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The optical density of charge transfer spectra of some tervalent substitution-inert complex
cations in an ultraviolet region increases by the addition of halide and sulfate ions. From the
change in optical density the association constants were determined at ionic strength 0.07
(NaClO,) and 25°C. The values are 2.2:£0.5 for Co(NH,)¢**Cl—, 2.2+0.6 for Co(NH;)s**Br-,

0.7,740.5 for Co(NH,;)s*+I-, 1143 for Co(NH;)¢*+SO,%~,

2.9+40.5 for Co(en);**Cl~ and

1028 for Co(en)s®+SO,2~ respectively. The difference of these values from the reported
values are related to the method for the measurements. Absorption maxima of the third absorp-
tion bands are obtained at 196 mp for Co(NH,):** and at 210 my for Co(en)s®*.

The ion-pair formation of hexamminecobalt-
(III) and tris(ethylenediamine)cobalt(III) ions
have been studied by many investigators!—+>
and the association constants of these ions with
anions have been reported. However these
values determined by various methods and/or
by various researchers are often different from each
other. For instance, Evans and Nancollas®® de-
termined by the spectrophotometric method the
logarithmic constant of Co(NH,)s*+Cl- at infinite
dilution to be 2.59 at 25°C, whereas King et al.?
obtained the logarithmic constant of < —0.7 for
the same ion-pair at ¢#=0.9 and 35°C. On the
other hand, the wvalues obtained by the electro-
chemical methods are around 1.5 in good agree-
ment with each other.

This investigation was undertaken for the
purpose of reexamining these constants and de-

*1  Present address: Department of Home Econom-
ics, Mishima-gakuen Women’s College, Shimizu-koji,
Sendai.
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termining the association constants of hexammine-
cobalt(ITI) and tris(ethylenediamine)cobalt(III)
ions with halide and sulfate ions by the spectro-
photometric method.

Experimental

Materials. The compounds [Co(NH;)g](ClO,)s
and [Co(en)s](ClOy); which were used in this study
were converted from the corresponding chlorides;
[Co(NH;)g]Cl3» and [Co(en);]Cly-3H,08 were pre-
pared with the procedures given in the literatures.
Each compound was recrystallized three times from
water.

The chemical analysis of cobalt in hexamminecobalt-
(III) complex was carried out in the following way.
The complex was decomposed to cobalt(II) hydroxide
by the addition of potassium hydroxide and was con-
verted into cobalt(II) chloride with hydrochloric acid.
Cobalt(II) chloride obtained was titrated with the
standardized EDTA solution using murexide as an in-
dicator. The halide solutions were standardized by

5) J. Bjerrum and J. P. MacReynolds, “Inorganic
syntheses,” Vol. 2, McGraw-Hill, New York (1946),

p. 216.
6) J. B. Work, ibid., p. 221.
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the Volhard method. The sulfate solution was pre-
pared by dissolving a known amount of sodium sulfate
(Na,SO,) of guaranteed reagent grade.

All other chemicals used were of guaranteed reagent
grade. Redistilled water was used to prepare the solu-
tions of desired concentrations.

Measurements of Absorption Spectra. The
absorption spectra were measured with a Hitachi
EPS-3 recording spectrophotometer using 1 mm, 10
mm, 50 mm and 100 mm quartz cells. The measure-
ment was made at 25°C after solution was kept standing
for about 30 min to come to thermal equilibrium.
Increasing quantities of sodium halide or sulfate were
added to each solution containing a small constant
concentration of hexammine- or tris(ethylenediamine)-
cobalt(III) perchlorate and the corresponding salt
solution was used as a reference solution. Special care
was taken in the measurement at the constant wave-
length because the optical density increases rapidly
with decreasing wave lengths. By the addition of
appropriate amounts of sodium perchlorate the ionic
strength was kept constant at 0.07, a value which was
limited by the low solubility of hexamminecobalt(III)
perchlorate.

