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Properties of the Acidocobaltammines. II.

Iodopentamminecobalt(III)*

By RicuARD G. YALMAN
RECEIVED NOVEMBER 13, 1052

. The rates of reaction for the formation and aquation of iodopentamminecobalt(III) and the mechanism of the reduction of
1odop§ntammmecobalt(II];) by iodide ion were determined. An explanation is offered for the difference in the relative
stability of aquopentamminecobalt(III) and iodopentamminecobalt(III) in the presence of jodide ion.

Fluoro-, chloro- and bromopentamminecobalt-
(IIT) salts are readily obtained by the reaction of
solutions containing aquopentamminecobalt(III)
ion with fluoride, chloride and bromide ions respec-
tively. This reaction is reversible and an equilib-
rium is established between the aquo, the acido,
and the halide ions. The formation of the aquo
complex from the acido ion (aquation) may be con-
sidered as the characteristic reactions of these pen-
tammines.

Iodopentamminecobalt(I11), however, cannot be
made directly from solutions containing iodide and
aquopentamminecobalt(IIT) ions.>® Instead, io-
dine is slowly formed and the Co(III) ion is reduced
to Co(II). When iodopentamminecobalt(III) salts
are dissolved in water, a similar reaction occurs.
It seemed worth while to investigate this anomalous
behavior in order to establish whether the charac-
teristic reactions of the other halogenopentammines
occur in the case of iodopentamminecobalt(III)
and to find the reaction responsible for the forma-
tion of iodine.

Experimental

Materials. Chloropentamminecobalt(III) Chloride.—
This compound was used as the starting material for the
other Co(I1II) compounds and was prepared according to the
method of Willard and Hall.*

Aquopentamminecobalt(III) Iodide.—Twenty-five grams
(0.1 mole) of chloropentamminecobalt(III) chloride was
dissolved in 400 ml. of water containing 4 g. (0.1 mole) of
sodlum hydroxide at room temperature. After filtering,
to remove any cobalt hydroxide which may be present, 90 g.
(0.6 mole) of sodium iodide was added and the solution was
acidified to a pH of 5 with acetic acid. After standing over-
night at 5°, the acid solution was filtered, washed with ice-
cold water, and then alcohol; yield 90%,.

Iodopentamminecobalt(III) Perchlorate.—The nitrate
salt, prepared by the method of Werner? from aquopentam-
minecobalt(111) iodide, was converted to the perchlorate
by repeated stirring with 5 molar sodium perchlorate acidi-
fied with perchloric acid until the supernatant solution con-
tained only a small amount of nitrate ion. The perchlorate
salt was then recrystallized by dissolving it at 45° in water
acidified with perchloric acid, filtering, cooling and adding
solid sodiumn perchlorate to make the final perchlorate comn-
centration 1 molar. After standing for several hours he-
low 5, the dark green (nearly black) crystals were filtered,
washed with ice-cold water, alcohol and finally dried with
ether. In this way, hexammine salts (the main impurity)
were removed. The yield, based on aquopentammiieco-
balt(I11) iodide, is 30%. After standing for six months in a
desiceator, the perchlorate salt showed no signs of decom-
position.

Aquopentamminecobalt(III) Perchlorate.—A modifica-
tion of the method described by Basolo and Steningers for
the preparation of hydroxoaquobis-(ethylenediammine)-
cobalt(III) bromide using an anion exchange resin was used
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to prepare the aquo perchlorate. Because of the slight solu-
bility of the chloropentamminecobalt(III1) chloride, this
compound was dissolved in water containing one equivalent
of sodium hydroxide before being passed through the resin
bed. The effluent was neutralized with perchloric acid.
Decomposition in the column was negligible and the neu-
tralized effluent was used as a stock solution of aquopentam-
minecobalt(I1I). perchlorate. One-hundredth molar solu-
tions were easily prepared in this way.

A sodium free salt could be obtained by evaporating
slowly on a steam-bath 0.1 molar solutions prepared in the
above inanner until crystals began to form. After cooling
in an ice-chest overnight, the filtered and washed crystals
of aquopentamminecobalt(II1) perchlorate were recrystal-
lized from dilute perchloric acid.

Analysis. Total Cobalt.—Both chloro- and iodopentam-
minecobalt(111) react rapidly with Hg(II) to form the aquo
complex ion whose concentration can be determined from
its optical density at 498 mu. Because of the ease and the
high degree of purity with which chloropentammineco-
balt{I1I) chloride can be prepared, it was used as a primary
standard for obtaining the absorption spectrum of aquopent-
amminecobalt(III).

