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A B S T R A C T

This study investigates the coordination chemistry and thermodynamics of cobalt(II) complex formation with 
nitrate (NO₃− ) and chloride (Cl− ) anions in the dry ionic liquid [C4mim][Tf2N]. Using UV–visible spectropho
tometry, isothermal titration calorimetry (ITC), density functional theory (DFT) calculations, and molecular 
dynamics (MD) simulations, we elucidate the stability, structure, and energetics of the formed complexes. 
Spectroscopic and computational results reveal that cobalt(II) maintains octahedral coordination with nitrate, 
forming stepwise 1:1, 1:2, and 1:3 complexes, with a progressive displacement of [Tf2N]− anions. In contrast, 
chloride coordination induces a transition from octahedral (1:1) to a mixed tetrahedral/penta-coordinated (1:2) 
geometry, ultimately stabilizing tetrahedral 1:3 and 1:4 species. Thermodynamic analysis highlights the central 
role of solvation effects and ionic liquid restructuring in determining complex stability. These findings enhance 
the comprehension of cobalt coordination in Tf2N-based ionic liquids and constitute a contribution to the un
derstanding of fundamental phenomena with implications for metal recovery.

1. Introduction

The coordination chemistry of metal ions in ionic liquids (ILs) have 
attracted much attention in the last two decades, due to the numerous 
applications such as metal extractions and selective separations in hy
drometallurgical processes for selective extractions of transition metals 
[1–6] and f-block elements [7,8], electrodepositions [9–12], energy 
storage [13–15] and catalysis [16,17]. ILs are salts composed of bulky 
organic cations and inorganic/organometallic anions existing in the 
liquid state at temperatures < 100 ◦C (also called Room Temperature ILs 
when liquid at 25 ◦C). The origin of such low melting temperatures has 
been traditionally assigned to a low enthalpy of melting due to the low 
lattice energy originating from the weakening of coulombic interaction 
caused by charge delocalization and bulkiness of the ions [18,19]. 
Nevertheless, recently the entropy of fusion has also been proposed to be 
the main reason for their low melting point [20]. RTILs are attractive for 
many applications as alternatives to classical organic solvents for the 
applications mentioned above owing to numerous interesting features: 
negligible vapor pressure, non-flammability, excellent electric conduc
tivity, high thermal and electrochemical stabilities, and good solvation 

ability for both charged and neutral species [17]. They also display a 
strong correlation between their structure and physical-chemical prop
erties, thus specific RTILs can be designed for optimal performances in 
given tasks. It should be recalled that these attractive advantages over 
organic solvents are balanced by their high cost, the synthetic process, 
high viscosity, and their toxicity, which initially was considered negli
gible due to their low vapor pressure [21]. However, recent works are 
precisely aimed at addressing the sustainability and biocompatibility of 
ILs to take full advantage of them [22].

Contrary to the case of organic solvents [23–28], the study of coor
dination and thermodynamics of metal complex formation in RTILs have 
received much less attention [29–32], despite the knowledge that spe
cies distribution in solution is key information to understand the mo
lecular processes at the basis of the applications involving dissolved 
metal ions [33–35]. Most of the thermodynamic studies available have 
been done for lanthanide and actinide complexation with small inor
ganic ligands (e.g., Cl− , NO3

− ) and organic ligands employed in liquid- 
liquid extractions (some examples in refs. [36–39]). As for the transi
tion metals, several studies were carried out in RTILs containing the 
weakly coordinating bis(trifluoromethylsulfonyl)imide [Tf2N]− anion 
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[29,40] which have been employed for sensing, depositions, and sepa
rative applications [41,42].

Recently, the Co(II), Ni(II) and Zn(II) solvation in [C4mim][Tf2N] (1- 
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, Scheme 
1) has been defined using X-ray absorption, and theoretical methods 
[43–45], showing that these bivalent metals exist as [M(Tf2N)6]4− spe
cies where the 6 [Tf2N]− anions coordinate through the -SO2 oxygens in 
a mono-dentate mode (Scheme S1).

In contrast with other coordination modes proposed in previous 
studies in solution [46,47] and in the solid state [48], and with what was 
found for metals with larger ionic radii (e.g. lanthanides [8]), in the 
above-mentioned works, it was unambiguously shown that bidentate 
coordination of [Tf2N]− was not present in solution. This result was 
explained by admitting that the conformational rigidity of the anion 
prevents the monodentate coordination mode in solution with such 
small ions [44].

Co(II) speciation in [Tf2N]− -containing RTILs is particularly inter
esting for some applications such as electrodepositions [49–54] and 
separations [4]. In recent years, numerous studies focused on the 
development of RTILs-based hydrometallurgical processes aimed at 
recycling this “critical raw material” [55] from end-of-life devices such 
as Li-ion batteries or permanent magnets [56] as well as its separation 
from radioactive waste [57]. Moreover, Co(II) solutions in [Tf2N]− - 
containing RTILs were shown to have peculiar properties such as ther
mochromism [58,59] and thermotropism [48].

