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Abstract 10 

Magnetic ionic liquids (MILs) form a subclass of ionic liquids (ILs) that possess paramagnetic 11 

properties and can respond to an external magnetic field, facilitating ease of manipulation in 12 

immiscible solvents. Despite being popular as solvents in catalysis, organic synthesis, and 13 

separations, MILs are obtained through complex and labor-intensive synthetic/purification routes 14 

that increase cost, are time-consuming, and require expertise in organic synthesis. To date, no 15 

study has successfully developed a straightforward and rapid procedure for MILs that also 16 

eliminates purification. In this study, transition metal-containing 17 

bis[(trifluoromethyl)sulfonyl]imide [NTf2
-] salts and N-alkylimidazoles, diglycolamides, and O-18 

donor ligands were used to produce hydrophobic MILs that could maintain their chemical integrity 19 

under water for over 6 months. A neat heat/stir method was employed to form MILs for long-term 20 

storage or later use while an in-situ method was used for select combinations to generate the same 21 

MIL under 30 s in the bulk presence of water. Viscosities as low as 198.3 cP at 22.8 °C were 22 

obtained that were comparable to previous classes of paramagnetic solvents. In contrast to MILs 23 

comprised of O-donor ligands, those formed with alkylimidazoles and diglycolamides were found 24 

to be soluble in non-polar solvents such as hexane at concentrations of up to 50% (w/v) MIL-to-25 

solvent ratio while being insoluble in water even at 0.01% (w/v). Effective magnetic moment 26 

values for MILs ranged from 2.78 to 5.16 Bohr magnetons (µB) and were observed to be dependent 27 

on the metal center in the [NTf2
-] salts. The solvents possessed excellent thermal stabilities with 28 

diglycolamide-based MILs exhibiting structural resilience up to 345 °C. The synthetic design of 29 

these MILs has successfully achieved the primary objective of facilitating easy access to 30 

magnetoactive solvents by reducing their preparation to a simple step consisting of mixing two 31 

readily available reagents to expedite production in high-throughput laboratories where these 32 

compounds can be incorporated in automated separations and analytical testing systems where 33 

their magnetic properties can be conveniently exploited. 34 
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1. Introduction 47 

Ionic liquids (ILs) are popular molten salts that are employed as green solvents in chemical 48 

separations and synthetic methodologies.1,2 Their typical chemical structure comprises an organic 49 

cation paired with a weakly coordinating anion that yields a conductive liquid having a melting 50 

point < 100 °C.2,3 ILs exhibit desirable characteristics such as high chemical and thermal 51 

stability,4,5 negligible vapor pressure,1,4 tunable viscosities,6 and catalytic properties.7 52 

Consequently, they are often used in applications such as organic reactions,1,8 CO2 capture,1,9 53 

nucleic acid analysis,10 and electrochemistry.11 Incorporating a paramagnetic metal center in either 54 

the cation or anion and/or both produces magnetic ionic liquids (MILs) that can respond to an 55 

external magnetic field.12,13 MILs possess similar physio-chemical properties to ILs and can be 56 

easily manipulated when placed in various matrixes using a hand-held magnet.13,14 
57 

The design and development of MILs has undergone vast advancements over the years to 58 

produce unique combinations having distinct chemical structures.15,16 The first reported MIL 59 

comprised of 1-butyl-3-methylimidazolium tetrachloroferrate(III) ([C4mim+][FeCl4
-]) provided 60 

the stepping stone,17 but offered limited chemical stability in aqueous environments.18,19 Since 61 

then, meticulous MIL design has enabled the possibility of integrating specific functional groups 62 

into the chemical structures of these solvents to impart desired characteristics.20,21 For example, 63 

exchanging halide anions to the bis[(trifluoromethyl)sulfonyl]imide [NTf2
-] anion results in 64 

lowered MIL viscosity and improves thermal stability,22 while embedding trifluoromethyl 65 

moieties (-CF3) in the cation/anion enhances solvent hydrophobicity.13,22 Utilizing anions 66 

comprised of hexafluoroacetylacetonate ligands [hfacac-]23 have enabled the formation of MILs 67 
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containing multiple paramagnetic metal centers to produce combinations exhibiting stronger 68 

magnetic properties, higher water immiscibility, and robust thermal and chemical stabilities.24,25 69 

Clearly, targeted modifications made in the design of these solvents have yielded several 70 

generations of MILs and profoundly demonstrate their designer aspect. 71 

Given the complex chemical design of MILs, some of their components are acquired from 72 

commercial sources while others can be prepared using established synthetic routes. For example, 73 

tetrafluoroborate [BF4
-], hexafluorophosphate [PF6

-], and [NTf2
-] anions are procured as alkali 74 

metal salts (i.e., Na+ and Li+)9,26 while ligands used to form the cations are often synthesized using 75 

cheap and readily accessible reagents.24,27 Although the synthetic methodologies used to prepare 76 

MILs and/or their starting materials are extensively reported in the literature, the ability to 77 

effectively reproduce these reported reaction schemes requires sufficient proficiency in 78 

organic/organometallic chemistry. Additionally, multistep synthesis and purification protocols 79 

employed in MIL preparation are time-consuming and often involve the use of dedicated glassware 80 

and lab equipment (i.e., rotary evaporator, reflux assembly, etc.) that may not be readily available 81 

to the end user of these solvents. Despite offering a non-volatile alternative to conventional organic 82 

solvents, MIL synthesis requires extensive purification steps that employ traditional solvents to 83 

remove unreacted species and by-products. Such factors can potentially hinder the mass adoption 84 

of MILs as extractants or reaction media in resource-limited settings.  85 

In search of an improved class of sustainable solvents, green alternatives to ILs and MILs 86 

have gained widespread interest in the scientific community. One popular alternative is deep 87 

eutectic solvents (DESs) which are homogenous mixtures comprised of a hydrogen bond (H-bond) 88 

acceptor (HBA) and H-bond donor (HBD)28,29 capable of undergoing multiple types of 89 

intermolecular forces, including H-bonding, that result in a decrease in the melting point of the 90 
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eutectic mixture.29,30 DESs typically offer biodegradability,28,31 low toxicity,28, and ease of 91 

preparation28,32 and can be formed using either the grinding or heat/stir method without subsequent 92 

purification steps.29,33 Additionally, paramagnetic metal centers can be impregnated in the HBAs 93 

to produce hydrophobic magnetic DESs (HMDESs). 34,35 Given these desirable characteristics, 94 