Reducible ‘Co(IIl).—Iodopentamminecobalt(III) reacts
rapidly at room temperature with a large excess of jodide ion
to form iodine and Co(II). The iodine liberated can be ti-
trated in the usual wayv.

Total Iodide Ion.—Iodide in the complex ijodopentam-
minecobalt(I1I) reacts with bromine in a buffered acetate
solution to form the aquo complex ion (in equilibrium with
the bromo complex ion) and iodate ions. The excess bro-
mine is then destroyed with formic acid and the iodate ion
can be titrated in the usual manner without interference
by Co(I1II).8

The results of these analyses are given in Table I.

TABLE [
AxaLvsis oF [Co(NH;);I1](CIO,);
Co(III), % I-, %
Procedure Caled. Obsd. Calced. Obsd.
Total cobalt 12.64 12.75 27.01
12.65
Reducible cobalt 12.74 27.24
12.56 27.08
Total iodine 27.20
26.85

Spectral Measurements.—The optical absorption spectra
of iodo- and aquopentamminecobalt(II1) perchlorate were
determined with a Beckman quartz spectrophotometer
using 1 em. fused silica cells. The cell compartment was
mounted between plates containing coils through which
water of any desired temperature could be circulated. The
solutions of iodopentamminecobalt(III) were prepared in
959% methanol at 1° in order to prevent the aquation or re-
duction of the iodo complex ion during the time (two hours)
required to determine its spectrum. The effects of any re-
actions which might have taken place during this period
were shown to be less than the error involved in making the
measurements. All solutious contained thousandth molar
perchloric acid which stabilizes the cobaltammines and pre-
vents the hvdrolysis of the aquo complex ion.

The absorption spectra of iodopentamminecobalt(III) and
aquopentamminecobalt(II1) have maxima at 288 and 498
mu, respectively. The validity of Beer’s law was estab-
lished for each ion at these wave lengths which were then
used in the reaction rate studies.

(6y I,. Spitzer, Ind. Eng. Chem., Anal, FEd., 8, 463 (1936).
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The formation of iodine by air oxidation in solutions con-
taining large amounts of iodide ion interferes with the spec-
trophotometric determination of iodo- and aquopentam-
minecobalt(1II) ions. The iodine was reduced by adding
sodium sulfite to solutions which had been previously
chilled in an ice-bath. Previous experiments showed that
even at 85° the Co(IIl) complex was reduced very slowly
by sulfurous acid.

Procedure in Rate Studies.—Stock solutions of both
aquopentamminecobalt(III) and iodopentamminecobalt-
(I1I) perchlorate were prepared. The latter solutions were
kept in an ice-chest. Aliquots from the stock solutions
were then added to desired amounts of perchloric acid, so-
dium perchlorate and sodium iodide in a volumetric flask
and the final volume was adjusted with distilled water. With
the exception of the stock solutions of the cobaltammines,
all solutions had previously been placed in the constant temp-
erature bath for 30 minutes. The final ionic strength of each
solution was 1 molal.

After the volume of the solutions was adjusted, the
flasks were placed in a constant temperature bath main-
tained at 45 =& 0.02°. At desired intervals, 5-ml. samples
of the reaction mixtures were rapidly removed from the
flask and quickly chilled by delivering them into small
flasks placed in an ice-bath. The time at which 509, of
the sample was transferred to the cooled flask was recorded.
After cooling, one drop of 1 molar sodium sulfite was added
to the flask. Portions of this cooled sample were used to
rinse the cell after which the optical density of the sample
containing the sodium sulfite was determined at 1°.

Results and Discussion

The Reactions of Iodopentamminecobalt(IIl).—
When the initial concentration of iodopentammine-
cobalt(III) is of the order of 10—5 molal, then the
change in the concentration of iodopentammineco-
balt(III) corresponds to a first order reaction.
Under these conditions the concentration of iodine
formed is undetectable and the concentration of
iodopentamminecobalt(III) is directly propor-
tional to the optical density of the solution. A typ-
ical reaction curve is shown in Fig. 1 where the log-
arithm of the optical density is plotted against time.
The average slope of several sets of data calcu-
lated by the method of least squares was 3.60 X
10~% mun.~%. The deviation within a single set of
measurements was 29,

As the initial concentration of iodopentammine-
cobalt(III) is increased, the curve obtained by plot-
ting the logarithms of the optical density against
time is no longer a straight line, but it is concave
downward and consists of an induction period fol-
lowed by a steeper straight line portion. This is
shown in Fig. 1 where the data for the change in
concentration of a solution of iodopentammineco-
balt(ITI) perchlorate having an initial concentra-
tion of 2.5 X 10~-% molar is plotted. The initial
slope agrees with that obtained for the more dilute
solutions of the iodo complex ion. The straight
line portion of the curve becomes steeper and the
induction period decreases with an increase in the
initial concentration of iodopentamminecobalt(III)
perchlorate.