In this work, the Co(II) complex formation with nitrate (NO3
− ) and 

chloride (Cl− ) ions in [C4mim][Tf2N] is studied by means of spectro
photometry and isothermal titration calorimetry (ITC). Density func
tional theory (DFT) and molecular dynamics (MD) simulations have 
been employed to obtain structural information on the species formed at 
the molecular level. Previous studies have highlighted that the interac
tion of these anions with transition metal species can significantly 

influence solubility, coordination environment, and redox behavior 
[5,29,50,60–62]. In particular, two anions are often present in electro
chemical processes for cobalt recovery and thin film electrodeposition, 
where the metal speciation plays a crucial role in determining the con
ditions, type, and morphology of the obtained metal [49–54].

2. Materials and methods

2.1. Chemicals

[C4mim][Tf2N] IL (Iolitec, 99.5 %), cobalt (II) bis(tri
fluoromethanesulfonyl)imide salt (Co(Tf2N)2, Alfa Aesar, ˃98 %), 1- 
Butyl-3-methylimidazolium nitrate ([C4mim][NO3], Iolitec, ˃98 %) 
and 1-Butyl-3-methylimidazolium chloride ([C4mim][Cl], Iolitec, ˃99 
%) were used without further purification. The highly [C4mim][Tf2N], 
[C4mim][NO3] and [C4mim][Cl] were dried under vacuum for at least 
48 h at 70 ◦C. The salt Co(Tf2N)2 was dried under vacuum without 
heating. All the starting solutions were stored under N2 atmosphere in a 
dry-box (H2O < 1 ppm). Water content in the [C4mim][Tf2N] employed 
to prepare the solutions was checked by Karl Fischer titration (<100 
ppm).

2.2. Spectrophotometric titrations

The formation constants (βj) for the equilibrium (1) can be treated as 
for the Co + jX ⇄ [Co(X)j] equation where the charges are omitted: 

βj =

[
CoXj

]

[Co][X]j
(1) 

The Gibbs free energy change associated is calculated as: ΔGβj =

− RTlnβj.

Scheme 1. 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.

Fig. 1. Spectrophotometric titration of Co(II) with NO3
− in dry [C4mim][Tf2N] at 298 K. Initial solution: V0 = 1.83 mL and CCo = 3 mM. Titrant solution: CL = 82.6 

mM. Final RL = 4.35. The black arrow shows the direction of spectra evolution.

Table 1 
Overall (log βj) and Stepwise (log Kj) Stability Constants and Thermodynamic 
Parameters (kJ mol− 1) relative to the reaction Co(II) + jNO3

− ⇆ [Co(NO3)j]2− j in 
[C4mim][Tf2N] (T = 298.15 K). Standard deviations are reported in parentheses.

j log βj ΔGβj ΔHβj TΔSβj log Kj ΔGKj ΔHKj TΔSKj

1 4.87 
(8)

− 27.8 − 14.4 
(4)

13.4 4.87 − 27.8 − 14.4 13.4

2 8.1(1) − 46.2 − 22.4 
(4)

23.8 3.23 − 18.4 − 8.0 10.4

3
10.4 
(3) − 59.3

− 36.7 
(5) 22.6 2.3 − 13.1 − 14.3 − 1.2
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In thermodynamic studies, the ionic strength of the solution is usu
ally controlled by an inert salt at high concentration with respect to the 
reactants. In previous speciation studies in [C4mim][Tf2N] [32,36,63] 
the IL was assumed to be fully dissociated and that theionic strength (for 
[C4mim][Tf2N] ~ 3.4 mol L− 1) was practically unaffected by the com
plex formation. It should be noted that this assumption is not rigorous, 
as, on the basis of the analysis of ion diffusion and conductivity data, it 
was shown that ion pair formation occurs in ILs [64,65]. Specifically, the 
“Walden plot” (log(molar conductivity, Λ) vs. log(reciprocal viscosity 
η− 1),) for [C4mim][Tf2N] shows a deviation from a fully dissociated 
reference electrolyte (KCl aqueous solution) showing that ion pairing is 
present [65]. However, the ion association in ILs does not seem to give a 
comprehensive picture, as charge transfer, should also be considered 
[66,67]. In a recent review [68] it was estimated that for [C4mim][Tf2N] 
the ion dissociation (=[free ions]/[total ions]) is in the 0.60–0.64 range.

