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The complex formation between cobalt(ll) and chloride ions in molten NH;NO3-2.61H,0,
NH4NO3-CH3CONH»-1.61H,0 and NH4NO3-2.61CH3CONH, has been investigated. Absorption
spectra of cobalt(ll) chloride containing variable amounts of ammonium chloride were recorded at
45 to 60 °C. In the absence of chloride, the solutions show spectra typical for octahedral co-ordination
of cobalt(ll). Addition of chloride caused a shift of the absorption maximum toward lower energies
and an increase of the molar absorption coefficient with increasing chloride concentration. The po-
sition of the absorption maximum and the intensity of the absorption indicate tetrahedral or severely
distorted octahedral co-ordination. The stability constants for [Co(NO3)4]%~, [Co(NO3),Cl»]¢~ and
[CoCl4]%~ complex formation in NHsNO3-2.61CH3CONH; are reported.
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1. Introduction

Studies on ionic association (complex formation) in
highly concentrated electrolyte solutions have mainly
been restricted to inorganic salts and most concentrated
aqueous solutions (so-called hydrous melts) as reaction
media. Recently, attention has been paid to concen-
trated solutions of inorganic salts in organic solvents,
e.g. dimethyl sulphoxide [1], and to melts consisting
of an inorganic salt and an organic component such
as acetamide [2—4]. Due to some physical properties
of acetamide resembling water (e.g. relative permittiv-
ity, density and auto dissociation constant), mixtures
of inorganic salts with acetamide and hydrous melts in
which water is partially replaced by acetamide are par-
ticularly interesting. Acetamide and its mixtures with
inorganic salts have high latent heats of fusion [5].
They have been considered as phase change materials
for thermal energy storage [6 — 8]. Studies of acetamide
and acetamide-halide salt solutions have attracted at-
tention due to their possible application as cell elec-
trolytes for thermal batteries [9, 10]. The stepwise for-
mation of cobalt(Il) chloride complexes in molten ac-
etamide and in acetamide-calcium nitrate tetrahydrate
melts has also been studied [2, 11].

In the present study absorption spectra of cobalt(l1)
chloride in ammonium nitrate-acetamide, ammo-

nium nitrate-water and ammonium nitrate-acet-
amide-water systems of the composition NH4NO3
-2.61CH3CONH,, NH4NO3-2.61H,0 and NH4NOg3-
CH3CONH;-1.61H,0, respectively, have been inves-
tigated. These melts contain several potential ligands
(i.e. CH3CONHy, H,0 and NO3), which can com-
pete among themselves and with the chloride ligand
for sites in the co-ordination sphere of cobalt(ll).
Therefore numerous simultaneous complex formation
equilibria should be expected, especially in the case of
NH4NO3-CH3CONH»-1.61H,0. Ammonium nitrate-
acetamide melts at about 40 °C, while the other two
systems are liquid above 30 °C. Hence, the apparatus
and technique commonly used for aqueous solutions
can be applied.

2. Experimental

All commercial chemicals used were reagent grade
products. Acetamide was recrystallized from ben-
zene + ethyl acetate (10 + 3), washed with ether +
ethanol (94 1) and dried at 60 °C. The other chemi-
cals where used without further purification. Ammo-
nium nitrate and ammonium chloride were dried at
80 °C. Anhydrous cobalt(ll) chloride was obtained
from hexahydrate by gradual heating up to 110 °C.
The solvent melts were prepared by melting together
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Table 1. The composition of the melts, the spectra of which
are presented in Figures 1-3.

Figure 1 Figure 2 Figure 3
No. ¢(Co*") ¢c(CI7)  c(Co?*) c(Cl7)  c(Co?t)  c(Cl™)/
mol dm=3 mol dm=3 moldm= moldm=—= moldm=—2 mol dm—2

1 0.05065 0.0000 0.05589 0.0000 0.03103 0.06206
2 0.00806 1.4697 0.01201 0.6220 0.014308 0.5640
3 0.01989  2.0973 0.004983 0.9060 0.003612 0.2626
4 0.01060 2.3075 0.004510 1.1425 0.003790 0.3222
5 0.02393 2.6002 0.009590 1.2628 0.004254 0.3877
6 0.02670 2.7842 0.008989 1.2809 0.002703  0.4350
7 0.02757 2.8481 0.007508 1.3986 0.002467 0.5537
8 0.02872  3.1293 0.008292 1.4355 0.002319 0.5801
9 0.03203  3.3427 0.008525 1.5717 0.001448 0.6364

appropriate amounts of ammonium nitrate, acetamide
and/or water at about 60 °C in stoppered glass ves-
sels. Stock solutions of cobalt(ll) in each of the sol-
vent melts were prepared. Cobalt(Il) nitrate hexahy-
drate was used as a source of cobalt(Il) in hydrous
melts, and dehydrated cobalt(ll) chloride in anhydrous
NH4NO3-2.61CH3CONH; melt. Weighed amounts of
the stock solution and anhydrous NH4Cl were added
to each solvent melt to obtain solutions of desired
cobalt(l1) and chloride concentrations. The concentra-
tions were converted to molarities (mol dm—3), so that
molar absorption coefficients could be calculated. The
density d of the melts, required for conversion of mo-
lality units into molarities, was determined picnometri-
cally at different temperatures. The dependence of the
melt density on temperature in the range 40— 70 °C can
be given by the equations

d/gem—3=1.201—1.52.1074T

(1a)
for NH4NO3 - 2.61CH3CONH,,
d/gem—3=1.384 -555-107T (1b)
for NH4NO3 - CH3CONH; - 1.61H,0,
d/gecm=—3=1.484 —6.43-107*T
/9 10

for NH4NO3 - 2.61H,0,

where T is the absolute temperature.

