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Equilibrium Studies of Chromium(III) Complexes. II. The
Complex Formation between Chromium(ITI) and Ammonia

in Aqueous Solution

PETER ANDERSEN, TORSTEN BERG and JENS JACOBSEN

Chemistry Department I, Inorganic Chemistry, H. C. Orsted Institute, University of Copenhagen,

DK-2100 Copenhagen @, Denmark

Equilibrium has been obtained between
Cr(NH,);2+,Cr(NH,),OH?*t,cis-Cr(NH,),(OH),t,
and trans-Cr(NH,),(OH),* in aqueous solutions
with COxga=4.5 M, Cyyg,=2-10 M, and
Oy =0.05 M. Equilibrium was established
within 5 days at room temperature due to the
combined catalytic effect of chromium(II) and
charcoal.

The hydrolysis constants of the reactions

Cr(NH,)+ + H,0=2Cr(NH,),(OH)*+ + NH,+
and Cr(NH,),(OH)*+ +H,0=
Cr(NH,),(OH),+ + NH,*

are found to be 195 M and 3.16 M, respectively,
and the ratio between cis- and trans-Cr(NH,),-
(OH),+ to be 4.9. The fifth and sixth conse-
cutive stability constants are calculated to be
K;=10"% M and K =10 M, and on
the basis of emf measurements the gross
stability constant, f,, can be estimated to be
10 M-S,

The equilibrium solutions, with [NH;]=9 M,
contain ca. 5 9% of polynuclear chromium(III)
species and this amount increases with de-
creasing ammonia concentration, but equi-
librium has only been demonstrated between
the mononuclear complexes mentioned above.

In a recent paper ! we introduced a new method
of obtaining equilibrium between chromium(III)
and different amine ligands in aqueous solution.
The method was applied to the ethylenediamine
system and is based on the catalytic effect of
charcoal and chromium(II), both of which must
be present in the solutions to be equilibrated.
During the 3 — 5 days of equilibration a steady
state with a constant, small concentration of
chromium(II) is maintained by electrolytic
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reduction of chromium(III) to chromium(II).
In this steady state the amount of chromium(II)
generated by electrolysis equals the amount
removed due to the charcoal-catalyzed oxida-
tion by the medium:

Cr(I1) +H(I) S Cr(I1I) + H(0) @

This paper concerns the application of the
method to the chromium(III)—ammonia
system.

It is necessary to keep a high ammonium-ion
concentration in the ammonia solutions in
order to prevent the formation of basic chro-
mium(III) precipitates. Several reactions in
such ammonia-ammonium chloride buffers with
all chromium initially present as chromium(II)
have been described. Rhodo chloride, [(NH,),-
CrOHCr(NH,)]Cl,.H,0, is formed if such
solutions are oxidized by air.? If the solutions
are kept in an inert atmosphere, Jorgensen 3
found that luteo chloride, [Cr(NH,),]Cl;.H,O,
was formed as well as some rhodoso chloride,®*

_OH-Cr(NH,),-0H
(NH,),0% (OH),  Or(NH,), |Cl,.4H,0.5
OH-Cr(NH,),-0H

Later attempts to prepare the hexammine in
this way have been futile unless one adds small
amounts of, preferably group VIII, metals or
metal ions.® These metals have the effect that
the small rate of oxidation of chromium(II) to
chromium(I1I) under hydrogen evolution, which
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is observed when no catalyst is present (reagent
grade chemicals), is increased so that one
obtains rates of oxidation and yields of hexam-
mine similar to those observed by Jergensen.
Addition of charcoal likewise increases the
rate of oxidation but the yield of hexammine
is negligible. On the other hand addition of
chromium(II) to such ammonia-ammonium
chloride buffers containing hexammine and
charcoal has the effect that the hexammine
disappears within a few minutes.® These obser-
vations led to equilibration experiments with
the catalyst charcoal + chromium(II). In these
experiments all the chromium was initially
present as chromium(II)*® which, however,
involved the difficulty that the chromium(II)
might disappear according to reaction (I) before
equilibrium was reached. With the new method
by which it is possible continuously to keep
part of the chromium as chromium(II) this
problem has been solved, and we present here
the results of an investigation of the complex
formation under these circumstances in 4.5 M
ammonium chloride with the ammonia con-
centration varying between 2 and 10 M.