When measured at short wavelengths, the apparatus
and all the solutions used were deaerated by bubbling
nitrogen gas. Then absorbancy measurements were
made down to 185 mp in wavelength with a consid-
erable accuracy.

Results

From the spectra obtained, the data were treated
in the following way.”> Consider the association
reaction

M3+ + Ze— — N3+7z— (I)

where M3+ represents a complex cation, Z*~ a
counter anion and M?3*Z3:- an ion-pair. The
observed extinction coefficient, &,;, is given by

_ ew + Keyng[Z7-]
Eobs = 1 + K[Zz_] (2)

where [ ] means the concentration of the sub-
stance indicated, ey and eyz are the molar extinc-
tion coefficients of M3+ and M3+Z?-, respectively,
and K is the association constant of M3+Z?- given
by

3+FE=
K= RewT @
Equation (2) is transformed to
(2] _ 1+ K[z W
Eobs — Em K(enz—ex)

Equation (4) indicates that plots of [Z2~]/(egps
—ey) versus [Z7~] give a straight line and the as-
sociation constant K is determined from the ratio
of its slope to intercept.

The optical densities of Co(NH;)s®* and
Co(en)s*+ ions were measured at various concen-

7) N. Tanaka, K. Ogino and G. Saté, This Bulletin,
39, 366 (1966).
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trations of the given anions and, at each concen-
tration, they were measured at several wave-
lengths. Examples of the results obtained are
shown in Figs. 1 and 2.~
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Fig. 1. Plots of the left-hand side of Eq. ()
against the halide ion concentration (1) for
Co(NH,)#+Cl- at 247 my, (2) for Co(NHg)gd*-
Br- at 265my, (3) for Co(NH;)#+1- at 320 my
and (4) for Co(en)s®*Cl- at 264 mp.
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Fig. 2. Plots of the left-hand side of Eq. (4)
against the sulfate ion concentration (1) for
Co(NH,)3+50,2- at 243mg and (2) for
Co(en)s3+SO,2~ at 262 my.

In the case of Co(NH;)+Z~ and Co(en)s?*+Z~
(Z=Cl, Br, I), the change in optical density ob-
served by the addition of halide ions was not suf-
ficiently large. Therefore, the measurements were
repeated several times to increase the accuracy
and the association constant, K, was calculated
by the method of least squares. The results are



December, 1967] Spectrophotometric Studies on the Ion-pair Formation of Co(III) Complexes

TABLE 1. DETERMINATION OF ASSOCIATION
CONSTANT, K, oF M3+Z:z-

Wavelength used _
Z#- for the deter- K‘(at ‘”;2)‘0? ltog IE‘O
mination, mpy averag at p=
M3+ =Co(NHj)e3+
Cl- 238, 245, 247 2.2+40.5 0.9640.1
Br- %61, 265, 275, 2.2+0.6 0.96+0.1
77
I- 315, 320 0.7,£0.5 0.4;4+0.2
SO~ 238, 243 11443 3.264-0.01
M3+ =Col(en)s3*+
Cl- 264, 267 2.9+40.5 0.99+0.07
SO~ 262, 264 10248 3.10+0.03
TABLE 2. ASSOCIATION CONSTANTS AND MOLAR

EXTINCTION COEFFICIENTS, &)z, FOR THE
I0N-PAIR OF HEXAMMINECOBALT(III) wriTH
BROMIDE IONS, OBTAINED AT DIFFERENT

WAVELENGTHS

Wavelength, mpy K. at p¢=0.07 EMZ
261 2.4+0.03 1515
265 2.440.04 1155
275 1.940.25 671
277 2.1£0.07 537

given in Table 1. In order to show the accuracy
of the association constants which were determined
at different wavelengths, the values obtained for
the ion-pair of hexamminecobalt(III) with bromide
ions are given in Table 2.