The absorption spectra of the melts with variable
chloride concentration were recorded in the wave-
length range 400—-800 nm on a Secomam Anthelie
Advanced 2 or on a Hewlett Packard 8452A Diode Ar-
ray spectrophotometer with thermostated cell compart-
ments. The temperature was kept constant to +0.5 °C.
Rectangular quartz or glass spectrophotometric cells of
10 mm path length with Teflon stoppers were used. The
reference cells were filled with solvent melts contain-
ing appropriate concentrations of ammonium chloride.
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Fig. 1. Variation of the spectra of cobalt(ll) in NH4
NO3-2.61H,0 with the chloride concentration at 60 °C. The
corresponding melt compositions are given in Table 1.
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Fig. 2. Variation of the spectra of cobalt(ll) in NHy
NO3-CH3CONH,-1.61H,0 with the chloride concentration
at 60 °C. The corresponding melt compositions are given in
Table 1.

For each solvent a series of cobalt concentrations with
increasing chloride ratio was studied at different tem-
peratures. Representative spectra at different cobalt(I1)
and chloride concentrations covering the whole range
studied are given in Figures 1—3. The compositions of
the solutions corresponding to the spectra are given in
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Fig. 3. Variation of the spectra of cobalt(ll) in NH4
NO3-2.61CH3CONH, with the chloride concentration at
60 °C. The corresponding melt compositions are given in Ta-
ble 1.
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Table 1. The complete experimental results can be ob-
tained upon request from the authors.

3. Resultsand Discussion
3.1. The Absorption Spectra

The spectrum of cobalt(ll) nitrate solution in NH4
NO3-2.61H,0, Fig. 1, shows an absorption maximum
at 514 nm, very close to 510 nm, ascribed to octahedral
hexa-co-ordinated cobalt(Il) aqua-complexes in aque-
ous solutions [11]. In NH4NO3-CH3CONH,;-1.61H,0
and in NH4NO3-2.61CH3CONH; (Figs. 2 and 3) the
absorption maximum appeared at 522 and 538 nm, re-
spectively. These values are between the 510 nm in
aqueous solutions and 550 nm in (K, Li)NO3 eutec-
tic [12,13]. In Figs. 1-3 the overall molar absorption
coefficient, defined as

e=A"tey 2

where A is the absorbance, | the light pathway and
cm the total cobalt(I1) concentration, is plotted against
wavelengths. The position of the maximum and the
value of the overall molar absorption coefficient in-
dicate octahedral or dodecahedral co-ordination of
cobalt, as suggested earlier [11,14—-17]. The absorp-
tion intensity increases with temperature, as expected
for octahedral co-ordination.
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Fig. 4. Variation of spectra with temperature. Curves:
(1,2) 0.007004 mol kg~! Co(NO3),, 1.2765 mol kg1
NH4CI in NHsNO3-2.61H,0; (3,4) 0.007301 mol kg1
Co(NO3)s, 1.1929 mol kg=! NH4Cl in NH4NO3-CH3
CONH,-1.61H,0; (5,6) 0.001136 mol kg~1 Co(NOs3),,

0.4993 mol kg=1 NH4Cl in NH4NOs3-2.61CH3CONH,.
Temperature: 45 (1, 3,5) and 60 °C (2, 4, 6).

Addition of NH,4CI to cobalt(Il) solutions in molten
NH4NO3-2.61CH3CONH, (Fig. 3) and NH4NOs3-
CH3CONH;-1.61H,0 (Fig. 2) caused a significant
shift of the absorption maximum toward lower en-
ergies and a large increase of the overall molar ab-
sorption coefficient with the increasing chloride con-
centration, indicating change from octahedral to tetra-
hedral co-ordination. In NH4NO3-2.61CH3CONH,
(Fig. 3) an additional maximum appears at 664 nm
as opposed to two maxima (at 627 and 665 nm)
in NH4NO3-CH3CONH,-1.61H,0 (Fig. 2). In the
NH4NO3-2.61H,0 melt the tetrahedral maximum with
three peaks (627, 665 and 688 nm) appears only at very
high chloride concentration (Fig. 1). The greater num-
ber of maxima in the latter two melts indicates simul-
taneous presence of more complexes in comparable
concentrations and/or more similar values of succes-
sive stability constants. From a comparison of the over-
all molar absorption coefficient of chloride containing
melts at approximately the same solute concentrations
and [CI~]/[Co?*] ratios it is apparent that the cobalt(11)
chloride complex formation tendency decreases with
increase of the water content in the system NH4NO3-
CH3CONH,-H,0.
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An increase in temperature causes a large increase
in the overall molar absorption coefficient of the chlo-
ride rich melts (Fig. 4), contrary to the normally ex-
pected behaviour of tetrahedral species. Again, the
smallest temperature dependence exhibit the spectra in
NH4NO3-2.61H,0. The cause of the increase in the
absorption coefficient may be due to either the pres-
ence of lower octahedral or severely distorted octahe-
dral mixed complexes with chloride and nitrate ions,
or to higher stability of tetrahedral complexes at higher
temperature [15].