As far as the solvated metal ion is considered, it has been previously 
[63] proposed that the nature of the reacting species (i.e. the negatively 
charged cobalt-containing species in Eq. (2)) is not well defined as in a 
molecular solvent, due to the strong electrostatic interaction between 
successive solvation spheres of opposite charge. Based on all the above 
considerations, and since the activity coefficients of the involved species 
are not known, the obtained βj should be considered conditional con
stants [32].

Stock solutions of Co(Tf2N)2 and [C4mim][NO3] or [C4mim][Cl] in 
dry [C4mim][Tf2N] were prepared by weighing. The concentration of Co 
(II) in the stock solution was determined by UV–Vis spectrophotometry 
[45].

The Co(II) concentration in the samples was kept constant to 0.003 
mol L− 1, while that of NO3

− anion was varied from 0 to 0.011 mol L− 1 

corresponding to a total mole of ligand / total moles of metal (RL) 
ranging from 0 to 4.35. For Cl− , the anion concentration ranged from 
0 to 0.0067 mol L− 1 (0 < RL < 2.82).

The absorbance spectra were recorded on a Cary 50 UV–Vis spec
trophotometer in a quartz cell of 1 cm path length loaded in the dry box 
and closed with a Teflon stopper to avoid moisture contamination. The 
spectra were collected in the 350–850 nm range with a 2 nm spacing. 
The spectrum of the blank solution was subtracted. Complex formation 
constants were obtained by multi-wavelength fitting of the absorption 
spectra using the HypSpec program [69,70]. Between 50 and 100 
wavelengths (λ) were selected for the complex formation constant (βj Eq. 
(1)) fitting by the analysis of experimental absorbances at different ad
ditions of the titrant. The calculated absorbance of one spectrum at a 

given wavelength was obtained by by the Lamber-Beer law as the sum of 
the individual absorbances of the different species (j): Aλ,calc = l

∑
jεj,λCj, 

where l is the optical path length (cm), εj,λ the molar absorbance (L 
mol− 1 cm− 1) of the jth species at the wavelength λ and Cj the molar 
concentration of the jth species. By means of a non-linear regression al
gorithm, the species concentrations are calculated until the sum of the 
root-mean-squared difference between the calculated (Aλ,calc) and 
experimental (Aλ,exp) absorbances at the selected wavelengths is mini
mized [69,70].

2.3. Isothermal titration calorimetry

Titrations were performed using a TAMIII thermostat (TA In
struments) equipped with a nanocalorimeter and an automated titration 
apparatus employing a Hamilton syringe (V = 250 μL). The sample and 
reference cells were loaded under N2 atmosphere and then transferred in 
the calorimeter.

In the ITC experiments, the reaction cell contained 0.75 mL of Co(II) 
solution in [C4mim][Tf2N] (CCo = 0.015 mol L− 1) stirred by a gold 
propeller maintained at 50 rpm at 298.15 K. Titrant additions of 10 μL 
were made with a 15-min delay. The dilution heat was measured by 
titrating 0.75 mL of pure IL with the [C4mim][NO3] or [C4mim][Cl] 
solution in the absence of Co(II) and subtracted from the titration data. 
The ΔHβj values were calculated by means of the HyperDeltaH program 
[69] by keeping constant the log βj obtained from the spectrophoto
metric titrations. In the case of the Co-chloride system the log β4 was 
obtained from ITC data, setting the log β1–3 at the values obtained by 
spectrophotometry.

2.4. DFT calculations

Density functional theory calculations were performed for the [Co 
(Tf2N)iLj]2-i-j complexes. The minimum energy geometries of the high 
spin Co(II) complexes were obtained by employing the ωB97xD func
tional [71] and the def2-SVP basis set. Frequency calculations per
formed for the obtained geometries provided no imaginary vibrational 
modes, ensuring that these structures corresponded to energy minima. 
Based on our previous work [29], where X-ray absorption experiments 
showed that the nitrate anion behaves as a bidentate ligand with Ni(II) 
in dry [C4mim][Tf2N], therefore only this coordination mode was 
considered in our calculations. All geometry optimizations were per
formed in Gaussian16 [72].

Fig. 2. (a) Stepwise stability constants (log Kj) for the formation of M(NO3)j species (M = Co, Ni) vs. the number of coordinated NO3
− anions. (b) Stepwise ther

modynamic parameters ΔGKj (triangles) ΔHKj (diamonds) and TΔSKj (squares) plotted as a function of the number of coordinated NO3
− anions. Full symbols 

correspond to Co(II) data, while empty symbols are for Ni(II) [29].
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2.5. Molecular dynamics simulations

Classical molecular dynamics simulations have been performed 
employing the non-polarizable force field by Canongia Lopes and Padua 
[73–75] for the [C4mim][Tf2N] IL and the Cl− and NO3