DESs are increasingly employed in catalysis,36,37 organic synthesis,38 and chemical separations39. 95 

However, their usefulness is often met with challenges in applications that require enhanced 96 

thermal and chemical stability. Hydrogen bonding between the HBA and HBD is adversely 97 

impacted at temperatures > 70 °C40 or in the presence of a co-solvent above a certain 98 

concentration.41,42 Above all, DES components tend to leach into water over extended periods of 99 

time, thereby compromising their overall structural integrity.43 100 

Despite possessing tremendous potential, DESs/HMDESs are clearly not viable 101 

replacements for ILs/MILs. Nevertheless, they demonstrate that non-traditional solvents can be 102 

prepared directly by mixing two requisite starting materials and requiring minimal or no synthetic 103 

effort. Although MILs have undergone massive advancements in their chemical design and 104 

synthetic strategy, no study has yet focused on simplifying their preparation with the aim of 105 

minimizing costs while ensuring high atom economy. To produce MILs with preparation methods 106 

used for HMDESs, it is essential that the reagents do not undergo chemical reactions to generate 107 

by-products29 but rather interact with each other to form pure stable cation/anion pairs when mixed. 108 

MILs comprised of [NTf2
-] anions paired with cations formed using transition metals coordinated 109 

to N-alkylimidazole ligands offer a unique class of hydrophobic magnetoactive solvents having 110 

relatively low viscosities and tremendous potential for structural tunability.22 However, they are 111 

obtained through a two-pot synthetic scheme involving multiple purification steps and conversion 112 

of the halide-based precursor via an anion exchange mechanism. Employing transition metal-based 113 
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[NTf2
-] salts could eliminate the need for a halide-based intermediate salt and simplify MIL 114 

formation to a one-pot metal-ligand coordination reaction. Even though [Co2+][NTf2
-]2 salts have 115 

been known to form inorganic complexes with monodentate ligands,44,45 these materials have 116 

never been explored in optimizing a neat synthetic route to obtain hydrophobic MILs that is as 117 

simple as mixing HBAs and HBDs to form HMDESs. 118 

In this study, N- and O-donor ligands comprised of alkylimidazoles, tertiary (3o) amides, 119 

and diglycolamides were employed to form transition metal chelates in the synthetic preparation 120 

of 12 MILs. For the first time, these paramagnetic solvents were prepared using a neat synthesis 121 

route and their physico-chemical properties were thoroughly characterized and compared to 122 

previous classes of MILs. While MILs comprised of O-donor ligands solubilized in water, those 123 

formed with imidazoles and diglycolamides were observed to maintain their unique immiscibility 124 

in aqueous samples for over 6 months, be easily dispersed in water, and exhibit a low tendency of 125 

sticking to the walls of glass containers. In addition, diglycolamide and imidazole-based MILs can 126 

be rapidly formed in-situ by solubilizing transition metal-based [NTf2
-] salts and cationic ligands 127 

in water. Viscosities as low as 198.3 cP at 22.8 °C were obtained for these MILs while many 128 

combinations were found to be thermally stable at temperatures up to 345 °C. The distinct design 129 

of these MILs utilizes inexpensive reagents, significantly reduces time-consuming synthetic steps, 130 

and eliminates the need for organic solvents as reaction media or in purification steps, making their 131 

preparation faster and more energy efficient. These solvents represent one of the most green, 132 

versatile, and sustainable classes of magnetoactive designer solvents amongst MILs and HMDESs, 133 

making them promising candidates for applications where their magnetic properties can be readily 134 

exploited. 135 

2. Experimental 136 
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2.1. Instrumentation and equipment 137 

Nuclear magnetic resonance (NMR) spectroscopy was employed to characterize the 138 

compounds in this study using a Bruker 600 MHz spectrometer. Elemental analysis was conducted 139 

using a Thermo Scientific FlashSmart 2000 CHNS/O Combustion Elemental Analyzer (Waltham, 140 

MA, USA). A Brookfield DV1 cone and plate viscometer equipped with a CPA-51Z cone spindle 141 

was used to perform viscosity measurements at 22.8 °C using approximately 0.8 mL sample of 142 

each MIL after thoroughly drying for 48 h under vacuum. Magnetic properties were studied using 143 

a magnetic susceptibility balance (MSB, Sherwood Scientific, Cambridge, UK) and a Quantum 144 

Design Superconducting Quantum Interference Device (SQUID) magnetometer (MPMS XL-7). 145 

Thermal stability of MILs was analyzed by conducting thermogravimetric analysis (TGA) using a 146 

SETARAM Labsys Evo thermal analyzer (KEP Technologies, TX, USA). X-ray diffraction 147 

(XRD) analysis of metal salts was performed using a Philips X9Pert Pro MPD X-ray diffractometer 148 

