
1. Introduction
Metals have been used in the treatment of human 
diseases since ancient times. More recently, a stable 
metal coordination complex based on the element 
platinum, cis-[PtCl2(NH3)2] (cisplatin), has become the 
most well-known of all metal-based drugs and hundreds 
of articles have been published on the synthesis and 
activity of complexes derived from the parent cisplatin 
molecule. Gold-containing complexes, such as auranofin, 
are commonly used to treat rheumatoid arthritis [1], 
radiopharmaceuticals based on metals such as technetium 
and rhenium are used in imaging and radiotherapy [2], 
and ruthenium complexes have had some success as 
anticancer drugs [3]. Complexes containing gadolinium, 
cobalt, lithium, bismuth, iron, calcium, lanthanum, 
gallium, tin, arsenic, rhodium, copper, zinc, aluminum, 
and lutetium have all been used in medicine [4]. More 
recently, cobalt(III)-based ligand complexes have been 
found to possess both antiviral and antibacterial activities. 
Only a small number of cobalt(III) complexes are known 

to have biochemical roles. Vitamin B12 is a cobaloxime, 
a cobalt complex containing a glyoxime ligand, and 
is one of the rare examples of a naturally occurring 
organometallic complex, i.e., a complex possessing 
a metal carbon bond. Vitamin B12 is a cofactor for a 
number of enzymes, virtually all of which are isomerases, 
methyl transferases, or dehalogenases. Other examples 
of cobalt-containing enzymes in biology include nitrile 
hydratase, prolidase, glucose isomerase, methylmalonyl-
CoA carboxytransferase, aldehyde decarbonylase, 
lysine-2,3-aminomutase, bromoperoxidase, and 
methionine aminopeptidase, but only nitrile hydratase 
possesses cobalt in an oxidation state of 3+ [5]. The 
simple Co3+ ion is unstable in water, but can be stabilized 
against reduction to Co2+ by coordination to ligands or 
chelators. By far, the most common ligand type used 
to stabilize the cobalt(III) ion in aqueous solution is the 
chelating N,O-donor ligand. A large number of reports 
on the antibacterial properties of cobalt complexes have 
appeared in the literature, with Co(II) complexes being 
the most studied ones, presumably due to their aqueous 
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stability, availability, and ease of synthesis. Surprisingly, 
cobalt(III) complexes derived from this group of ligands 
have also found applications as antibacterial or antiviral 
agents [6-8]. 

Mononuclear cobalt complexes with organic ligands 
are attractive, because catalytically active cobalt ions 
can be isolated at the atomic level and their reactivity 
can be controlled by changing the chemical structure of 
ligands as far as they are stable under highly oxidative 
conditions.

Oxalate as a bidentate ligand has been of great 
interest in coordination chemistry for many years 
because of its analytical, catalytic and biomedical 
applications [9-13]. Many bis(oxalato)diaqua compounds 
of  iron(III) and iron(II), chromium(III),  indium(III), 
iridium(III) or manganese(III) have been reported 
[14-18]. [Fe(C2O4)3]3- oxalate complex with iron(III) as the 
coordination center yields a blue Fe(II) pigment upon a 
photochemical reduction in solution [19]. [Mn(C2O4)3]3- 
ion has been applied as a catalyst in the polymerization 
of vinyl compounds, whereas oxalate compounds of 
aluminium have found an application in electropolishing 
[20,21]. Moreover, the metal oxalate complexes are 
involved in several branches of industrial blueprinting, 
metal cleaning, chemical and electrolytic polishing, anti-
corrosion protection, polymerization of vinyl compounds, 
control of soil acidity, or in chrome tanning process. 

Some of the oxalato complexes, such as 
[Co(NH3)4C2O4]+ and [Co(en)2C2O4]+, have been used 
for the redox photolysis to investigate the formation of 
cobalt(III)-carbon bond [22-25]. Upon irradiation in the 
charge-transfer region, these cobalt(III) complexes 
undergo intramolecular electron transfer from ligand to 
metal resulting in an aminoalkanecarboxylato free radical 
coordinated to the cobalt(II) ion. The removal of electron 
from the aminoalkanecarboxylate group leads to a loss 
of carbon dioxide with simultaneous delocalization of 
the unpaired electron in the remaining ligand to give an 
aminoalkyl radical. In addition, the absorption spectra 
of the transients and the steady-state photolysis results 
indicate that the product formed is the cobalt(III)-alkyl 
complex [26]. 