− anions. The 
Lennard-Jones (LJ) parameters of the metal were taken from ref. [76] 
(the “IOD” set) which provided good agreement with the experimental 
X-ray absorption data for the solvated Co(II) ion in [C4mim][Tf2N] [45]. 
In our simulations, the Co(NO3)j and CoClj (j = 1–4) units were 
considered as solutes as previously done for the Ni(II) ion [29]. For the 
complexes with the nitrate anion, the bidentate coordination mode was 
assumed on the basis of the minimum energy structures and obtained by 
DFT calculations and previous theoretical and experimental results for 
the similar Ni(II) cation [29]. The intramolecular interactions were 
modeled using harmonic bonds and angles, where the equilibrium dis
tances and force constants were obtained from DFT calculations 
(Table S1). Nitrate anions were kept planar and N–O distances were 
constrained. The point charges for the Co(NO3)j and CoClj were calcu
lated to fit to the electrostatic potential according to the Merz-Kollman 

scheme [77] in the presence of a continuum solvent introduced by a 
SMD polarizable model [78] (Table S2) with the parameters given for 
the [C4mim][Tf2N] [79]. The composition of the simulated boxes for the 
two sets of calculations is reported in Table S3.

Non-bonded van der Waals (vdW) interactions were represented by 
LJ potential, for which cross terms were constructed with the Lorentz- 
Berthelot combining rules. A cut-off radius of 15 Å was employed for 
all the non-bonded interactions. Simulated systems were first equili
brated in NVT conditions for 20 ns at 500 K and then cooled down to 
300 K. Production MD was run for 50 ns in NVT conditions at 300 K. In 
all calculations, a 2 fs time step has been employed, and the temperature 
was kept constant by the velocity rescaling algorithm. All MD simula
tions were run in GROMACS 2020.5 [80].

3. Results and discussion

When a negatively charged ligand (X− ) binds the Co(II) ion in 
[C4mim][Tf2N] solution, the weakly coordinating [Tf2N]− anions are 
displaced as described by the equilibrium reaction (2): 

Fig. 3. (a) Calorimetric titration of Co(II) with NO3
− in dry [C4mim] [Tf2N] at 298 K. Initial solution: V0 = 0.75 mL and CCo = 15 mM. Titrant solution: CL = 362 mM. 

Final RL = 6.7. (b) Cumulative heat (Qcum) observed (red circles) and calculated (empty circles) vs. the Co/ NO3
− molar ratio (RL). The calculated speciation (charges 

omitted) as a function of the NO3
− added is also reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.)
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[
Co(Tf2N)6

]4−
+ jX− ⇆

[
Co(Tf2N)6− n(X)j

]n− j− 4
+ n[Tf2N]

− (2) 

In dry [C4mim][Tf2N] [45], the nature of the Co(II) reactant ([Co 
(Tf2N)6]4− ) in Eq. (2) has been previously defined by means of EXAFS 
experiments and MD simulations which evidenced the coordination of 6 
monodentate [Tf2N]− anions. The same solvation structure was also 
obtained for other bivalent metals, Zn(II) and Ni(II) [43–45]. The 
experimental thermodynamic parameters of complex formation are 
determined by the enthalpic contributions related to the bond breaking/ 
formation and solvation/desolvation of all species involved as well as 
entropic terms reflecting the changes of the degrees of freedom in the 
system.

3.1. Nitrate complexes

Spectrophotometric titrations were performed by recording the 
UV–Vis absorption spectra in the 400–800 nm wavelength range (Fig. 1) 
where Co(II) compounds exhibit characteristic d–d transition bands 
sensitive to the metal coordination environment and ligand field 
strength [45].

The spectrum of the Co(II) solution in the absence of nitrate anion 
(red line in Fig. 1) presents a maximum at λ = 548 nm (similar that 
previously observed in [C4mim][Tf2N] [45]) and an increase of intensity 
occurs upon addition of titrant (Fig. 1). The spectral changes in the 
absorption bands of Co(Tf2N)2 in [C4mim][Tf2N] upon addition of ni
trate solution indicate that the starting octahedral coordination is 

maintained by the metal ion (Fig. 1) [27,45].
The best fit of the absorbance data is compatible with a model 

including three successive 1:1, 1:2, and 1:3 species. In the solid state, 
structures containing the [Co(NO3)4]2− anion with three coordinated 
bidentate nitrates and the fourth monodentate were obtained [81]. 
However, the introduction of an additional 1:4 species in the analysis of 
the spectrophotometric data, even if considered as non-absorbing, was 
rejected by the fitting software. Experimental molar absorbances 
(Fig. S1) clearly indicate that an octahedral coordination mode of the 
formed species is maintained by the metal ion along the titration. The 
complex formation constants of the Co(II) complexes with NO3

− are re
ported in Table 1 together with related enthalpy and entropy values. A 
similar result was obtained for the speciation of Ni(II) with NO3

− in 
[C4mim][Tf2N] where up to three successive Ni(NO3)j species of 
decreasing relative stability were found (Fig. 2) [29].