(Goniometer = PW3050/60, Almelo, Netherlands). Differential scanning calorimetric (DSC) 149 

measurements were conducted using a Discovery DSC-250 instrument equipped with an 150 

autosampler and an RCS40 refrigeration cooling system (TA Instruments, DE, USA). All DSC 151 

data was analyzed using TA universal analysis software (TA Instruments). 152 

2.2. Synthesis and characterization of transition metal-based [NTf2
-] salts 153 

A comprehensive list of reagents and starting materials is provided in the supporting 154 

information. All metal-containing [NTf2
-] salts of Co2+ and Ni2+ were obtained through a 155 

previously reported synthesis scheme.44 In a 250 mL round bottom flask, hydrogen 156 

bis[(trifluoromethyl)sulfonyl]imide ([H+][NTf2
-], 100 mmol) was added dropwise to 75 mmol 157 

(excess) of transition metal carbonates (CoCO3 and NiCO3) suspended in 50 mL of water. The 158 

resulting mixture was stirred under ambient conditions for 5 h and the contents of the flask were 159 
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then filtered under gravity. Unreacted CoCO3/NiCO3 was collected as the residue and water was 160 

removed from the filtrate under reduced pressure using rotary evaporation to obtain 161 

[Co(H2O)6][NTf2]2 and [Ni(H2O)6][NTf2]2 salts. Hydrated transition metal-based [NTf2
-] salts 162 

were subsequently dried under vacuum for 24 h prior to further characterization. All Co2+ and Ni2+ 163 

salts were examined using CHN elemental analysis for purity determination. In addition, XRD 164 

measurements were conducted on the hydrated metal salts to investigate their crystal lattice; 165 

detailed discussion of XRD patterns is provided in the supporting information (Figures S1-S2).  166 

Characterization of hydrated metal-containing [NTf2
-] salts 167 

 [Co(H2O)6][NTf2]2 salt: Pink amorphous powder. Elemental analysis calculated (%) for 168 

CoC4H12N2S4F12O14: C, 6.61; H, 1.66; N, 3.85. Found: C, 7.58; H, 1.24; N, 4.69. 169 

 [Ni(H2O)6][NTf2]2 salt: Pink amorphous powder. Elemental analysis calculated (%) for 170 

NiC4H12N2S4F12O14: C, 6.61; H, 1.66; N, 3.85. Found: C, 7.59; H, 1.23; N, 5.15. 171 

2.3. Preparation and characterization of multidentate chelating cationic ligand 172 

All monodentate cationic ligands comprised of alkylimidazoles and 3o amides were 173 

obtained from commercial sources while diglycolamide was prepared using a previously reported 174 

synthetic route.24 Diglycolyl chloride (10 mmol) was placed in a 100 mL round bottom flask and 175 

solubilized in 40 mL of diethyl ether. Triethylamine (45 mmol) was mixed with 20 mmol of 176 

dioctylamine and added dropwise to the contents of the flask. The resulting solution was stirred at 177 

room temperature for 5 h prior to being washed thrice with 40 mL of 10% HCl solution and water 178 

in a 250 mL separatory funnel. The organic layer was further washed with 40 mL of 5% (w/w) 179 

NaHCO3 solution and filtered under gravity to remove residual solids. Diethyl ether was removed 180 

under reduced pressure and the product was dried under vacuum for 48 h before being used in MIL 181 
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synthesis. The following multidentate cationic ligand was prepared and characterized using 13C 182 

and 1H NMR; spectra are provided in the supporting information: 183 

NMR analysis of cationic ligand N,N,N9,N9-tetraoctyl diglycolamide (TODGA): A pale yellow 184 

liquid. Yield of 93%. 1H NMR (400 MHz, cdcl3) · 4.31 (s, 3H), 3.34 3 3.22 (m, 4H), 3.22 3 3.09 185 

(m, 4H), 1.60 3 1.43 (m, 8H), 1.33 3 1.18 (m, 40H), 0.86 (td, J = 6.8, 3.3 Hz, 12H). 13C NMR (101 186 

MHz, CDCl3) · 168.45, 77.27, 69.09, 46.92, 45.76, 31.80, 31.75, 29.51, 29.36, 29.32, 29.24, 29.20, 187 

28.96, 28.79, 27.60, 27.41, 27.16, 27.03, 26.99, 26.96, 26.82, 22.66, 22.63, 22.61, 14.07, 14.05. 188 

2.4. Neat heat and stir method for MIL preparation and characterization 189 

A solvent-free one-pot synthesis approach was employed to prepare all MILs.  190 

[Co(H2O)6][NTf2]2 or  [Ni(H2O)6][NTf2]2 salt (1 mmol) was placed in a 20 mL glass vial and mixed 191 

with 6 mmol of alkyimidazoles and 3o amides at low heat setting (< 50 °C) to produce MILs 1 to 192 

10 (Figure 1A). A homogenous liquid was obtained over a duration of 12 h and water vapor was 193 

observed on the inner wall of the glass vial. The resulting product was dried under vacuum for 24 194 

h to remove residual water introduced in the MIL from the hydrated salts. All MILs were further 195 

stirred for 1 h at room temperature to obtain the final neat product and Figure 2A provides a 196 

pictorial representation of the heat/stir preparation method. In the case of MILs 11 and 12, 1 mmol 197 

of Co2+ and Ni2+ salts were mixed with 2 mmol of TODGA (Figure 1B). The remaining synthetic 198 

procedure was identical to that employed for MILs comprised of monodentate ligands. The purity 199 

of all MILs was characterized using CHN elemental analysis.200 



 9 

 

Figure 1: Numbering scheme and chemical structures used for MILs examined in this study. Abbreviations: 1-hexylimidazole (HIm), 
1-octylimidazole (OIm), 1,3-aminopropylimidazole (AmIm), N,N-dimethylacetamide (N,N-Dmac), N,N-dimethylpropionamide (N,N-
Dmp), N,N,N9,N9-tetraoctyl diglycolamide (TODGA),  cobalt bis(trifluoromethanesulfonyl)imide hexahydrate ([Co(H2O)6][NTf2]2), 
and nickel bis(trifluoromethanesulfonyl)imide hexahydrate ([Ni(H2O)6][NTf2]2). (A) Chemical structure of MILs comprised of 
monodentate cationic ligands and (B) chemical structure of MILs prepared using diglycolamide ligand, respectively. 
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Figure 2: Pictorial representation of the (A) neat heat/stir method of MIL preparation and (B) the in-situ formation of MILs under water.
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Characterization of MILs prepared using neat method 1 