EXPERIMENTAL

Procedure. The procedure and equipment has
been described in a similar investigation with
ethylenediamine.! All experiments were carried
out at (244 1) °C using Cc,=0.05 M, Cnp,c1=
4.6 M, and Oyy,=2-10 M. 2 g charcoal per
1 were used and the solutions were equilibrated
for 3—10 days with a current of ca. 10 mA
giving a chromium(II) concentration of ca.
10— M. The equilibration was followed by taking
out samples which were analyzed as described
below. Pairs of experiments with the same
ammonia concentration, but different initial
chromium(III) compound, within 3—5 days
gave an identical distribution of at least the
mononuclear complexes, and further equilibra-
tion did not change this distribution. Changes
in [NH,] and [NH,t+] during the equilibration
were negligible when 2 M H,SO, was used in the
anode chamber and the gas outlet was under
ammonia of the same concentration as in the
cathode chamber.

During the equilibration the emf was meas-
ured with a mercury electrode vs. a saturated
calomel electrode and the Cr(II) content was
determined in the same way as in the ethylene-
diamine system.!

Analysis of the composition of the equilibrium
solutions. [NH,] was determined by potentio-
metric titration with 0.1 M HCI. The distribu-
tion of the chromium(IIT) complexes was
determined by atomic absorption spectro-

Ehotometry after separation of the complexes
y cation-exchange chromatography on columns
of Sephadex SP-C-25. The robustness of the
chromium(ITI) complexes, after removal of the
catalyst, made this analytic procedure possible.
The results of these analyses for a series of
experiments, exg:. 1—12, are given in Table 1.

The basic and acid chromatographic separa-
tions were very similar to those described for the
ethylenediamine complexes.! A basic elution
with an NH,CI/NH, buffer with [NH,]=0.1 M
and [NH,*] increasing from 0.5 to 2.0 M
divided the mixture into the following bands
of mononuclear complexes with increasing
charge: A first band containing c¢is- and #rans-
Cr(NH,),(OH),*, a second one containing
Cr(NH,),OH*+, and a third one containing
Cr(NH,)+. Four bands followed the Cr(NH,)3+
band. None of these purple species could be
identified as mononuclear complexes and are
therefore assumed to be polynuclear ones.
A few per cent of the chromium remained on
the column, even after elution with 2 M NH,Cl.
The first %)lynuclear band was at the end of
the Cr(NH,)s+-band but subsequent acid
chromatography (0.7 M NH,Cl, 10 M HCI)
easily separated these two species.

The acid elution with 0.5 M NH,Cl or NaCl
(pH~2-3) did not result in a comp‘lete separa-
tion of the mononuclear complexes, now having
the same charge, but gave a check on the sum
of these. We were able to separate the remaining
polynuclear species in up to four bands by
increasing the concentration of the eluting
agent to 1 -2 M.

Identification of the chromium(III) com-
plexes. The same methods were used to identify
the chromium species as were used for the
ethylenediamine system.! The elution rates
gave an indication of the charge and the visible
spectra and the ESR spectra of the eluates,
which, when necessary, were concentrated on
separate columns, identified the well known
mononuclear complexes. Analysis of the molar
ratio between chromium and nitrogen in the
eluates after removal of nitrogen not bound
to chromium was used in attempts to identify
the polynuclear species. Furthermore, the
crystalline iodide of the chromium species in
the third polynuclear band was isolated and
analyzed.

As mentioned above we were not able to
separate cis- and trans-Cr(NH,),(OH),* com-
pletely by ion-exchange chromatography but
the visible spectra and the ESR spectra of the
diaqua complexes showed that they are both
present, and from analysis of the spectra it was
possible to determine the ratio between them.