In our previous studies, we have synthesised 
chromium(III) oxalate complexes with aminosugars 
as ligands [27]. These compounds turned out to be 
biologically active and, consequently, were tested 
as biosensors in NO2 and SO2 uptake reactions 
from biological material [28]. Here, similar small gas 
molecule uptake reactions have been investigated for 
the title complex to and their reaction mechanism has 
been determined. Investigations involving cobalt(II) 
complexes with oxalates can provide information about 
their interesting kinetic and acids-base properties.

The current paper is a continuation of studies on 
synthesis, thermal properties and the crystal structure 
of complexes of transition metals such as chromium(III) 
and cobalt(III)/(II), which are used in the kinetic studies 
by our research group [29].

2. Experimental procedure

2.1. Materials and methods
All substrate compounds are commercially available 
and were purchased from Sigma-Aldrich. The 
thermogravimetric data and infrared spectra were 
measured by a Netzsch TG209 thermogravimetric 
analyzer coupled with FT-IR. All experiments were 
carried out under argon atmosphere. The analyzer was 
equipped with a programmed temperature controller, 
automatically maintaining constant temperature during 
thermal events. The thermogravimetric measurements 
were conducted at temperatures from 25 to 1000°C 
at a heating rate of 15°C min-1. Infrared spectra were 
also registered in Nujol mull using a Bruker IFS 66 
spectrophotometer. Carbon and hydrogen contents 
were determined on a Carlo Erba MOD 1106 elemental 
analyzer. All measurements were verified at least 
twice.

2.2. 

The complex was prepared according to a modified 
procedure [30]. Cobalt(II) chloride hexahydrate (4.0 g, 
17 mmol) was dissolved in 13 mL of distilled water (A). 
The mixture was stirred at 50°C for about 20 minutes. 
0.5 g of activated charcoal was added to a solution of 
potassium oxalate (K2C2O4•H2O, 6.3 g, 34 mmol) in 
10 mL of warm water (B). The solutions (A) and (B) were 
mixed together and air was bubbled through the mixture 
for 17 hours. The activated charcoal was removed 
and the red-purple filtrate was evaporated under an 
air stream on a steam bath to a volume of 10 mol. The 
solution was cooled on ice. The purple crystals of trans-
K2[Co(C2O4)2(H2O)2]•4H2O (1.8 g) were collected. The 
filtrate was left standing in the refrigerator for several 
days and a small amount of ethanol was added to 
obtain 3.5 g of pink solid. The recrystallisation of this 
solid from warm water by cooling on ice gave 0.7 g of 
trans-K2[Co(C2O4)2(H2O)2]•4H2O. Yield: 25%. Anal. Calc. 
for K2CoC4H12O14 (421.27): C, 11.40; H, 2.85. Found: C, 
11.42; H, 2.86.

2.3. X-ray investigations
Diffraction data were collected at a room temperature 
(298 K) on a KUMA KM-4 four circle diffractometer 
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with MoKα radiation (λ = 0.71073 Å) using the 2θ/ω 
scan mode [31]. The initial phase angle determination 
was performed by SHELXS software [32]. The crystal 
structure was refined by the full-matrix least-squares 
method using SHELXL [33] program based on 
98 parameters. All H atoms were placed geometrically 
and refined using a riding model with O−H = 0.82 Å, and 
Uiso(H) = 1.5Ueq(C).

2.4. Potentiometric titration
Potentiometric titrations were carried out using an 
automated system applying Microtitrator software. The 
titration system consisted of a titration cell, a magnetic 
stirrer and an automatic titrator with Hamilton syringe 
(0.5 mL). All probes used in titrations were prepared 
under nitrogen atmosphere to avoid CO2 contamination 
and the temperature was kept at 25±0.1°C. A constant 
ionic strength of 0.1 M was maintained with NaClO4. 
The complex was titrated with 0.0502 M aqueous NaOH 
solution. A combination pH electrode was bought from 
Mettler Toledo and calibrated using pH standard buffers 
[34].