MIL 1: Dark red, non-viscous liquid. Elemental analysis calculated (%) for CoC58H96N14S4F12O8: 2 

C, 45.45; H, 6.31; N, 12.79. Found: C, 44.50; H, 6.50; N, 12.19. 3 

MIL 2: Royal blue, non-viscous liquid. Elemental analysis calculated (%) for 4 

NiC58H96N14S4F12O8: C, 45.46; H, 6.31; N, 12.80. Found: C, 45.03; H, 6.65; N, 12.56. 5 

MIL 3: Dark purple, non-viscous liquid. Elemental analysis calculated (%) for 6 

CoC70H120N14S4F12O8: C, 49.43; H, 7.11; N, 11.53. Found: C, 49.81; H, 7.78; N, 10.69. 7 

MIL 4: Royal blue, non-viscous liquid. Elemental analysis calculated (%) for 8 

NiC70H120N14S4F12O8: C, 49.44; H, 7.11; N, 11.53. Found: C, 51.80; H, 8.09; N, 10.68. 9 

MIL 5: Dark red, non-viscous liquid. Elemental analysis calculated (%) for CoC40H70N20S4F12O10: 10 

C, 34.16; H, 5.02; N, 19.92. Found: C, 34.32; H, 5.89; N, 19.06. 11 

MIL 6: Bright blue, non-viscous liquid. Elemental analysis calculated (%) for 12 

NiC40H70N20S4F12O10: C, 34.17; H, 5.02; N, 19.92. Found: C, 34.41; H, 6.28; N, 19.01. 13 

MIL 7: Light blue, non-viscous liquid. Elemental analysis calculated (%) for 14 

CoC28H66N8S4F12O20: C, 26.90; H, 5.32; N, 8.96. Found: C, 27.69; H, 5.28; N, 8.97. 15 

MIL 8: Pale green, non-viscous liquid. Elemental analysis calculated (%) for NiC28H66N8S4F12O20: 16 

C, 26.90; H, 5.32; N, 8.96. Found: C, 27.40; H, 5.27; N, 8.75 17 

MIL 9: Dark blue, non-viscous liquid. Elemental analysis calculated (%) for CoC30H78N8S4F12O20: 18 

C, 28.02; H, 6.11; N, 8.71. Found: C, 29.07; H, 5.07; N, 8.01. 19 

MIL 10: Light green, non-viscous liquid. Elemental analysis calculated (%) for 20 

NiC30H78N8S4F12O20: C, 28.02; H, 6.11; N, 8.71. Found: C, 28.22; H, 5.23; N, 7.53. 21 
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MIL 11: Pink, non-viscous liquid. Elemental analysis calculated (%) for CoC76H144N6S4F12O14: 22 

C, 51.25; H, 8.15; N, 4.72. Found: C, 51.67; H, 8.47; N, 4.75. 23 

MIL 12: Green, non-viscous liquid. Elemental analysis calculated (%) for NiC76H144N6S4F12O14: 24 

C, 51.26; H, 8.15; N, 4.72. Found: C, 51.28; H, 8.94; N, 4.65. 25 

2.5. In-situ formation of hydrophobic MILs in an aqueous matrix using neat reagents 26 

To spontaneously produce MILs under aqueous conditions, 0.1 mmol of hydrated [NTf2
-] 27 

Co2+ and Ni2+ salts were solubilized in 5 mL of water in 10 mL glass vials and the resulting solution 28 

was stirred at 200 rpm. Alkylimidazoles (0.6 mmol) or TODGA (0.2 mmol) were added to the 29 

glass vials to immediately yield a stable water-immiscible MIL phase that settled at the bottom of 30 

the container. Water was decanted to isolate the MIL layer for purity analysis and a pictorial 31 

representation of the in-situ synthetic route is provided in Figure 2B. All MILs were dried under 32 

vacuum for 24 h before characterizing them using CHN elemental analysis. 33 

Characterization of MILs prepared using the in-situ approach 34 

MIL 1: Dark red, non-viscous liquid. Elemental analysis calculated (%) for CoC58H96N14S4F12O8: 35 

C, 45.45; H, 6.31; N, 12.79. Found: C, 45.14; H, 7.25; N, 11.71. 36 

MIL 2: Royal blue, non-viscous liquid. Elemental analysis calculated (%) for 37 

NiC58H96N14S4F12O8: C, 45.46; H, 6.31; N, 12.80. Found: C, 45.50; H, 7.55; N, 12.35. 38 

MIL 3: Dark purple, non-viscous liquid. Elemental analysis calculated (%) for 39 

CoC70H120N14S4F12O8: C, 49.43; H, 7.11; N, 11.53. Found: C, 49.83; H, 7.88; N, 10.52. 40 

MIL 4: Royal blue, non-viscous liquid. Elemental analysis calculated (%) for 41 

NiC70H120N14S4F12O8: C, 49.44; H, 7.11; N, 11.53. Found: C, 49.84; H, 8.02; N, 10.21. 42 