The  association constants of ion-pairs,
Co(NH,;)3+SO,2- and Co(en);*+S0O,2~, were de-
termined in a similar way, but a successive ap-
proximation was applied to obtain the concentra-
tion of free sulfate ions. The association constants
obtained are also given in Table 1.

The thermodynamic association constants of
the ion-pairs of Co(NHj;)e*+ and Co(en)s®*
were calculated with the concentration constants
and the activity coefficients, as given in Table 1.
The activity coefficients were evaluated with the
aid of the equation and the ion-size parameters
reported by Kielland.®> The ion-size parameters
used in the calculation were 3 A for Cl-, Br-
and I-, 4 A for SO,*~ and Co(NH;)s** and 6 A
for Co(en);3* ions. As for the ion-size parameters
of the ion-pairs which were not reported by Kielland
were estimated to be 4.5A for Co(NH;)g2+Cl-,
Co(NH;)¢#*Br=, Co(NH;)e**I~, Co(NH;)e*-
SOz~ and Co(en)#+SO,2~ and 5A for Co-
(en)s+Cl= from the consideration of the charge
and the structure of the ion-pairs.*?

A tendency to form an ion-pair of Co(NHj)e®*-
HSO,- was also investigated. If there exist two
ion associations,

8) J. Kielland, J. Am. Chem. Soc., 59, 1675 (1937).
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Co(NH;)s*+ + SO~ = Co(NH;)¢*+*S0,%~ (5)
Co(NH;):**+ + HSO,~ = Co(NH,):*+HSO,~
(6)
the observed optical density Dg,; is given by the
equation

DO!JS = EM{M3+] -+ Euz[Ms"Z‘.‘_]
+ eyuz[MP+HZG -] (7)

If the third term of the right-hand side of Eq. (7)
is negligibly small, Eq. (7) is reduced to

e EMZ T EM i
Eobs Em M, [M3+Z=-] (8)
where [M], indicates a total concentration of hex-
amminecobalt(III). This corresponds to the case
when only the equilibrium of Eq. (5) is in existence.
A series of measurements were carried out with the
solutions containing the same concentration of total
sulfate and various concentrations of hydrogen ions.
The concentration of free sulfate ions was cal-
culated from the concentrations of total sulfate
and hydrogen ions and the second dissociation
constant of sulfuric acid. The pK, of the second
dissociation of sulfuric acid at ionic strength 0.07
was taken as 1.52, which was obtained with the
value at infinite dilution® after correction for the
activity coeflicients.
Plots of the left-hand side of Eq. (8) against the

concentration of ion-pair, Co(NH;):*+50,",
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Fig. 3. Plots of the left-hand side of Eq. (8) against
the concentration of Co(NH,)2+SO2- at 238
my in neutral solutions (O) and in solutions
containing 3.9x10-*—7.8x10-2m hydrogen
ions (®). The total concentration of hexam-
minecobalt(III) complex is 10-3M and that of
sulfate ions, 10-2 M.

*2 The estimation of the ion-size parameters is
rather difficult. It is fortunate, however, that the
change in ion-size parameter gives only a small effect
on the value of log K;. For example, if the ion-size
parameter of Co(en)3+SO,2~ is varied from 45A
to 9 A, the activity coefficient is changed from 0.80
to 0.84 with the result that the log K; of Co(en)s®*-
S0O,2- is varied from 3.10 to 3.08.

9) For instance, R. Luther, Z. Elektrochem., 13, 294
(1907).
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which was calculated from the concentration of
sulfate ions and the association constant of
Co(NHj;)¢**SO,2~ obtained in this study, gave a
straight line; two sets of plots lie on a single line
as shown in Fig. 3. It may be concluded from
these plots that the association with hydrogen-
sulfate jon is negligible compared with that with
sulfate ion. The results agree with that obtained
with the aid of the polarographic diffusion cur-
rent.”