Analysis of the final products in those experi-
ments containing more concentrated solutions of
iodopentamminecobalt(III) perchlorate showed the
presence of iodine as well as aquopentammineco-
balt(ITII). The equivalent concentration of iodine
formed in every case was equal to the difference in
the initial concentration of iodopentammineco-
balt(1II) and the final concentration of aquopent-
amminecobalt(III), The final iodide ion concen-
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Fig. 1—Reactions of iodopentamminecobalt(III). in
aqueous solutions: O, 1 X 1075 molar Co(1II); ©, 2.5 X
10~% molar Co(1II); @, 1 X 1078 molar Co(III)in 1 X 10~3
molar sodium iodide.
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tration is equal to the final concentration of aquo-
pentamminecobalt(III). The results of a number
of these experiments are included in Table II.

Similar results were obtained in solutions which
were saturated with iodine and in solutions which
had been deoxygenated by having nitrogen passed
through them. On the other hand, when sulfur
dioxide was used to deoxygenate the solutions the
rate of reduction increased, and the final concentra-
tion of aquopentamminecobalt(IIT) decreased. The
results of one of these experiments are included in
Table II.

TaBLE II
TRANSFORMATION OF IODOPENTAMMINECOBALT(III)

Equiv. conen, in moles X 108, T = 45°
Co(NHz)sI++ Co(NHg):HsO 4+ Iz
2.50 0.60 1.90
4.85 .82 4.00
5.00 .91 4.08
5.00° .23 0.00
7.86 1.01 6.70
8.30 1.17 7.18
10.00 1.34 8.80

% S0, present.

When sodium iodide is present in solutions con-
taining iodopentamminecobalt(I1T) perchlorate, the
rate of disappearance of the iodo complex ion in-
creases and the length of the induction period de-
creases. At the same time there is a corresponding
increase in the amount of iodine and a decrease in
the amount of aquopentamminecobalt(III) formed.
The results of several of these experiments are
given in Table ITI. When the initial sodium iodide
concentration is considerably greater than that of
iodopentamminecobalt(III) then a straight line
curve is obtained (see Fig..l1). This line corre-
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sponds to a first order reaction with respect to the
iodo complex ion.

TABLE III
REDPUCTION OF IODOPENTAMMINECOBALT(III) BY [OoDIDE
Ton
Equiv. concn, in moles X 108, 7 = 45°
Co(NHy)s-
Co(NH3)sI*+ I- HyQ+++ Ta
5.00 1.00 1.20 4.00
5.00 2.00 .80 4,16
5.00 4.00 0.03 4 .58
5.00 100.00 495

‘When the rate constant corresponding to the
disappearance of iodopentamminecobalt(III) in
the presence of sodium iodide is plotted against
the initial iodide ion concentration, the straight
line curve shown in Fig. 2 is obtained. The equa-
tion of this curve is

Kobsd = ki + ko[17] (1)

The constants k, and &, were determined by the
method of least squares and were found to have the
values 4 £ 0.2 X 10~* min.~'and 11.7 & 0.1 liters
moles~! min. ~!, respectively.

8
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Fig. 2.—Rate of reduction of iodopentamminecobalt{I1I) in
sodium iodide solutions.

Reactions Involving Aquopentamminecobalt(III).
—Solutions of aquopentamminecobalt(ITI) in di-
lute perchloric acid are stable over a period of
months at room temperature in diffuse daylight,
but they are slowly decomposed in the presence of
sodium iodide with the simultaneous formation of

iodine. When the sodium iodide concentration is
TABLE IV
Tue RsebpucrioN oF AQUOPENTAMMINECOBALT(III) BY
Iopipe IoN
T = 45°
Co(IIT) +++
X 108 I- X 108 H+ X 103 /18
4.95 0.25 0.75 7.60
4.95 25 .05 7.62
4.95 .50 .50 7.64
4.95 .50 05 7.60
5.25 75 25 7.38
5.25 75 05 T.42

@ Average 7.5 = 0,17 X 10} # liter moles "lmin, " L.
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large relative to that of iodopentamminecobalt(IIT)
the reaction rate is of first order with respect to
the complex ion.