3. Results and discussion 43 
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3.1. Designing highly tunable, sustainable, and cost-effective cationic/anionic precursors to 44 

rapidly produce pure hydrophobic MILs 45 

To achieve drastic improvements in MIL design, it was important to incorporate chemical 46 

features in cationic/anionic precursors that can result in MIL formation upon mixing. MILs 47 

typically have cationic and anionic components synthesized as two separate species that are paired 48 

together through a counterion exchange reaction, which can generate by-products that are removed 49 

via liquid-liquid purification techniques. It was essential to simplify the MIL preparation down to 50 

two reagents: 1) a paramagnetic metal-containing salt and 2) suitable ligands for the cation that 51 

can combine to produce MILs without needing purification. The [Co(H2O)6][NTf2]2 and  52 

[Ni(H2O)6][NTf2]2 salts provide a stable cation/anion pair, are cheap and easy to prepare in bulk, 53 

eliminate the need for an anion exchange step, and can readily form coordination complexes with 54 

a wide variety of ligands. These characteristics strongly influenced the choice of paramagnetic salt 55 

employed to obtain MILs prepared in this study. 56 

 To produce a wide variety of MIL combinations, various types of cationic ligands were 57 

identified. Alkylimidazoles and 3o amides known to yield organometallic complexes with 58 

transition metal-based [NTf2
-] salts were selected to form MILs and the alkyl substituents on these 59 

monodentate ligands were modulated to investigate their impact on the physico-chemical 60 

properties (i.e., viscosity and thermal stability) of these solvents. Additionally, O-donor ligands 61 

were explored to incorporate multiple coordination sites to form metal-organic complexes in an 62 

effort to investigate the effect of heteroatoms on MIL properties. To further introduce variations 63 

in MIL design, multidentate TODGA ligands were also pursued as these can form strong chelates 64 

and result in chemically/thermally stable compounds. 65 
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3.2. Optimizing the synthetic route for neat and in-situ MIL preparation of water-stable 66 

solvents 67 

To design a neat and completely solvent-free MIL synthetic route, it was essential to 68 

eliminate the use of organic solvents in every capacity. Most synthetic schemes require an organic 69 

solvent as reaction medium to solubilize the reactants for them to thoroughly react and form the 70 

desired product. However, it was determined that the ligands explored in this study could readily 71 

react with metal [NTf2
-] salts, thereby enabling the reaction to proceed under neat conditions with 72 

mild heat. Although most reagents were stirred for approximately 12 h to produce MILs (Figure 73 

2A), the reaction time can be further shortened by employing higher heat and stir rates. Given the 74 

use of hydrated transition metal-based [NTf2
-] salts, an additional drying step was necessary, which 75 

can be eliminated by substituting with anhydrous reagents. 76 

Despite simplifying the synthesis of MILs, the heat/stir method lacked the ability to rapidly 77 

produce MILs as and when needed. To further reduce preparation time, the differences in 78 

solubilities of reagents and MIL in water were exploited to develop an in-situ approach. It was 79 

observed that most starting materials readily dissolved in water while the MIL formed a separate 80 

immiscible phase. As shown in Figure 2B, vigorously mixing hydrophobic cationic ligands with 81 

aqueous solutions of metal [NTf2
-] salts in the desired stoichiometry rapidly yielded MILs in < 30 82 

s. To provide evidence that the MILs formed using both methods were chemically identical, 83 

batches obtained using the in-situ approach were characterized using CHN elemental analysis 84 

(section 2.5) and benchmarked against those produced through heating and stirring (section 2.4); 85 

the obtained data agreed using both reaction routes. Given the ability to withstand bulk water and 86 

maintain their chemical integrity, the long-term stability of MILs stored under aqueous condition 87 
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was investigated. The [Co(HIm)6][NTf2]2 MIL was found to remain stable in water for over 6 88 

months and produced no visible degradation, as observed from Figure S3. 89 

3.3. Effect of ligands and metal centers on the viscosity of [NTf2
-]2 MILs 90 

To investigate their ability to flow, the viscosity of 12 MILs was thoroughly screened using 91 

viscometry at 22.8 °C and all measurements are provided in Table 1. MILs exhibited a wide range 92 

of viscosities with the lowest values ranging from 198.3 to 308.2 cP obtained for combinations 93 

formed using the N,N-DMAc and N,N-DMP ligands. Among MILs comprised of imidazoles, those 94 

containing octyl substituents yielded slightly more viscous solvents (3,317 to 4,726 cP) compared 95 

to their hexyl-based homologs (2,231 to 3,068 cP) due to an increase in dispersion forces. 96 

However, a dramatic increase in viscosity was observed with the incorporation of the amino 97 

functional group in the [Co(AmIm)6][NTf2]2 and [Ni(AmIm)6][NTf2]2 MILs, which can be 98 

attributed to additional intermolecular interactions such as H-bonding. Although MILs formed 99 

using TODGA produced moderately high viscosities (7,306 to 9,284 cP), these solvents were only 100 

one-third as viscous as the [Co(TODGA)2][Co(hfacac)3]2 and [Ni(TODGA)2][Ni(hfacac)3]2 MILs 101 

made using the same multidentate cationic ligand. In addition, all Co2+ MILs exhibited lower 102 

viscosities than their Ni2+-based counterparts, irrespective of the type of ligand used. 103 

 104 

 105 

 106 

 107 

 108 

 109 
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Table 1. Viscosity measurements obtained at 22.8 °C and magnetic properties analyzed by SQUID 110 

and MSB for MILs formed using transition metal-based [NTf2
-] salts. 111 

 112 

a Theoretical effective magnetic moment for high-spin complexes of transition metals 113 

b Effective magnetic moment calculated using magnetic susceptibility measurements performed 114 

on a magnetic susceptibility balance 115 

c MIL turns into a slurry when left to stand overnight 116 

MIL 

No. 
MIL/salt abbreviation Viscosity 

(cP) 

µ
theor 

(µ
B
)a

 µ
eff 

(µ
B
)b Reference 

1 [Co(HIm)
6
][NTf

2
]

2
 2,231 4.3 - 5.2 4.54 Present work 

2 [Ni(HIm)
6
][NTf

2
]

