication of a partial
charge transfer from the ligands towards the cobalt centre. This is in agreement
with the absorption spectra in the ultraviolet region 14, typical of ’charge
transfer complexes’.

Thus, in conclusion, we may state that the studied association products
have so many features in common with ordinary coordination complexes that
the use of the concept of the second coordination sphere is well justified.

This work has been financially supported by the Swedish Natural Science Research
‘Council, a fact which is gratefully acknowledged.
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