3.2. Sability Constants of the Complexes

Changes in the absorption spectra with increased
chloride concentration are ascribed to the stepwise
complex formation. The complex formation equilib-
rium in a mixed ligand system

M+ mA +nB = MAmB, (3)
can be defined by a set of stability constants
Brm = [MAmBn]/[M][A]"[B]". (4)

On the basis of the cobalt(ll) co-ordination by halide
ions in other solvents we assumed that the complexes
were mononuclear in cobalt(l1), and that the maximum
ligand co-ordination for cobalt(I1) was 4.

For the computation of the stability constants B
and species spectra em(A) the non-linear regression
program STAR [18] was used. Part of the program is

b a) 45 °C and b) 60 °C.

Table 2. log(Bmn/(mol~1 dm?)#) for [Co(NO3)mCln]2~ ™"
in molten NH4NO3-2.61CH3CONHs.

t/°C [CO(N03)4]27 [CO(N03)2C|2}27 [C0C|4}27
45 2.42+0.05 4.47+0.07 5.834+0.06
60 2.50+0.08 4.61+0.10 6.1440.08

Star/FA, which is used for the determination of absorb-
ing species by factor analysis. On the basis of the ab-
sorption spectra, showing continual change with the
chloride concentration and absence of an isosbestic
point, one should expect overlapping of species spectra
and formation of various complex species with chlo-
ride ligand including complexes with associated ni-
trate ions. For that reason, it is necessary to have a
properly assumed chemical model including the num-
ber of complexes formed and good estimates of start-
ing values of the parameters. We applied successfully
the program STAR for the calculation of the stabil-
ity constants of cobalt(Il) chloride complexes in the
system NH4NO3-2.61CH3CONHs5. In the case of the
other two systems we did not achieve a convergence
giving positive values of Bm.

From a large number of trials to obtain the most
relevant complexation model it was concluded that
in the system NH4NO3-2.61CH3CONH,-Co(Il)-CI~
the following species were formed: [Co(NO3)4]%~,
[Co(NO3),Cl»]?~ and [CoCl4]?~. The overall stabil-
ity constants of these complexes were calculated at
45 °C and 60 °C. The obtained values are presented
in Table 2.

The results support the assumption that mixed
complexes are formed and that the stability of
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at 60 °C.

the chloride complexes increases with temperat-
ure.

The resolved species spectra at 45 and 60 °C, calcu-
lated using the values of the stability constants from
Table 2 are displayed in Figure 5. The shape of the re-
solved spectrum of [Co(NO3)4]?~ suggests, again, that
this species in the melt of NH4NO3-2.61CH3CONH,
most probably has an octahedral or dodecahedral
co-ordination.

The position of the absorption maximum and
the high value of emax Of the resolved spectrum for
[CoCl4]?~ agree with those for tetrahedral [CoCl4]%~
in concentrated aqueous HCI solutions [12] and
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dimethyl formamide [19], indicating tetrahedral
co-ordination. On the other hand, the molar absorption
coefficient increases with temperature, a characteristic
of octahedral species. Moreover, the resolved species
spectrum for [CoCl4]?~ in Fig. 5 agrees excellently
with that for CoCl; in molten AICI3 reported by @ye
and Gruen [20]. According to their model the Co%*
ion is octahedrally surrounded by six chloride ions.
In view of this, it might also be assumed that the ab-
sorbing species in molten NH4NO3-2.61CH3CONH>
is actually a severely distorted octahedron.

In case of the mixed complex [Co(NO3),ClyJ%~
no structural information can be gained from the
corresponding resolved spectrum, the value of & being
too uncertain for meaningful evaluation.

Figure 6 displays the fraction of cobalt(ll) present
in different complexes as a function of log([CI ~]/mol
dm—3). From Figs. 5 and 6 it is evident that the
only species spectrum that can be obtained by direct
measurement is that of [Co(N03)4}2‘.

Although the stability constants of the com-
plexes in  melts of NH4NO3-2.61H,0 and
NH4NO3-CH3CONH,-1.61H,O have not been
calculated, a comparison of the spectra and the values
of the overall molar absorption coefficient obtained
at the same [CI~]/[Co%*] ratio suggests that with
the replacement of water by acetamide increases the
stability of cobalt chloride complexes.
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