2
 3,068 2.9 - 3.3 2.81 Present work 

3 [Co(OIm)
6
][NTf

2
]

2
 3,317c 4.3 - 5.2 4.47 Present work 

4 [Ni(OIm)
6
][NTf

2
]

2
 4,726c 2.9 - 3.3 2.78 Present work 

5 [Co(AmIm)
6
][NTf

2
]

2
 52,920 4.3 - 5.2 4.67 Present work 

6 [Ni(AmIm)
6
][NTf

2
]

2
 68,742 2.9 - 3.3 2.80 Present work 

7 [Co(N,N-DMAc)
6
][NTf

2
]

2
 236.9 4.3 - 5.2 5.16 Present work 

8 [Ni(N,N-DMAc)
6
][NTf

2
]

2
 308.2 2.9 - 3.3 3.12 Present work 

9 [Co(N,N-DMP)
6
][NTf

2
]

2
 198.3 4.3 - 5.2 4.29 Present work 

10 [Ni(N,N-DMP)
6
][NTf

2
]

2
 256.8 2.9 - 3.3 3.01 Present work 

11 [Co(TODGA)
2
][NTf

2
]

2
 7,306 4.3 - 5.2 4.65 Present work 

12 [Ni(TODGA)
2
][NTf

2
]

2
 9,284 2.9 - 3.3 3.11 Present work 

- [Co(H2O)6][NTf2]2 salt - 4.3 - 5.2 4.73 Present work 

- [Ni(H2O)6][NTf2]2 salt - 2.9 - 3.3 3.19 Present work 

- [Co(BIm)
4
][Cl][NTf

2
] 1,256d 4.3 - 5.2 2.47e,f (22) 

- [Ni(BIm)
4
][Cl][NTf

2
] 2,501d 2.9 - 3.3 1.59e,f (22) 

- [Co(OIm)
4
][Cl][NTf

2
] 152 4.3 - 5.2 3.24e,f (22) 

- [Ni(OIm)
4
][Cl][NTf

2
] 680 2.9 - 3.3 1.47e,f (22) 

- [P
66614

][Co(hfacac)
3
] 575.8g 4.3 - 5.2 4.30f (23) 

- [P
66614

][Ni(hfacac)
3
] 927.9g 2.9 - 3.3 2.80f (23) 

- [Co(TODGA)
2
][Co(hfacac)

3
]

2
 28,310h 8.30 8.03f (24) 

- [Ni(TODGA)
2
][Ni(hfacac)

3
]

2
 33,830h 5.37 4.71f (24) 
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d MIL turns into an amorphous solid when left to stand overnight 117 

e MILs that oscillate between high and low-spin complexes were reported 118 

f Effective magnetic moment calculated using magnetic susceptibility measurements performed on 119 

a SQUID magnetometer 120 

g Viscosity measurement reported at 23.7 °C 121 

h Viscosity measurement reported at 19.9 °C  122 

3.4. Magnetic properties of MILs comprised of transition metals and [NTf2
-]2 salts 123 

As opposed to ILs, DESs, and organic solvents, MILs possess a paramagnetic component 124 

and respond to the presence of a hand-held magnet, allowing the user to manipulate and influence 125 

their motion in other non-miscible solvents. When an external magnetic field is brought near a 126 

paramagnetic rare-earth or transition metal, the unpaired electrons in its 3d or 4f orbitals undergo 127 

spin ordering that result in temporary magnetization of the metal center. The Curie-Weiss law 128 

defines a linear relationship between the inverse of magnetic susceptibility of magnetoactive 129 

materials and temperature from which the effective paramagnetic moment of a substance can be 130 

calculated. 131 

A total of 12 MILs and 2 paramagnetic salts incorporating transition metals were 132 

investigated using a magnetic susceptibility balance (MSB) and a detailed description of 133 

equations/parameters used to analyze data are provided in the supporting information. Table 1 134 

shows the theoretical and calculated µeff values (in µB/ formula unit) for all solvents/reagents 135 

examined using MSB. The µeff values determined for MILs ranged between 2.78 and 5.16 µB per 136 

formula unit and a statistical match was observed with theoretical values calculated for high-spin 137 

complexes of Co2+ and Ni2+ metals. This is in strong contrast with previous transition metal-based 138 

[NTf2
-] MILs that oscillated between high and low spin states and exhibited limited magnetic 139 

susceptibility (see Table 1). Compared to a value of 2.78 µB for the [Ni(OIm)6][NTf2]2 MIL, the 140 

Co2+-based solvent comprised of 1-octylimidazole ligand offered stronger magnetic susceptibility 141 
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(4.47 µB). The strength of magnetization was observed to be primarily dependent on the type of 142 

metal center as modulating the cationic ligand resulted in comparable µeff values of 2.81, 2.78, and 143 

2.80 µB for the [Ni(HIm)6][NTf2]2, [Ni(OIm)6][NTf2]2, and [Ni(AmIm)6][NTf2]2 MILs. 144 

Additionally, MILs comprised of mono and multidentate chelating ligands exhibited similar 145 

magnetic susceptibility, demonstrating that metal-to-ligand stoichiometry and coordination 146 

geometry have little influence on magnetic properties. 147 

To develop a deeper understanding of their magnetic properties and investigate any 148 

possibility of magnetic transitions, MILs were further studied using a SQUID magnetometer. 149 

Figure 3 demonstrates the magnetization of the [Co(OIm)6][NTf2]2 and [Ni(OIm)6][NTf2]2 MILs 150 

versus temperature. Both solvents produced a linear trendline passing through the origin for the 151 

reciprocal susceptibility (1/Ç) plotted against temperature, indicating paramagnetic characteristics 152 

between T = 5 - 300 K. Similar results were observed for the [Co(HIm)6][NTf2]2 MIL, as shown 153 

in Figure S4. In addition, the µeff values calculated from SQUID were comparable to those obtained 154 

using MSB, demonstrating the data from both techniques to be in strong agreement.155 
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 156 