Contrary to what is observed in water, NO3
− is a strong ligand for this 

Co(II) ion in this IL. This is expected based on the poor solvating strength 
of the [Tf2N]− anion with respect to water, which is reflected by the 
positive single ion free energy of transfer from water to [C4mim][Tf2N] 
(ΔGtrans(water → [C4mim][Tf2N]) = 6.6 kcal mol− 1) previously calcu
lated for Co(II) [45]. This result is in agreement with the positive 
ΔGtrans(water → [C4mim][Tf2N]) values for other bivalent ions such as 
Zn(II) or Cu(II) calculated on the basis of experimental data [44,82]. 
Interestingly the stability of the 1:1 complex formed by Zn(II) with the 
neutral chelating ligand ethylenediammine in [C2mim][Tf2N] is lower 
than in water [31], while the 1:2 is higher indicating that the ligand and 
the formed metal species solvation are also important factors in 

Fig. 4. Minimum energy structures of the [Co(Tf2N)6-n(NO3)j](4-j+n)- complexes (0 ≤ j ≤ 3).

M. Sanadar et al.                                                                                                                                                                                                                               Journal of Molecular Liquids 435 (2025) 128162 

5 



determining the relative stabilities in different media.
As far as non-aqueous solvents are considered, the only available 

data are relative to the formation of the 1:1 species in acetonitrile (log 
K1 = 5.45 [83] and 4.02 [84]). It should be noted that no other species 
were obtained by data refinement in Refs. [83, 84].

The profile of the calorimetric titration in Fig. 3a shows that the 

overall process is exothermic, as previously observed for the formation 
of nitrate complexes with Ni(II) in [C4mim][Tf2N]. The analysis of ITC 
data (Fig. 3b) provided an excellent agreement between calculated and 
observed heat data and confirmed the speciation obtained by UV–Vis 
titrations. As previously noted for complex formation between trivalent 
metal ions and nitrate in [C4mim][Tf2N] the ΔHβj are all negative and 
ΔSβj positive [36]. On the contrary, in the water-saturated IL, the 
complex formation was only entropy-driven [36] as usually found in 
aqueous solutions when charge neutralization occurs upon complex 
formation [85]. It is interesting to note that the 1:2 species presents a 
much less negative ΔHKj with respect to the 1:1 species with an entropic 
term which remains close (TΔSK1 and TΔSK2 are 13.4 and 10.4 kJ mol− 1 

respectively). Moreover, the 1:3 complex has an enthalpy nearly equal 
to that of the 1:1, but with a much less favorable entropic term (TΔSK3 =

− 1.2 kJ mol− 1). This trend of the stepwise thermodynamic parameters 
could be due to a variable desolvation pattern upon nitrate coordination, 
as well as significant changes in the outer-sphere ionic structure.

To have a structural model of the species in solution, it should be 
recalled that in a previous work on Ni(II)/nitrate complexation in 
[C4mim][Tf2N] it was shown that NO3

− anion acted as a bidentate ligand 
on the basis of computational methods (MD simulations) and X-ray 
absorption spectroscopy [29]. While this binding mode can be assumed 
also for Co(II), the number of anions released from the metal first co
ordination sphere (n[Tf2N]− in eq. 1) can be variable depending on the 
complexation step.

Fig. 5. Co–O [Tf2N]− (blue) and Co–NA [C4mim]+ (red) for the simulated [Co(Tf2N)6-n(NO3)j]n-j-4 complexes: (a) j = 0; (b) j = 1; (c) j = 2; (d) j = 3. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Position (Å) and integration number of the first maximum of the Co-O[Tf2N]−

and Co-NA [C4mim]+ radial distribution functions (Fig. 5 and Fig. 10).

Solute j rmax Co-O 
[Tf2N]− (Å)

nO rmax Co-NA 
[C4mim]+ (Å)

nNA
a

[Co 
(Tf2N)n(NO3)j]2- 

n-j

0 2.05 6.0 7.65 –
1 2.14 4.5 6.24 –
2 2.16 2.3 5.50 –

3 8.52b – 5.31
11.6 
(5.8)

[Co(Tf2N)n(Cl)j]2-n- 

j

1 2.15 5.0 7.85 –
2 2.25 2.7 5.36 –

3 2.25 1.0 5.48 15.6 
(7.8)

4 8.85 – 4.83
14.8 
(7.4)

a nNA not reported for broad distributions without well-defined peaks. In pa
rentheses, the estimated number of cations.

b [Tf2N]− is not coordinated.
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To obtain further insights into the possible cobalt-containing species 
in solution, DFT calculations were performed. The minimum energy 
structures of the [Co(Tf2N)6-2j(NO3)j]-4+j complexes (0 ≤ j ≤ 3) are 
shown in Fig. 4 and the obtained Co-X bond lengths are reported in 
Table S4. Only one type of 1:1 and 1:3 species has been considered ([Co 
(Tf2N)4(NO3)]3− and [Co(NO3)3]− , b and f in Fig. 4) while for the 1:2 
several possibilities, including 6 and 5-coordination, were taken into 
account. As for the [Co(Tf2N)2(NO3)2]2− species (c and d in Fig. 4), a 
mixture of the c and d isomers is likely to be present in solution as the 
calculated difference in energy is only of ~1.0 kcal mol− 1.