Chemicals and apparatus. All chemicals
used were reagent grade or analyzed by us.
[Cr(NH,),]Cl,,® cis-[Cr(NH,),Cl{(H;0)]Cl,,*
cis-[Cr(NH,),(H,0),](C10,),, %
trans-[Cr(NH,),(OH)H,0](Cl10,),,"*
trans-[Cr(NH,),(H,0),](Cl10,);,"*, and
cis-[Cr(NH,),Cl,(H,0),]C1°
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were prepared according to or analogously to
the reference methods and were analyzed for
Cr, N, and chloride. All analyses agreed within
1-2 9% (relative) with the given formulae.
The charcoal used was a Norit W product.

Visible spectra were taken on a Cary 14
or a Bausch and Lomb Spectronic 505 record-
ing spectrophotometer and ESR spectra of
frozen glasses (diluted x 2 with glycerol) on a
Jeol JES-ME-1X at —130°C and 9.3 GHz.
The emf and pH measurements were performed
with a Radiometer PHM 52, the G 202 C glass
electrodes being tested in the relevant media
according to Bjerrum.!?

RESULTS

Equilibria. We have studied the following
hydrolysis reactions:

Cr(NH,)s#+ +H,0=

Cr(NH,),(OH)*+ + NH,+ (I1)
and Cr(NH,),(OH)*+ +H,0=

Cr(NH,),(OH),*+ +NH,+ (I11)

which can be combined in the disproportiona-
tion reaction

2Cr(NH,),0H?+<=Cr(NH,),*+ +
Cr(NH,),(OH),+ (V)

Cr(NH,),(OH),+ exists in a cis- and a frans-
form and the equilibrium between these forms
was also studied.

The composition of the equilibrium solutions
are given in Table 1 for the series of experiments
1-12. Each solution was equilibrated ca. 5 days
after which no further changes could be ob-
served. Solutions with the same ammonia
concentration but different initial chromium(IIT)
compound had then attained the same distri-
bution of mononuclear species. This distribu-
tion of Cr(NH,)3+, Cr(NH,),(OH)*+, and
Cr(NH,),(OH),t (cts- and trans-) are given in
Table 1, and at the end of the table are the
calculated values of the hydrolysis constants
of reactions II and III, ¢.e. Ky and Ky,
respectively, together with the disproportiona-
tion constant Kg;e, of reaction IV.

The ratio ¢,=/[cis-Cr(NH,),(OH),t]/[trans-
Cr(NH,),(OH),+] was determined in two ways,
the results of which are given in Table 2.
Both methods are based on analyses of the
mixed cis- and #rans-tetrammine eluates in
1 M perchloric acid.

Table 2. 1= [cis-Cr(NH,),(OH),+]/[trans-
Cr(NH,),(OH),*] determined in the tetrammine
eluates (1 M HCIO,) from visible spectra
(method A) and ESR spectra (method B).

Exp.

No. A " B
1 5.2 6
3 4.1 4
6 4.6 5
7 4.3 4

10 5.0 6

11 5.3 6

Average 4.,

By method A, the visible spectra of the
eluates and of the pure components were used
for the calculation of the composition of the
eluates, according to Mensted.!?

By method B, the ESR spectra of the frozen
glasses of the eluates were used in a manner
similar to the one by which we determined
the equilibrium ratio between cis- and trans-
Cr eny(OH),+.! As shown in Fig. 1 the ESR
spectrum of ¢rans-Cr(NH,),(H,0),3+, unlike
trans-Cr en,(H,0),+, does not contain any
narrow bands so that the method is not parti-
cularly well suited in this respect. It has,
however, the advantage that the solutions are
cooled rapidly to —130°C so that further
reaction is prevented.

From these results it is possible to calculate
the 5th and 6th consecutive stability constants,
K, and K,, respectively. This is done in Table 3.
The acid dissociation constants of the pentam-
mine and tetrammines have been measured by
other workers in 1 M salt medium **!* and are
in Table 3 estimated to be 0.7 pK units higher
in 4.5 M NH,CI. This is the increase that one
finds when extrapolating the measurements,
by Bjerrum, of pKgpe, for Co(NH,),(H,0)*+
in ammonium salt media with [NH,*] varying
between 0.25 and 2.0 M.12

The variation of Ky, and Ky, and the
small variation of Ky, with the ammonia
concentration are shown in Fig. 2. The values
of K and Ky, used in Table 3 are those
obtained from extrapolation to [NH,]=0.