From the data in Table IV it can be seen that
the rate is also a linear function of the iodide ion
concentration and independent of the hydrogen ion
concentration.

Discussion

The data for the reactions involving iodo- and
aquopentamminecobalt(I11) indicate the occurrence
of the following series of reactions

R
Co(NH, 1 *+ + H.0 <k—_‘—> Co(NHy):H:O+++ + I (2)

k
Co(NHy),I+* + I~ —> Co(NHkI* +1 (3)

E;
Col NHy )l ++ 4+ BH.O ——>
Co(HzO)t+ + 5NH; + I~ (4)

ky
I+1<—1 (5)
—4

The rate constant ki, for the aquation of iodo-
pentamminecobalt(IIT) corresponds to &, in equa-
tion (1). It was found to be 3.60 = 0.05 X 103
min.~ by carrying out the reaction in very dilute
solutions (1 X 1075 molal) and 4.0 = 0.2 X 103
min. ~! by observing the rate of reduction of jodo-
pentamminecobalt(III) in the presence of sodium
iodide. The rate constant k,, for the reduction of
iodopentamminecobalt(III) corresponds to k; in
equation (1) and has a value of 11.7 = 0.1 liters
mole~! min.~!, Therefore at a maximum iodide
ion concentration of 1.0 X 1075 molal obtained by
the aquation of 1.0 X 10~° molal iodopentammine-
cobalt(IIT) the error in the determination of the
rate of aquation of iodopentamminecobalt(III) due
to its reduction by iodide ion would be less than
39,. The figure 3.60 X 10~° molal was calculated
from data obtained before the aquation of iodopent-
amminecobalt(III) was 507, complete and may be
too high by about 19;. This error is less than that
observed for a single set of measurements.

If the iodopentamminecobalt(III) were not re-
duced by iodide ion, then an equilibrium would be
established between aquo- and iodopentammineco-
balt(ITL). The value of the equilibrium constant
for this reaction

Co(NH,)sl ++ + H.O = Co(NH;);H,O+++ + -
would be

[Col NH,)sH:O+++][17 ]/ [Co( NH;)sI ++) ki

= - =438

1

K =

and iodopentamminecobalt(I1I) would have nearly
the same free energy of formation and oxidation re-
duction potential as aquopentamminecobalt(III).
Bjerrum’ has pointed out that no particular am-
minocobalt(ITI) complex is stable in an ammonia-
free solution. The calculation of the oxidation-
reduction potential of a complex ion from its con-
stants of formation from the aqueous ion give no
indication of the reaction rates of the complex ion.
If the rate of transformation of the complex ion to
the simple aqueous ion is very slow (as it is for

(7% . Bierrum, “Metal Ammine Formation in Agueous Solution,”
P Haws> 114 San, Copenhagen, 1941, p. 251,
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the cobaltammines), then the complex ions ap-
pear to be stable.

The presence, then, of the iodide ion within the
complex itself in iodopentamminecobalt(III) would
be expected to have little or no efect on the sta-
bility of this Co(III) ion. When dry, or present in
dilute solutions, iodopentamminecobalt(III) be-
haves similarly to both bromo- ind chloropentam-
minecohalt(IIT). Its rapid reduction in the pres-
ence of additional iodide ions indicates, however,
that the reduction of iodopentamminecobalt(III)
occurs when there is a collision between an iodide
ion in solution and the complexly held iod:de ion.

TaE GREEN CArRBONATOCOBALT(III) ANTON
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An electron is then transferred from the former ion
to the cobalt atom after which the Co(III) complex
is rapidly converted in successive steps to the nor-
mal aqueous cobalt ion,

Because of the loss of iodide ion from the solution
in reaction (2) and its reoccurrence due to reaction
(3), the reduction of iodopentamminecobalt(ITI) by
iodide ion possesses the characteristics of a cata-
lytic reaction.

I wish to thank Robert Larson for his help in pre-
paring the cobalt compounds and obtaining the
rate data.
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Complex Acids of Cobalt and Chromium.