In order to know the aspects of so-called “end
absorption,” the absorption spectra in a short
wavelength region were recorded with the solu-
tions of various salts of hexamminecobalt(III)
and tris(ethylenediamine)cobalt(III) complexes.
The solutions of these complexes used in the meas-
urements were prepared as to contain no ap-
preciable amount of the ion-pair with the aid of
the stability constants obtained in this study, so
that the change of optical density due to the ion-
pair formation did not need to be taken into con-
sideration. As the results, all salts of each com-
plex gave an absorption maximum at the same
wavelength as shown in Table 3.

TasLE 3. WAVELENGTHS AND MOLAR EXTINCTION
COEFFICIENTS OF ABSORPTION MAXIMA OF CHARGE
TRANSFER BANDS OF HEXAMMINECOBALT(III) AxD
TRIS(ETHYLENEDIAMINE)COBALT(III) coMPLEX 10NS

Complex Amax, Mpt log & max
[Co(NH;)s](ClO,), 196 4.5,
[Co(NH,)]Cl, 197 4.5,
[Co(NHj)s]Brs 196 4. 44
[CO{NHg)s]Ig ]96 4. 43
[Co(en);](ClO,)s 210 4.3
[CO(CH)s]Clg 210 ‘1’-35

Discussion

The association constants of hexamminecobalt-
(III) and tris(ethylenediamine)cobalt(III) with
halide and sulfate ions have been reported by
several researchers,?4:19-21> which are given in

10) I. L. Jenkins and C. B. Monk, J. Chem. Soc.,
1951, 68.

11) R. Tamamushi, T. Isono and S. Katayama,
This Bulletin, 40, 334 (1967).

12) V. A. Fedorov, V. E. Mironov and F. Ya Kul’ba,
Zhur. Neorg. Khim., 7, 2528 (1962).

13) CG. W. Davies, J. Chem. Soc., 1930, 2421,

14) F. Posey and H. Taube, J. Am. Chem. Soc., 78,
15 (1956).

15) W. D. Bale, C. W. Davies and C. B. Monk,
Trans. Faraday Soc., 52, 816 (1956).

16) C. W. Davies and C. B. Monk, J. Am. Chem.
Soc., 80, 5032 (1958).

17) A. A. Vicek, the proceedings of the 6 ICCC,
590 (1961).

18) S. H. Laurie and C. B. Monk, J. Chem. Soc.,
1963, 3343.
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Table 4 together with the association constants
obtained in this study. The logarithmic con-
stants of Co(NH;)¢*+SO,2- and Co(en);*+S0O,2~
at infinite dilution which were obtained in this
study are in reasonable agreement with those in
the literature. The wvalues reported by Evans
and Nancollas® are extremely high as seen from
Table 4. They used in their experiments the con-
dition that the concentration of halide ions was
much less than that of the complex cations. The
calculation showed that, at their experimental
conditions, only a small portion of the complex
cations was associated with halide ions to form ion-
pairs in the solution. This means that the change
in optical density due to the formation of the ion-
pair might be so small that the association constants
determined might not be accurate. In this study,
the experiments were also carried out at the same
condition reported by Evans and Nancollas, with
the results that supported definitely the above dis-
cussion.

It seems certain that the association constants
of hexamminecobalt(III) and tris(ethylenediamine)-
cobalt(IIT) ions with halide ions which were ob-
tained by the spectrophotometric method in this
study are smaller than those obtained by the elec-
trochemical methods, even if the inaccuracy in
correction for the activity coefficient is taken into
consideration. This is probably because the values
obtained by the spectrophotometric method are
based on the change in optical density due to the
charge transfer of associated ions in short range,
whereas the electrochemical methods detect all
counter ions which are located in the range shorter
than the critical distance defined by the Bjerrum’s
theory of ion association.??> Since the distant ion-
pairs seem important in the case of highly charged
ions, the result in this study that the values ob-
tained by spectrophotometric and electrochemical
methods are not so different from each other for
3-2 electrolytes such as Co(INH;)s3*+SO.2- is
rather unexpected. This was noticed also by
Cohen.22

The association constants tend to decrease in
order of K¢~ Ky, > Kj, the order in which the size
of the anion increases. The association with hy-
drogensulfate ions was found to be negligible com-
pared with that with sulfate ions indicating that
the hydrogensulfate ion behaves as a univalent
anion, but not as a bivalent anion in spite of simi-
larity in the structure. It may be concluded from
these results that the association depends mainly
on the coulombic interaction between ions.