Estimation of the gross stability constant, B,
Srom emf-measurements. The electrode potential,
E, was measured with a mercury electrode
(saturated calomel as reference electrode) and
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Fig. 1. Visible spectra and first derivative ESR spectra of cis-Cr(NH,),(H,0),*+ (— — —) and
trans-Cr(NH,),(H,0),*+ (—). The ESR spectra were measured of frozen glasses of 1:1 mixtures
of glycerol and aqueous 1 M HCIO, solutions of the perchlorates at —130°C and 9.3 GHz.

The lowest figure gives the ratio between the peak heights a and b plotted as a function of mol
per cent trans-Cr(NH;),(H,0),**t relative to the sum of cis and ¢rans, in different known mixtures
of cis- and trans-tetrammine. In method B (Table 2) this plot was used to find g; in the tetrammine

eluates from some of the exp. 1—12.

simultaneously [Cr(II)] was determined in
similar ways to those described in our in-
vestigation with ethylenediamine as ligand.
Table 4 shows such measurements from exp.
1-12 when the solutions were at their final
state of equilibration. It is possible, from these
data, to make an estimate of the gross stability
constant, f,, for the reaction Cr(H,O)#++
6NH,=Cr(NH,)2t + 6H,0:

log B;=log BX—(E +652)/59+

[Cr(NH,)¢*]
[Cr(NH,)+][NH,]*
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log

BI= [Cr(NH,)2+]

= [Cr(H,0) #+INELT can be estimated to

be 10° M~ by comparison with the chro-
mium(IT) — ethylenediamine system ** and with
other metal ammine and ethylenediamine
systems (mainly copper(II)).1%!* <652 is the
sum of the standard potentials of the Cr?+ — Cr3+
couple and of the saturated calomel electrode
(410 mV ¢ and 242 mV, respectively). Under
our conditions all chromium(II) is likely to be
present as Cr(NH;)2+. We determined 7 to
be 4, within the experimental error, in solutions
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Fig. 2. The hydrolysis constants K, and
Kyse and the disproportionation constant
disp=Kns o/ Knes 88 a function of [NH,],
with [Cr(NH,),]JCl; (O) and lower ammine
complexes ([J) as initial Cr(III) compound
(exp. 1-12).

Table 4. log g«_ﬁ (: — (B +652)/59 +
4

1og [CTNH)#+] )

[Cr(IL)][NH,]*

determined from measurements of [Cr(II)] and
the electrode potential, E, between a mercury
and a saturated calomel electrode in solutions
1 to 12 at their final state of equilibration.

Exp. -E [Cr(II)] Io B
No. (mV) (mM) € g1
1 1126 0.25 7.5
2 1140 0.31 7.7
3 1181 0.54 7.9
4 1201 1.0 8.1
5 1155 0.35 7.6
6 1120 0.10 7.5
7 1182 0.37 7.9
8 1162 0.28 7.6
9 1210 0.97 7.9
10 1150 0.21 7.5
11 1230 2.3 7.8
12 1205 0.52 8.0
Average: 7.7,
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with CNHIC1= 4.5, C'c,(m=0.25 M and with
[NH,] varying between 1.1 and 2.3 M. These
measurements were made with a glass electrode
according to Bjerrum.!? The calculated values
of log (B,/B!) in exp. 1 — 12 are given in Table 4,
giving an estimated value of g,=10"® M-S,

Polynuclear complexes. From Table 1 the
mononuclear complexes comprise nearly 100 9%,
of the total chromium content at high ammonia
concentrations. The content of polynuclear
complexes increases as the ammonia concentra-
tion decreases. From the separations by ion-
exchange chromatography we know that there
are at least four different polynuclear species in
the solutions but we have not yet been able
to identify any of these. Analyses show that
the molar ratio between Cr and N is 1:3 for the
polynuclear species in the first three bands.
We isolated the third polynuclear species as the
iodide and this crystalline salt analyzed as
{Cry(NH,)o(OH),I,(H,0),}, (Found: Cr 14.62;
I 53.21; N 12.18. Calc.: Cr 14.64; I 53.62;
N 11.84).