2.5. Fitting   model  of  chemical  equilibria  to  
       titration curve
STOICHIO program is based on the algorithm by 
Kostrowicki and Liwo [35-37] and is able to handle 
any chemical equilibrium model (Eq. 1). The program 
determines the equilibrium constants as parameters of 
the function to be minimized:

                        

(1),

                   

where 
^
E  - the measured potential difference for the i-th 

titration point, 
^

V  – measured volume of the solution at 
the i-th titration point, vector x – unknown equilibrium 
constants and vector y – calibration parameters, total 
concentrations of reagents in the stock solution, titrants, 
etc. [38,39]. The minimization of the sum of the squares 
is done using Marquardt’s method [40] and it takes into 
account not only the errors in the emf (electromotive 
force) but also those in the titration volume, stock-
solution preparation, electrode calibration parameters, 
and reagent impurities [41]. 

3. Results and discussion

3.1. Crystal and molecular structure
The crystallographic data and the structure refinement 
are summarised in Table 1. The asymmetric part of 
the unit cell contains one symmetric anion of oxalate 
and water molecule bound with Co(II) ion lying in a 
crystallographic special position (center of inversion), 
one potassium cation and two molecules of water. The 
structure of the compound showing the ellipsoids and 
atom numbering system is illustrated in Fig. 1 [42]. 

Figure 1. Structure of trans-K2[Co(C2O4)2(H2O)2]•4H2O showing 25% probability displacements for ellipsoids. Hydrogen atoms are shown as 
                            small spheres of arbitrary radius.
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All water molecules are involved in the multidirectional 
O─H···O hydrogen bonds between water molecules and 
oxalate O atoms or between water molecules (Fig. 2). 
Selected bond lengths and angles are presented below 
in Table 2.

Comparison of the crystal structure of the title 
compound with related complexes containing Co(II) and 
other metals(II) with the same co-ordination sphere shows 
that the structure of trans-K2[Co(C2O4)2(H2O)2]•4H2O 
is very similar to bis(1H,3H-Cytosinium) diaqua-
bis(oxalato)-cobalt(II) [43] and dipotassium trans-
diaqua-bis(oxalato-O,O’)-nickel(II) tetrahydrate [44]. 
The X–O(water) and X–O(oxalate) bond lengths (X = Cr(II) 
or Ni(II)) are very similar: 2.076 - 2.112 Å and 2.041 
– 2.101 Å, respectively. However, we can observe 
small differences in the O(oxalate)–X–O(oxalate) angle. In 
K2[Co(C2O4)2(H2O)2]•4H2O, this angle ranges from 79.6 
to 100.7 ° which means that the co-ordination sphere 
adopts non-ideal octahedral geometry, in contrast to 
other discussed compounds with O(oxalate)–X–O(oxalate) = 
88.0 – 91.80°.

3.2. Thermogravimetric measurements
The results of the thermal analysis of trans-
K2[Co(C2O4)2(H2O)2]•4H2O are shown in Fig. 3. 

The first peak of the differential thermogravimetric 
curve indicates a phase transition rather than a 
sample drying. This conclusion is further supported 
by the absence of the characteristic vibrations 

Table 1. Crystal data and structure refinement.

Empirical formula CoK2C4H12O14

Formula weight 421.27

Temperature (K) 298(2)

Wavelength (Å) 0.71073

Crystal system Monoclinic

Space group                                         P21/n

Unit cell dimensions

a (Å)                                                      8.652(2)

b (Å) 6.632(1)

c (Å) 12.034(2)

β (°) 101.53(3)

Volume (Å3) 676.6(2)

Z   2

Dcalc (g cm-3) 2.068

Absorption coefficient (mm-1) 1.956

F(000) 426

Crystal size (mm) 0.6×0.3×0.2   

θ Range for data collection (°) 2.05 to 25.02       

Limiting indices
-10 ≤ h ≤ 10,

0 ≤ k ≤ 7,
-14 ≤ l ≤ 0

Reflections collected / unique 1196 / 1143 [Rint = 0.0765]