19) N. Tanaka and A. Yamada, Z. Analyt. Chem.,
224, 117 (1967).

20) H. A. Laitinen and M. W. Grieb, J. Am. Chem.
Soc., 77, 5201 (1955).

21) K. Ogino and U. Saito, This Bulletin, 40, 826
(1967).

22) S. R. Cohen, J. Phys. Chem., 61, 1670 (1957).
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TABLE 4. LOGARITHMIC ASSOCIATION CONSTANTS FOR Co(NH;)e?*Z2~ anp Cofen)3+Z2~ AT
INFINITE DILUTION AT 25°C

AL log K, Method* Investigators Reference
Co(NH;)gd+Z7~
Cl- 1.49 cond Jenkins and Monk (1951) 10
1.5 cond Tamamushi, Isono and Katayama (1967) 11
2.59 sp Evans and Nancollas (1953) 2
< —0.7%* sp King and Espenson (1959) 4
0.96 sp The present study
2.42 sol Fedorov Minorov and Kul’ba (1962) 12
Br- 2.38 sp Evans and Nancollas (1953) 2
< —0.7%* sp King and Espenson (1959) 4
0.96 sp The present study
1- 1.23 sp Evans and Nancollas (1953) 2
0.4, sp The present study
SO,2- 3.56 cond Jenkins and Monk (1951) 10
3.46 pol Vicek (1961) 17
3.21 pol Tanaka, Ogino and Satd (1966) 7
3.30 chron Tanaka and Yamada (1967) 19
3.32 sp Posey and Taube (1956) 14
2.95 sp Bale, Davies and Monk (1956) 15
2.89 sp Davies and Monk (1958) 16
3.26 sp The present study
3.52 sol Davies (1930) 13
3.60 sol Laurie and Monk (1963) 18
Colen)g?*+Zz-
Cl- 1.72 cond Jenkins and Monk (1951) 10
0.99 sp The present study
504~ 3.45 cond Jenkins and Monk (1951) 10
2.72 pol Laitinen and Grieb (1955) 20
3.22 chron Tanaka and Yamada (1966) 19
2.93 sp Ogino and Saito (1966) 21
3.10 sp The present study

* Method of measurement:

cond, conductivity; sol, solubility; sp, spectrophotometry;

pol, polarography; chron, chronopotentiometry.
**  Concentration constants (log K;) obtained at ¢=0.9 and 35°C.

The absorption maxima found in short wave-
lengths, that is at 196 my for hexamminecobalt-
(ITII) complex and at 208 my to 213 my for tris-
(ethylenediamine)cobalt(III) complex, are con-
sidered to be the absorption bands characteristic
of these complex ions, which could be assigned
either to the electron transfer between metal cation
and ligand or to the electronic transition within
a ligand molecule. From the measurement of
absorption spectra of ammonia molecule in gas
phase in a vacuum ultraviolet region,?*-25) an

23) J. Higuch, J. Chem. P!p's,24 535 (1955).
24) H. Kalpan, ibid., 26, 1704 (1956).
25) H. Sun and L. Wc:sslcr, ibid., 23, 1160 (1955).

absorption maximum was found at 1905 A, which
has been assigned to the transition from the highest
occupied orbital to the lowest vacant one. The
absorption seems to be related with the lone-pair
electron of ammonia and consequently it seems
to change when the ammonia molecule is co-
ordinated in a hexamminecobalt(III) ion. Taking
this fact into consideration, it may be appropriate
to state that these bands are due to the electron
transfer from a ligand to the central metal ion in
the complex.
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