DISCUSSION

We conclude from the results given in the
previous section that equilibrium has been
obtained among the mononuclear ammines
mentioned, just as we found when using the
catalyst with the ethylenediamine system. Part
of the equilibrium solutions from exp. 1-—12
was filtered after the equilibration and kept
in glass ampoules for six months after which
they were reanalyzed. The results of such
repeated analyses are given in Table 1 and
show that the molar ratio between the mono-
nuclear complexes is unchanged. The total
amount of mononuclear complexes has, how-
ever, decreased at the expense of polynuclear
complexes, especially at low ammonia con-
centration.

Table 1 shows that the amount of poly-
nuclear species is highest at low ammonia
concentrations. This is what one would expect
from the equilibria when ammonia and hydrox-
ide ions are the only ligands bound to chro-
mium(IIT) ®* as ammonia is released when
OH-bridges are formed, e.g.

2Cr(NH,),0H*+ < (NH,),Cr(OH),Cr(NH,) + +
2NH, diol
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Table 5. Comparison of stability constants, at
room temperature, for Cr(III), Co(III), and
Ni(II) with ammonia (extrapolated values)
and ethylenediamine (en).

NH, en

log K, log K, log B, log K, log B,
Cr(III) ! 1.6 1.5 13 64 195
Co(III)2%21 55 4.9 38 13.3  48.7
Ni(IT) 12,22 0.9 0.2 10 4.4 18.3
Medium 4.5 M NH,Cl 1M 1:1salt

The analyses, repeated after six months, show,
however, that equilibria involving polynuclear
complexes are attained much more slowly,
if at all. We are at present continuing our
investigations of these complexes.

The change in the water activity is probably
the main reason why K,,, and Ky, decrease
with increasing ammonia concentration as
shown in Fig. 2. Kgq, for the reaction involving
the complex ions only is less dependent on the
ammonia concentration in the investigated
interval. At very high ammonia concentrations
and correspondingly low water concentrations
one would expect equilibrium II to be displaced
in favour of Cr(NH,)+.

This was confirmed by an experiment with
Cnua,c1=4.8 M, Cyg,=15 M (continuous NH,-
gas flow) and C¢,=0.10 M (initially as cis-
[Cr(NH,),Cl(H,0)]Cl,), which after equilibra-
tion gave 12.4 9, Cr(NH,)2+.17

The results of this work are summerized in
Table 5 which, for comparison, also shows the
corresponding stability constants for the chro-
mium(ITI) ethylenediamine system and also
those for Co(III) and Ni(II). The stability
constants for chromium(III) and ammonia
are intermediate between those for Ni(II) and
Co(III) and closer to Ni(II) as we have found
for ethylenediamine! and EDTA.* Stability
constants for complexes of ammonia are very
close to those with ethylenediamine when
bound as a monodentate ligand! (10 and
104, respectively, for Cr(III)), as it has been
found also for Ag(I) !® and Hg(II)."?

The determination of the gross stability
constant is only an estimate because BJI is
based on an estimate. f; for Cr en,*t+ seems
a little low when compared to B, for Ni eng*+.
Any small error in the emf due to the Cr(III)/

Cr(II) couple as measured in this way with the
mercury electrode will most probably be in the
direction which would give low gross stability
constants, because possible formation of hy-
drogen at the mercury surface will tend to make
the initial (very mnegative) potentials less
negative. We have, however, investigated the
reliability of the mercury electrode more
thoroughly in connection with a similar deter-
mination of the stability constant between
chromium(IIT) and EDTA® and found that
in this EDTA case the mercury electrode does
work satisfactorily.
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