Figure 3: Magnetization of Co2+ and Ni2+-based MILs studied as a function of temperature under an applied magnetic field of H = 20 157 

kOe: (A) [Co(OIm)6][NTf2]2 and (B) [Ni(OIm)6][NTf2]2. The inset shows the Curie-Weiss fit of the linear portion of the reciprocal 158 

susceptibility. 159 

 160 

3.5. Miscibility and solvent compatibility of MILs with organic solvents 161 

The solubility of MILs was investigated in volatile organic solvents commonly employed in laboratories. A 10 mg sample of 162 

each MIL was placed in a 1 mL glass vial containing 100 µL of a specific solvent and the contents were thoroughly stirred to prepare 163 

solutions at a concentration of 10% (w/v) MIL-to-solvent ratio. Additional concentration levels were also explored using the same 164 

preparation method and the solubility data for each MIL is provided in Table 2. MILs comprised of alkylimidazoles and TODGA ligands 165 
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were insoluble in water at a concentration as low as 0.01% (w/v), indicating their hydrophobic 166 

properties. In contrast, O-donor ligands generally yielded MILs exhibiting hydrophilic 167 

characteristics with poor solubilities in non-polar solvents such as benzene and toluene. While 168 

MILs formed using imidazoles generally dissolved in most non-polar solvents, only TODGA-169 

based MILs were soluble in hexane/heptane at concentrations as high as 50% (w/v) MIL-to-solvent 170 

ratio. In addition, all MILs were found to be soluble in polar solvents such as methanol and 171 

acetonitrile. 172 

3.6. Thermal stability of MILs comprising TODGA, imidazoles, and O-donor ligands 173 

To examine the stability of MILs by studying their decomposition/degradation as a 174 

function of temperature, all solvents/reagents were investigated using thermogravimetric analysis 175 

(TGA). A detailed description of temperature program and thermograms (Figures S5-S18) are 176 

provided in the supplementary information. The onset temperature of MIL 177 

degradation/volatilization was studied at 5% weight loss from TGA measurements, as shown in 178 

Table 2. MIL stability varied in the range of 122 and 345 °C with TODGA ligands offering the 179 

highest resilience, possibly due to their ability to form strong chelates. Amongst the monodentate 180 

ligands, the O-donor compounds exhibited the lowest ability to withstand elevated temperatures 181 

by undergoing degradation between 122 and 134 °C. MILs comprised of imidazoles generally 182 

volatilized around 200 °C while longer alkyl substituents and amine functional groups slightly 183 

enhanced solvent thermal stability. Additionally, no significant difference was observed in the 184 

onset temperature of MIL degradation when the metal center was varied between Co2+ and Ni2+. 185 

 While ligands gradually begin to dissociate from metal centers at temperatures close to the 186 

onset of MIL degradation, peak decomposition temperature describes stronger volatilization at a 187 

more mature stage of MIL disintegration. The derivative of TG (DTG) allows the determination 188 
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of the maximum rate of weight loss that occurs at point of inflection on the trendline. All 189 

thermograms in Figures S4-S17 are equipped with DTG plots and the peak decomposition 190 

temperatures for MILs and salts are summarized in Table 2. Irrespective of the type of ligand, 191 

Co2+-based MILs generally exhibited stronger degradation at temperatures 20-50 °C higher than 192 

those obtained for Ni2+ MILs. Despite undergoing gradual volatilization at much lower 193 

temperatures, MILs composed of N,N-DMAc and N,N-DMP degraded faster at much higher 194 

temperatures of over 335 °C. A similar trend was observed for the reagents where stronger 195 

decomposition was observed at 373 °C for Co2+ and 400 °C for Ni2+ hydrated salts, despite 196 

showing some reduction in weight around 100 °C possibly due to loss of water of crystallization. 197 

In addition, all MILs and salts were further studied using DSC and their melting points/glass 198 

transition temperatures (Tg)a (Table S1), instrument parameters, and thermograms (Figures S19-199 

S32) are provided in the supporting information. In the temperature range of -40 and 200 °C, only 200 

the [Co(OIm)6][NTf2]2 and [Ni(OIm)6][NTf2]2 MILs exhibited strong melt peaks at 20.89 and 201 

26.06 °C, respectively. While no glass transition peaks were observed for the MILs, distinct 202 

thermal transitions were obtained for the [Co(H2O)6][NTf2]2 (31.93 and 59.93 °C) and 203 

[Ni(H2O)6][NTf2]2 (11.38 °C) salts. Additionally, melting points were determined to be (65.78 and 204 

95.04 °C) for the hydrated Co2+ salt and 74.46 °C for the Ni2+ variant.205 
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Table 2. Decomposition/degradation temperatures measured using TGA and solubility of [NTf2
-]-based MILs investigated in 14 206 

different polar and non-polar solvents at 3 different concentrations. 207 

MIL 

No. 
MIL/salt abbreviation Solubility Onset of MIL 

volatilization (°C)1 

Peak decomposition 

temperature (°C)2 

Reference 

1 [Co(HIm)
6
][NTf

2
]

2
 S

a

S
b

S
c

S
d

S
e

 186 403 Present work 

2 [Ni(HIm)
6
][NTf

2
]

2
 S

a

S
b

S
c

S
d

S
e

 194 353 Present work 

3 [Co(OIm)
6
][NTf

2
]

2
 S

a

S
b

S
c

S
d

S
e

 202 407 Present work 

4 [Ni(OIm)
6
][NTf

2
]

2
 S

a

S
b

S
c

S
d

S
e

 206 356 Present work 

5 [Co(AmIm)
6
][NTf

2
]