Thermodynamic results could be therefore interpreted by assuming 
the release of 2 [Tf2N]− anions in the formation of the 1:1 species, fol
lowed by the replacement of 2 or 3 [Tf2N]− anions by nitrate in the 1:2 
species, which would explain the less favorable stepwise enthalpy term 
with respect to 1:3 and 1:1. The negative and small TΔSK3 is compatible 
with the coordination of a third nitrate and the release of either 1 or 2 
[Tf2N]− anions.

In order to obtain a dynamic picture of the species in solution and the 
surrounding ionic environment, MD simulations were also carried out. 
In these simulations NO3

− anions were constrained to be coordinated to 
the Co(II) ion while [Tf2N]− could be exchanged with the bulk liquid 
phase.

The radial distribution functions, g(r), for the centers Co–O and 
Co–NA (where O is the oxygen of the –SO2– group of the anion and 
NA are the aromatic nitrogen atoms of [C4mim]+) are shown in Fig. 5. 
The obtained g(r) for the starting Co(II) solvate in agreement with 
previous experimental and simulation findings [43,45] and evidence the 
presence of coordinated O at 2.05 Å and two further maxima corre
sponding to the “free” oxygen atoms of the coordinated anion. Also in 
this study, bidentate [Tf2N]− anions are not observed, even in the 
complexes with nitrate. The position of the first g(rCo-O) maxima are in 
good agreement with the previous work [45] and are slightly shifted 
towards higher values when the 1:1 and 1:2 species are considered. 
When one bidentate nitrate is introduced in the coordination sphere of 

Fig. 6. Spectrophotometric titration of Co(II) with Cl− in dry [C4mim][Tf2N] at 298 K. Initial solution: V0 = 1.82 mL and CCo = 3 mM (red spectrum). Titrant 
solution: CL = 33 mM. Final ratio Co(II): Cl− = 2.82. The black arrow shows the direction of spectra evolution. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Stepwise stability constant for the CoClj species in log Kj plotted against the number of coordinated chlorides: ● [C4mim][Tf2N], □ DMF, △ DMSO, ◊ NMF; 
(b) ΔHKj (diamonds) and TΔSKj (squares) for [C4mim][Tf2N] (black), DMF (red), DMSO (blue), NMF (orange). Data from Refs. [87–89]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Sanadar et al.                                                                                                                                                                                                                               Journal of Molecular Liquids 435 (2025) 128162 

7 



the metal ion (i.e. to obtain the 1:1 species), the number of coordinated 
[Tf2N]− anions decreases from 6 to ~4.5 (Table 2). When a second ni
trate is coordinated to Co(II), the number of coordinated [Tf2N]− anions 
is further reduced to ~2.3. Within the simulation time, the formation of 
the [Co(Tf2N)(NO3)2]− complex was not observed. Finally, in the 1:3 
species, no [Tf2N]− anion remains coordinated to the metal ion. This 
result supports the hypothesis that two nitrate anions are released at the 
first complexation step and that the 1:3 species has no coordinated 
[Tf2N]− anions.

The g(rCo-NA), which provides information on the distribution of first 
shell of cations around the anionic metal-containing species, reveals a 
contraction of the volume in the complexes with the nitrate (Fig. 5), 
which is expected as this ligand is smaller than the [Tf2N]− anion. The 
strongly negative entropy of solvation calculated previously for Co(II) 
and other bivalent metals [43–45] was explained by a strong ordering of 
the IL imposed by the metal ion, which is broken when the complexes 
are formed. This observed change in the structure of the IL surrounding 
the metal-containing species, and the reduction of the volume occupied 

Fig. 8. (a) Calorimetric titration of Co(II) with Cl− in dry [C4mim][Tf2N] at 298 K. Initial solution: V0 = 0.75 mL and CCo = 15 mM. Titrant solution: CL = 186 mM. 
Final ratio Co(II): Cl− = 0–4.09. (b) Cumulative heat (Qcum) observed (red circles) and calculated (empty circles) on the basis of the log βj and ΔHβj values reported 
in Table 1 vs the Co(II)/Cl− molar ratio (RCl− ). The corresponding Co(Cl)j speciation (charges omitted) as a function of the Cl− added is reported.