Completeness to 2θ  (%) 96.1

Data / restraints / parameters 1143 / 0 / 98

Goodness-of-fit on F2 0.999

Final R indices [I>2σ(I)] R1 = 0.0538, wR2 = 0.1325

R indices (all data) R1 = 0.0600, wR2 = 0.1393

Extinction coefficient 0.020(6)

Largest diff. peak and hole (e Å-3) 1.273 and -1.748

Figure 2. Molecular packing of trans-K2[Co(C2O4)2(H2O)2]
.4H2O (view along b-axis).
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of H2O (1495; 1740; 3756; 3657 cm-1) in the IR 
spectrum of the volatiles at 25 – 130°C (Fig. 4) 
[45].

When potassium trans-[bis(oxalato)
diaquacobaltate(II)] tetrahydrate is heated above 100°C 
under argon, the weight loss is 26% (Fig. 5), which 

proves that at this stage, the studied compound loses all 
its water molecules.

Futhermore, the thermogravimetric curve suggests 
that in the first step trans-K2[Co(C2O4)2(H2O)2]•4H2O 
undergoes dehydration, then loses two water molecules 
from its coordination sphere, and finally undergoes a 

Table 2. Selected bond lengths (Å), angles (o), hydrogen bonding parameters (Å, o) and geometric parameters for H-bonding.

      Co1-O2 2.042(2)     C4-O5-K8 118.2(2)
      Co1-O5 2.076(2)     Co1-O5-K8 119.28(10)

      Co1-O3W 2.101(3)     O1W-K8-O5 85.31(7)
      O2-C3 1.248(4)
      C3-O6 1.224(4)     O5-Co1-O2-C3 -1.7(2)
      C3-C4 1.549(4)     O3W-Co1-O2-C3 -93.1(2)
      C4-O7 1.226(4)     Co1-O2-C3-O6 -177.1(3)
      C4-O5 1.245(4)     Co1-O2-C3-C4 2.7(4)
      O5-K8 2.995(3)     O6-C3-C4-O7 -2.9(5)

      K8-O1W 2.776(4)     O2-C3-C4-O7 177.4(3)
    O6-C3-C4-O5 177.1(3)

    O2-Co1-O5  79.57(9)     O2-C3-C4-O5 -2.6(5)
    O2-Co1-O3W 91.66(10)     O7-C4-O5-Co1 -178.9(3)
    O5-Co1-O3W 91.67(11)     C3-C4-O5-Co1 1.1(4)
    C3-O2-Co1 115.1(2)     O7-C4-O5-K8 34.1(4)
    O6-C3-O2 126.0(3)     C3-C4-O5-K8 -145.9(2)
    O6-C3-C4 118.6(3)     O2-Co1-O5-C4 0.1(2)
    O2-C3-C4 115.4(3)     O3W-Co1-O5-C4 91.5(2)
    O7-C4-O5 126.3(3)     O2-Co1-O5-K8 146.83(13)
    O7-C4-C3 117.4(3)     O3W-Co1-O5-K8 -121.79(12)
    O5-C4-C3 116.3(3)     C4-O5-K8-O1W -173.8(2)

    C4-O5-Co1 113.6(2)     Co1-O5-K8-O1W 40.98(12)
    DH···A    D-H    D···A   DH···A

 O1W-H1WA···O2i    0.82    2.740(4)            160
 O1W-H1WB···O5ii    0.82    2.835(4)            176
 O2W-H2WA···O6iii    0.82    2.812(4)          166
 O2W-H2WB···O7iv    0.82    2.700(4)          162
 O3W-H3WA···O6v    0.82    2.962(4)          142

 O3W-H3WB···O2Wi    0.82    2.728(4)          162

Symmetry codes: (i) 1-x, 1-y, 1-z;  (ii) ½-x, ½+y, ½-z; (iii) ½-x, ½+y, 3/2-z; (iv) -x, 1-y, 1-z;  (v) 1-x, -y, 1-z.  

Figure 3. Differential   thermogravimetric   (DTG)   curve   of  trans- 
        K2[Co(C2O4)2(H2O)2]•4H2O.

