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Figure S1: UV-vis spectra of 0.1 mol L-1 CoCl2.6H2O and CoSO4.7H2O in EG:ChCl (4.5:1). 

EPR spectroscopy 

Figure S2: (a) EPR spectra and (b) calculated g-factor for 0.1 mol L-1 CoCl2.6H2O and 0.1 mol 

L-1 CoSO4.7H2O in EG:ChCl (4.5:1) at room temperature.



For a single unpaired electron (s=1/2) in a magnetic field, the energy splitting gap (ΔE Zeeman) 

between ground and excited states interacting with a magnetic field is given by Equation (S1), 

where B0 is the applied magnetic field strength, ge is the free electron g value, μB is the Bohr 

magneton, υ is the frequency of the applied electromagnetic radiation (9.48 GHz in our case) 

and h is the plank constant.1

                               ΔE zeeman =  geµBB0 = hυ                                             (S1)

The g value is influenced by the contributions from the chemical environment and can be 

calculated using the below equation (S2). 

                                      g =    hυ/ µBB0                                                     (S2)

FTIR spectroscopy

Neat ChCl showed numerous spectral bands corresponding to O-H stretching, C-H stretching, 

C-H bending, C-O stretching, and C-N stretching at 3220 cm-1, 3027 cm-1, 1482 cm-1, 1084 

cm-1 and 953 cm-1 respectively, and the bands were assigned according to the literature.2-6 Neat 

EG showed spectral bands corresponding to O-H stretching, asymmetric C-H stretching, 

symmetric C-H stretching and C-O stretching at 3295 cm-1, 2938 cm-1, 2874 cm-1, and 1083 

cm-1, respectively.2, 7 The FTIR spectrum of this specific EG:ChCl (4.5:1) shows the same 

profile as the spectrum reported in the literature for EG:ChCl (2:1) in terms of number of bands 

and band positions.2, 8, 7

Figure S3: FTIR spectra of EG:ChCl (4.5:1) (bottom), EG (middle), and ChCl (top) analysed 

at room temperature.



Differences are observed between the individual compounds and the EG:ChCl (4.5:1) mixture, 

similar to those differences reported in the literature for other DESs.7, 8 For instance, the broad 

band which corresponds to the O-H stretching (3295 cm-1) in ethylene glycol has shifted to a 

higher wavenumber (3307 cm-1) in the EG:ChCl (4.5:1). This may be due to a decrease in the 

extent of intermolecular OH(EG)-O(EG) bonding in the neat ethylene glycol compared to the 

solvent system, thus indicating interaction of ethylene glycol with the choline chloride forming 

H-bonds.2 Wang et al. have reported that hydrogen bonding occurs between the chloride anion 

(HBA) and the H-O (HBD) (Cl--- H-O) in the DESs. This was corroborated using 35Cl NMR 

spectroscopy, where they reported a lower chemical shift value of the chloride ion in ChCl as 

the DES forms.8 This indicates that the intensity of the newly formed H bond is weaker than 

the H bond formed by ChCl itself, increasing the electron density of the Cl atom and leading 

to an upfield shift in the chemical shift.8

Even though the spectrum of EG:ChCl (4.5:1) is dominated by ethylene glycol, due to its larger 

concentration in the mixture, features of ChCl can be observed as a shoulder at 3028 cm-1 and 

a band at 954 cm-1 corresponding to C-H stretching and C-N stretching respectively.2 

Figure S4: FTIR spectra of 1.4 mol L-1 of CoSO4.7H2O in EG:ChCl (4.5:1) analysed at room 

temperature (top) and 50 °C (below).