Table 3 
Overall (log βj) and stepwise (log Kj) stability constants and thermodynamic parameters (kJ mol− 1) relative to the reaction: Co(II) + jCl− ⇆ [Co(Cl)j]2− j in [C4mim] 
[Tf2N] (T = 298.15 K). Standard deviations are reported in parentheses.

j log βj ΔGβj ΔHβj TΔSβj log Kj ΔGKj ΔHKj TΔSKj

1 6.68(4) − 38.1 − 61.6(1) − 23.5 6.68 − 38.1 − 61.6 − 23.5
2 12.92(6) − 73.7 − 65.3(9) 8.5 6.24 − 35.6 − 3.7 31.9
3 16.79(3) − 95.8 − 93.5(6) 2.3 3.87 − 22.1 − 28.3 − 6.2
4 20(1) − 114.1 − 105.9(7) 8.2 3.2 − 18.3 − 12.4 5.9
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by the latter, should have a relevant importance in determining the 
entropy changes upon complex formation.

3.2. Chloride complexes

The UV–Vis spectra of Co(Tf2N)2 in dry [C4mim][Tf2N] at increasing 
Cl− content are shown in Fig. 6. The best fit of absorbance data was 
obtained with a model including three CoClj species (j = 1–3) which 
present higher stabilities than the corresponding ones formed with ni
trate (Table 1 and Fig. 7). These much higher stabilities of the complexes 
formed by Co(II) with Cl− ion with respect to those with NO3

− is also in 
agreement with the observation that this anion is able to displace nitrate 
from the metal coordination sphere even in the nitrate-containing IL 
([HO(CH2)2mim]NO3) [86].

The absorbance trend in the 500–750 nm range observed in the 
spectra at Cl/Co ratios ≥2.0 (Fig. S2) is indicative of the formation of 
tetrahedral species, thus, as previously found for complex formation in 
non–aqueous coordinating solvents [87,88], a change of coordination 
geometry of the metal ion occurs when the 1:2 species is formed.

Calorimetric data shown in Fig. 8 presents a completely different 
trend with respect to the titration with nitrate. The fit of ITC data 
(Fig. 8b) allowed the estimation of the log βj relative to the 1:4 species 
(Table 3). When the latter species was inserted in the model employed 
for the UV–Vis titration, some improvement of the goodness of fit was 
observed (i.e. a lower residual sum of squares), however any further 
refinement was unsuccessful. This was probably due to the small number 
of points at Cl:Co ratios sufficiently high to allow the formation of a 
significant amount of CoCl4.

The overall enthalpies of complex formation in dry [C4mim][Tf2N] 
are all negative, while the formation entropy is negative for the 1:1 
species only.

The calculated stability constants in dry [C4mim][Tf2N] are several 
orders of magnitude higher than those determined in aqueous solutions 
and other molecular solvents [87–90] as expected on the basis of the 
weak coordinating strength of the [Tf2N]− anion. This is evident when 

our results are compared with those reported in the non-aqueous sol
vents dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF) and 
N-methylformamide (NMF) [87–89] (Table S5 and Fig. 7) where com
plex formation is solely entropy-driven with large positive ΔHβj values. 
As evidenced in Fig. 7a, the stepwise stability constants decrease 
monotonically in the IL, differently from those in the molecular solvents.

Stepwise enthalpies, with the exception of the formation of the 1:2 
are significantly more negative than nitrate, indicating a stronger 
interaction of the Cl− anion with the metal center (Table 1). Also, ΔSKj 
differs markedly from the previous ligand and can be interpreted by a 
different desolvation of the Co-containing species at each step.

The positive stepwise entropic term for the formation of the 1:2 
species (TΔSK2 = 32.0 kJ mol− 1) coupled to the relatively low enthalpy 
(ΔHK2 = − 3.7 kJ mol− 1) can be interpreted by the strong desolvation of 
the metal ion, which leads to the release of several solvent molecules 
upon coordination of one ligand [23,25]. Therefore, it can be proposed 
that the change of coordination mode of cobalt occurs when the second 
chloride is added, as also found previously in molecular solvents 
[88–90]. This is clearly different from the result obtained for the 1:2 Co: 
NO3

− which presents a less positive TΔSK2 and more negative ΔHK2 
evidencing that desolvation of the metal is notably different in the two 
systems.

The DFT optimized structures of two possible 1:1 Co:Cl− species are 
shown in Fig. 9. For the 1:1 species, both the octahedral [Co(Tf2N)5Cl]4−

and the trigonal bipyramidal [Co(Tf2N)4Cl]3− structures were obtained. 
However, MD simulations evidence the presence of only 5 coordinated 
[Tf2N]− anions as in the complex shown in Fig. 9. It should be noted that 
the octahedral coordination of the metal ion in the 1:1 Co:Cl species was 
also previously assumed in concentrated chloride solutions [91].