Figure 4. IR spectrum of trans-K2[Co(C2O4)2(H2O)2]•4H2O after the 
first thermogravimetric decomposition step under argon 
(112°C).
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further decomposition. The second decrease in mass 
is 28%, and the IR spectrum of the volatiles at this 
decomposition step (Fig. 6) shows the presence of two 
carbon oxides: CO (2170 cm-1 ) and CO2 (667; 2349; 
3740 cm-1) [46]. 

Finally, the third weight-loss (8%) and the IR 
spectrum at this stage (Fig. 7) clearly indicate the 
release of carbon dioxide (2349 cm-1). 

Proposed mechanism of the thermal decomposition 
of the complex is presented in Scheme 1. The 
stoichiometry of the mechanism corresponds to the data 
from thermal analysis. 

3.3. Determination of equilibrium models
Potentiometry is the most accurate technique for 
the evaluation of complex equilibrium constants. 
Spectrophotometric method would be useful when the 
former method cannot be employed, e.g. when insoluble 
species are formed at the concentrations typical for 
potentiometric titrations [47]. 

In the present study, the following acid-base 
equilibria (Eqs. 2,3) have been investigated in aqueous 
solutions:

[Co(C2O4)2(H2O)2]2- + H2O = 
                            = [Co(C2O4)2(H2O)(OH)]3- + H3O+    

(2)

[Co(C2O4)2(H2O)(OH)]3- + H2O = 
                                  = [Co(C2O4)2(OH)2]4- + H3O+      

(3)

Figure 5. Thermogravimetric curve of thermal decomposition 
            of trans-K2[Co(C2O4)2(H2O)2]•4H2O under argon. 

Figure 6. IR spectrum of gaseous products from the second step 
of decomposition of trans-K2[Co(C2O4)2(H2O)2]•4H2O 
recorded at 400°C.

Figure 7. IR spectrum of carbon dioxide removed from trans-
K2[Co(C2O4)2(H2O)2]•4H2O during heating under argon 
(855°C).

Scheme 1. Proposed thermal decomposition mechanism of 
                  trans-K2[Co(C2O4)2(H2O)2]•4H2O.
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The equations of acid dissociation constants 
(Eqs. 4 and 5) are:

                (4)

                       (5)

The potentiometric technique requires constant ionic 
strength of the medium to ensure that the activity 
coefficients remain constant for all the species 
within the experiments. The titration curves obtained 
for trans-K2[Co(C2O4)2(H2O)2] in aqueous solution 
(Fig. 8) show two jumps in the potential. Fig. 8 shows the 
comparison of experimental data (black squares) and 
the data calculated by STOICHIO software (solid line). 
The values of acidity constants of the Co(II) complex are 
summarized in Table 3.

4. Conclusions
On the basis of potentiometric results and the results 
calculated by STOICHIO software, we have determined 
pK1 and pK2 values for trans-K2[Co(C2O4)2(H2O)2] 

in aqueous solution (Table 3). The values indicate 
that the Co(II) complex is a weak acidic compound. 
The automated potentiometric technique combined 
with the calculations is a reliable, accurate and 
easily applicable method, well suitable for the 
determination of dissociation constants of the studied 
system. 

The crystal structure of trans-
K2[Co(C2O4)2(H2O)2]•4H2O has been obtained by X-ray 
diffraction studies. Finally, the thermal analysis results 
allow us to propose a possible mechanism of the 
thermal decomposition of potassium trans-[bis(oxalato)
diaquacobaltate(II)] tetrahydrate.
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Table 3. The values of acid dissociation constants determined from potentiometric titrations at 25°C (I = 1.0 M NaClO4).

Model of equilibria value of pK

[Co(C2O4)2(H2O)2]
2- + H2O = [Co(C2O4)2(H2O)(OH)]3- + H3O

+ pK1 = 6.04 (± 0.21)

[Co(C2O4)2(H2O)(OH)]3- + H2O = [Co(C2O4)2(OH)2]
4- + H3O

+ pK2 = 9.32 (± 0.16)

Figure 8. The relationship between the potential and the volume 
of titrant NaOH during the potentiometric titration of 
trans-K2[Co(C2O4)2(H2O)2]•4H2O; [complex] = 0.0050 M, 
[NaOH] = 0.0502 M.
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