1H NMR Spectroscopy

EG showed two peaks corresponding to the four hydrogens of two -CH2 groups at δ = 3.75 

ppm (s, 4H), labelled as “x” and two hydrogens of two hydroxyl groups at δ = 5.40 ppm (s, 

2H), labelled as “z” (Figure 6), whereas ChCl presented a peak for the three -CH3 groups (δ = 

3.21 ppm (s, 9H)) attached to the N+ labelled as “d,” two hydrogens in -CH2 attached to the N+ 

labelled as “c” (δ =3.52 - 3.54 ppm (t, 2H)), two hydrogens in -CH2 attached to the OH labelled 

as “b” (δ = 4.05- 4.08 ppm (m, 2H)) and the hydrogen of the hydroxyl group labelled as “a” (δ 

= 4.75 ppm (s, 1H)). 

In the EG:ChCl (4.5:1), all peaks are shifted relative to the pure constituents, indicating changes 

in their average surrounding chemical environment as reported previously.9 The -OH group of 

 EG is known to interact with the Cl- of ChCl through H-bonding as a result of the formation 

of a DES.2, 8, 9 For instance, the -OH group (z) and aliphatic protons (x) of the EG both shifted 

upfield in the DES and this could due to the interaction of the Cl- of ChCl with the OH group 

of EG. Shifts to lower ppm values (upfield/ shielded) mean the electron density of the hydroxyl 

proton (z) (to a higher extent compared to aliphatic protons) and aliphatic protons (x) has 

increased, showing that the interaction with the ChCl could come from the -OH group. In 

contrast, protons of ChCl have shifted downfield in the DES, showing a decrease in the electron 

density of the protons. The Cl- anion is a very electronegative atom, and its interaction with the 

-OH group of EG could be responsible for the overall change in electron density. Nuclear 

Overhauser Effect Spectroscopy (NOESY) spectra reported by Delso et al. also demonstrated 

this interaction between EG and ChCl in 2:1 molar ratio in the presence of water.10 



Figure S5: 1H NMR spectra of EG (top), ChCl dissolved in D2O (middle), and EG:ChCl (4.5:1) 

(bottom) analysed at room temperature.

Additionally, the chemical shift of the aliphatic protons labelled as “x” for EG and “c” for ChCl 

are overlapping, showing in the DES as a peak and a shoulder that is difficult to deconvolute, 

at approximately δ = 3.65 ppm, which has also been previously observed for EG:ChCl (2:1) 

with 8.5 % wt water.9-11 The rest of the chemical shifts could be identified at δ = 3.30 ppm (s, 

9H), 4.05 ppm (s, 2H) and 5.30 - 5.32 ppm (m, 1H) corresponding to “d,” “b” and “a “of ChCl 

as shown in Figure 6. A small peak was observed at 4.47 ppm (Figure 6) in the EG:ChCl (4.5:1) 

that could be related to the water in the solvent system.10, 11 The integration data (Figure S6) 

agrees with the presence of twenty hydrogens (s, 20H) in the “x+c” confirming the molar ratio 

formed between EG and ChCl in the solvent system.



Figure S6: 1H NMR spectra of (a) EG, (b) ChCl in D2O and (c) EG:ChCl (4.5:1) analysed at 
room temperature.
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Figure S7: 1H NMR spectra of (red) 0.1 mol L-1 CoCl2.6H2O in EG:ChCl (4.5:1) and (blue) 
0.1 mol L-1 CoSO4.7H2O in EG:ChCl (4.5:1) analysed at room temperature.

Further details on Force Field Molecular Dynamics Simulations: 

For all simulations, pressure was controlled using the Berendsen barostat with a time constant of 1.0 ps 

and compressibility of 4.5x10-5 bar-1.12 Temperature was controlled using the Nosé-Hoover thermostat 

with a time constant of 0.2 ps.13, 14 Coloumbic and van der Waals cut-offs of 1.6 nm were used and long 

range electrostatics were calculated using the Particle-mesh Ewald method.15, 16 A timestep of 1 fs was 

used. 