Several 1:2 Co:Cl species were considered ([Co(Tf2N)4Cl2]4−
, [Co 

(Tf2N)3Cl2]3− , [Co(Tf2N)2Cl2]2− ) for the DFT calculations. However, the 
geometry optimization of the starting octahedral complexes ([Co 
(Tf2N)4Cl2]4− ) led to the spontaneous dissociation of one [Tf2N]− to give 
a tetrahedral [Co(Tf2N)2Cl2]2− or penta-coordinated [Co(Tf2N)3Cl2]3−

species (Fig. 9). Thus, DFT calculations suggest that the Co-containing 

Fig. 9. Minimum energy structures of the [Co(Tf2N)6-nClj]-4-j+n complexes (1 ≤ j ≤ 4),
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species in solution could have either 2 or 3 coordinated [Tf2N]− anions.
The analysis of the g(r) for the 1:2 Co:Cl species (Table 2) shows that 

the number of coordinated oxygen atoms is ~2.7, supporting the pres
ence of a mixture of 4- and 5-coordinated CoCl2 species in solution. 
Therefore, computational results support the occurrence of a large 
desolvation upon going from the 1:1 to 1:2 species, due to the release of 
2 or 3 [Tf2N]− anions in a single step. This is also in agreement with the 
largely positive stepwise entropy (TΔSK2) and also the fact that ΔHK2 is 
much less negative than ΔHK1. Interestingly, the g(r) for the Co-NA 
centers displays a net decrease of the maximum position (from 7.85 to 
5.36 Å, Table 2) indicating that a significant reordering of the ions 
surrounding the anionic metal species occurs in this complexation step. 
This net decrease of the occupied volume and charge of the metal 
complex (from − 4 in the 1:1 to − 2 in the tetrahedral CoCl2 species) 
could also be responsible for the highly positive ΔSK2. As for the 1:3 
species, the UV–Vis spectra clearly indicate a tetrahedral species, which 
is also supported by DFT and MD results, which, coherently, point to
wards a tetrahedral complex with only one [Tf2N]− coordinated (Table 2
and Fig. 9). This agrees with the value of ΔHK3 which is much more 
negative than ΔHK2 and can be related to the release of 1 or 2 [Tf2N]−

anions. Also, the maximum position of the g(r) for Co-NA does not 
display a marked shift as in the previous system, rather, the intensity 
increases suggesting a more rigid cationic structure around the anionic 
complex. Finally, MD simulations confirm that the tetrahedral [CoCl4]2−

has no anions coordinated. This result is in agreement with EXAFS data 
in chloride-containing ILs which show that cobalt is coordinated by four 
chlorides only [92]. The small and positive TΔSK4 and the relatively 

small ΔHK4 are compatible with the replacement of the remaining 
[Tf2N]− by a chloride anion.

4. Conclusions

In this study, we investigated the complex formation of Co(II) ions 
with nitrate and chloride anions in the dry IL [C4mim][Tf2N]. Through a 
combination of UV–Vis spectrophotometry and ITC, we established that 
both anions effectively coordinate with Co(II) leading to stable complex 
formation in this IL. The findings revealed distinct speciation and 
thermodynamic parameters associated with the complex formation, 
which can be interpreted by considering the balance of the energetics 
related to the bond breaking/forming and the solvent reorganization. 
Absorption spectra, along with DFT calculations and MD simulations 
allowed us to provide structural information on the species in solution. 
The entirety of the information obtained shows that the octahedral co
ordination is maintained with increasing nitrate:Co ratio in solution. 
Nitrate anions replace 2 [Tf2N]− per complexation step, and it is shown 
that two equally stable octahedral 1:2 species can be present. In the final 
1:3 complex all [Tf2N]− anions have been released. The main finding 
regarding complex formation with chloride is the presence of a net 
switch of coordination number on going from the octahedral 1:1 species, 
to 1:2 species, which is proposed to be a mixture of a tetrahedral and 
penta-coordinated metal ions. The higher 1:3 and 1:4 species are 
exclusively tetrahedral, as evidenced by absorption spectra and theo
retical models. In both cases it has been evidenced that the IL structure 
around the solute undergoes notable changes due to the decrease in 

Fig. 10. Co–O [Tf2N]− (blue) and Co-NA [C4mim]+ (red) for the simulated [Co(Tf2N)6-nClj]n-j-4 complexes: (a) j = 1; (b) j = 2; (c) j = 3; (d) j = 4. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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volume and charge of the cobalt-containing species.
The thermodynamic and structural insights obtained in this work can 

support the design of more efficient processes of cobalt separations and 
recovery by electrodeposition.
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