The Green Carbonatocobalt(JII) Anion*

Bv THOoMAS P. McCUTCHEON AND WILLIAM J. SCHUELE
REcEIVED NOVEMBER 24, 1952

Solutions of free acids containing complex anions of cobalt and chromium have been prepared by the use of ion-exchange

resins,
taining the aquopentamminecobalt(11I) cation.
and a stable salt of the anion is described.

The use of cation exchange resins affords a simple
and rapid method for preparing pure solutions of
heteropoly acids of molybdenum and tungsten.!
The solutions are free from metallic cations and
they give reliable information when used for po-
tentiometric and other measurements.

The same procedure has proved equally success-
ful for obtaining solutions of free acids with complex
anions of cobalt and chromium. Acids corre-
sponding to the codrdination compounds: am-
monium tetranitrodiamminecobaltate(III) (Erd-
mann’s salt), potassium trioxalatocobaltate(III),
potassium trioxalatochromate(I1I) and ammonium
tetrathiocyanatodiamminechromate(III), (Rein-
ecke’s salt) were prepared by the use of an ion-
exchange column, and the effluents were tested for
metallic cations, with negative results in each case.
The acids in the effluent were about 0.1 M and the
pH of the solutions between one and two. The
colors corresponded closely to those of the original
salts. These salts were regenerated from the acids
by neutralization with the appropriate carbenate or
base.

Solutions of the acids in closed containers were
stable for a number of days, but the trioxalato-
chromium(IIT) acid alone was stable on evapora-
tion, yielding a homogenecus mass of blue needles.

All of the acids were characterized by conversion
to the slightly soluble, crystalline compounds formed
with the aquopentamminecobalt(III) cation. These
salts were made readily by adding a ‘solution of
carbonatopentamminecobalt(III) nitrate to solu-
tions of the acids, according to the equation
[CoCO3(NH;):INO;s + Hs [Cr(Cs04)3] —>

[CoH;O(N'H;),)[Cr(Cy0s);] + CO. + HNO;4

* Presented at the Miniature Meeting at the Philadelphia Section of

the American Chemical Society, January 29, 1953,

{1) L. C. W. Baker, B. l.vev and T. P. McCutcheon, THIS JOURNAL,
72, 2374 (1950).

These acids reacted with carbonatopentamminecobalt(III) nitrate giving crystalline, insoluble compounds con-
A method is reported for making the green carbonato anion of cobalt(III),

Effervescence occurred as soon as the solutions
were mixed, followed quickly by an almost quantita-
tive precipitation of the complex salt.

It was anticipated that the intensely green tri-
carbonatocobalt(ITI) anion, the product of the
well-known Field—Durant reaction, would not with-
stand contact with the resin in its hydrogen ion
phase. As soon as the green solution came in
contact with the resin, effervescence occurred
throughout the column, and the effluent was
colorless. The green anion was made and charac-
terized by a new method described below.

Experimental

The column and resin (Amberlite IR-100) were the same
as used in the preparation of the heteropoly acids. This
resin has a capacity of 1.75 millequivalents of exchangeable
ion per gram of resin; 2009, of the theoretical amount of
resin was found sufficient to effect complete exchange. To
ensure complete removal of any previously exchanged cat-
ions, 3009, of the theoretical volume of 10% HCI was used
to regenerate the resin.

Ten grams of ammonium tetranitrodiamminecobaltate-
(I11) (Erdmann’s salt) was dissolved in 300 ml. of water,
giving a solution of pH 5.02. The solution was passed
slowly through the column and the effluent was tested for
ammonium jon by Nessler reagent, with negative results.
The liquid leaving the column had a pH of 1.30 and showed
the brownish-yellow color of the original salt.

A portion of this solution was treated dropwise with dilute
ammonia until a pH of 7 was reached. On evaporation, typi-
cal erystals of Erdmann’s salt separated. Potassium, sodium
and lithium salts were likewise obtained after neutralizing
portions of the acid with the bicarbounates of the metals.

Solutions of potassium trioxalatocobaltate(I11I), potas-
sium trioxalatochromate(II1) and potassium tetrathiocy-
anatochromate(III) (Reinecke’s salt) were passed through
the jon-exchange column in the same way, yielding efluents
which were dark green, blue and violet-red, respectively.
All of the effluents showed a pH close to 1.30; the original
salts were regenerated in each case by careful neutraliza-
tion with potassium bicarbonate, and evaporation.

The complex acids were then characterized by conversion
to the insoluble derivatives with the aquopentammineco-
balt(IH) cation, according to the following procedure.