Simulated Annealing protocol:

Several simulated annealing protocols were trialled with longer quenching times, and lower top 

temperatures. Here, we failed to see a convergence of the radial distribution functions (RDFs) and 

therefore, the structuring. This was particularly when the radial distribution functions of Co- (solvent 

atom) were constructed which showed that the cobalt coordination environment could get easily trapped 

in an energy minima which could not be recovered after another cycle of heating and cooling. The SA 

protocol that showed the least variations in the RDFs was used for further annealing. This involved 

heating the system up from 300 K to 1200 K in 200 ps, keeping the temperature at 1200 K for 3 ns and 

cooling down to 300 K in 6 ns. After this, a 300 ps simulation under a constant number, volume and 

temperature ensemble (NVT) was run at 300 K during which the RDFs for cycles were recorded. 
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Production runs:

For our production runs, three representative states were taken from each simulated annealing cycle. 

Trajectories were visualised using Visual Molecular Dynamics (VMD).17 RDFs were calculated using 

the gmx rdf utility. Analysis of coordination numbers and H-bonding was done using in-house python 

codes which utilised MDAnalysis. H-bonding was calculated by using a cut-off of donor oxygen- 

acceptor oxygen distance of 3 Å and an angle cut-off of acceptor oxygen-donor oxygen-hydrogen of 

30o or less. CN histograms for the first-shell used atom-atom cut-offs for Co-Cl, Co-O(EG), Co-NA, 

Co-Ow and Co-O(SO4) using the distance at which the respective RDFs were at a minimum after the 

initial peak. Second-shell CN was calculated using cut-offs from the minimum after the first peak to the 

minimum after the second peak in the RDFs. 

 

Table S1: Samples used for classical MD simulations

AIMD system construction

Systems 1, 2, 3 and 4 are labelled according to respective concentrations of the constituents – see table 

S2. First, a smaller system with 1 cobalt ion, and the respective number of molecules was constructed 

using an unscaled force field. This system was minimised using a steepest descent algorithm. After this, 

the systems underwent a short 1 ns NPT equilibration until a stable density was attained. This density 

was in line with the experimental liquid density for the 2:1 and 4.5:1 systems. After this, the samples 

were annealed by heating up from 300 K to 1800 K in 200 ps and cooled down to 300 K in 1 ns to 

ensure the samples were well-mixed. This annealing cycle was repeated 3 times and after the radial 

distribution functions were consistent for two consecutive cycles. A final 200 ps NVT equilibration was 

done and the final frame of this was used for the ab initio MD simulations. 

System ID Co2+ SO4
2- Cl- Ch+ EG H2O

CoCl2.6H2O in EG:ChCl (4.5:1) 1 32 0 384 320 1440 192

CoSO4.7H2O in EG:ChCl (4.5:1) 2 32 32 320 320 1440 224

CoSO4.7H2O in EG:ChCl (4.5:1) -

Experimental concentration

6 8 8 213 213 960 56



Table S2: Samples studied for AIMD simulations

System ID Co2+ SO4
2- Cl- Ch+ EG H2O Total 

atoms

Trajectory 

duration

CoCl2.6H2O in EG:ChCl 

(4.5:1)

1 1 0 12 10 45 6 697 20.5 ps

CoSO4.7H2O in EG:ChCl 

(4.5:1)

2 1 1 10 10 45 7 703 21.2 ps

CoSO4.7H2O in EG:ChCl 

(4.5:1) – Octahedral system 1

5 1 1 2 2 25 3 309 10.7 ps

CoSO4.7H2O in EG:ChCl 

(4.5:1) – Octahedral system 2

6 1 1 9 9 36 1 567 9.9 ps



 

Figure S8: Radial Distribution Functions of Co-Cl, Co-O(EG), Co-O(H2O) and Co-O(SO4)



Figure S9: RDFs for experimental concentrations of CoSO4 in the EG:ChCl (4.5:1). 

Figure S10: Total CN of  Co2+ (CoCl2 and CoSO4 salts) in EG:ChCl (4.5:1).



Figure S11: (a) Probabilities of EG coordination to Co2+ if cobalt complex is octahedral. (b) 

binned probabilities of sulfate and EG coordination to the cobalt if water is already coordinated 

to a Co2+.

Figure S12: Initial and final state of AIMD system 6 probing octahedral coordination of  Co2+ 

with no water in the first shell. 
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