2
 S

d

S
e

S
f

S
g

S
h

 202 379 Present work 

6 [Ni(AmIm)
6
][NTf

2
]

2
 S

d

S
e

S
f

S
g

S
h

 214 295 Present work 

7 [Co(N,N-DMAc)
6
][NTf

2
]

2
 S

d

S
f

S
g

S
i

 134 364 Present work 

8 [Ni(N,N-DMAc)
6
][NTf

2
]

2
 S

d

S
f

S
g

S
i

 122 347 Present work 

9 [Co(N,N-DMP)
6
][NTf

2
]

2
 S

d

S
f

S
i

 123 357 Present work 

10 [Ni(N,N-DMP)
6
][NTf

2
]

2
 S

d

S
f

S
i

 132 335 Present work 

11 [Co(TODGA)
2
][NTf

2
]

2
 S

a

S
b

S
c

S
e

S
j

 345 388 Present work 

12 [Ni(TODGA)
2
][NTf

2
]

2
 S

a

S
b

S
c

S
e

S
j

 309 353 Present work 

- [Co(H2O)6][NTf2]2 salt S
d

S
f

S
g

S
h

S
i

 123 373 Present work 

- [Ni(H2O)6][NTf2]2 salt S
d

S
f

S
g

S
h

S
i

 86 400 Present work 

- [Co(BIm)
4
][Cl][NTf

2
] S

d

S
e

 159 -3 (22) 

- [Ni(BIm)
4
][Cl][NTf

2
] S

d

S
e

 164 -3 (22) 

- [Co(OIm)
4
][Cl][NTf

2
] S

d

S
e

 168 -3 (22) 
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208 

1 MIL degradation temperature measured using TGA at 5% weight loss 209 

2 MIL degradation temperature measured using TGA at highest rate of thermal decomposition monitored via DTG (derivative of TG) 210 

3 MIL degradation temperature not reported using DTG 211 

4 MIL degradation temperature measured using a gas chromatograph (GC) equipped with flame ionization detector (FID) 212 

Sa = soluble in methanol, ethanol, acetone, acetonitrile, and isopropanol at 10% (w/v). Sb = soluble in benzene, toluene, diethyl ether, 213 

ethyl acetate, dichloromethane, and chloroform at 10% (w/v). Sc = soluble in methanol, ethanol, acetone, acetonitrile, isopropanol, 214 

benzene, toluene, diethyl ether, ethyl acetate, dichloromethane, and chloroform at 50% (w/v). Sd = insoluble in hexane and heptane at 215 

10% (w/v). Se = insoluble in water at 0.01% (w/v). Sf = soluble in methanol, ethanol, acetone, acetonitrile, and isopropanol at 50% (w/v). 216 

Sg = insoluble in benzene, toluene, diethyl ether, and ethyl acetate at 10% (w/v). Sh = insoluble in dichloromethane and chloroform at 217 

10% (w/v). Si = soluble in water at 50% (w/v). Sj = soluble hexane and heptane at 50% (w/v).218 

- [Ni(OIm)
4
][Cl][NTf

2
] S

d

S
e

 178 -3 (22) 

- [P
66614

][Co(hfacac)
3
] S

a

S
b

S
e

 1304 -3 (23) 

- [P
66614

][Ni(hfacac)
3
] S

a

S
b

S
e

 2154 -3 (23) 

- [Co(TODGA)
2
][Co(hfacac)

3
]

2
 S

a

S
b

S
e

S
j

 2314 -3 (24) 

- [Ni(TODGA)
2
][Ni(hfacac)

3
]

2
 S

a

S
b

S
e

S
j

 2354 -3 (24) 
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4. Conclusions 

As a sustainable alternative to traditional organic solvents, MILs have established a strong 

footprint in high-throughput laboratories and industrial settings. To design and develop green, 

automated separation systems and analytical testing methodologies, MILs are prioritized as 

extractants over other solvents due to their magnetic properties that allow ease of handling. 

However, these solvents are acquired through complex synthetic routes which are tedious, labor-

intensive, and time-consuming. Food/beverage and pharmaceutical industries, for example, 

operate under strict guidelines that require the use of standardized and readily available materials 

in manufacturing and quality control processes. Extensive preparation/purification steps required 

to obtain MILs under the established synthetic schemes prevent researchers from thoroughly 

harnessing their potential in fast-paced, eco-friendly environments. In the interest of minimizing 

costs and moving towards greener methods of MIL synthesis, this study is the first to utilize 

desirable HMDES preparation methods to produce chemically robust hydrophobic MILs. 

In this work, mono and multidentate ligands comprised of alkylimidazoles, TODGA, and 

3o amides were paired with transition metal-based [NTf2
-] salts to form stable hydrophobic metal-

organic complexes that formed an independent phase in aqueous matrices. Two different 

approaches were developed to obtain MILs: 1) a solvent-free heat/stir method that can form neat 

compounds and 2) an in-situ setup that could instantly combine reagents to produce the same MIL 

under aqueous conditions. MILs designed in this study possess viscosities (as low as 198.3 cP) and 

magnetic susceptibilities (µeff of up to 5.16 µB) that are comparable to previous generations of 

MILs. However, their chemical and thermal stabilities are unrivalled as they maintained their 

chemical composition and structural integrity in water for over 6 months and at temperatures as 

high as 345 °C. MILs demonstrated excellent solubilities in a spectrum of organic solvents by 
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solubilizing in non-polar solvents such as benzene at high concentrations of 50% (w/v) MIL-to-

solvent ratio while being insoluble in water even at 0.01% (w/v). This study pioneers the most 

sustainable class of MILs that is easy to prepare, requires zero synthetic skills, and provides the 

option to modulate their chemical structures with cheap and commercially available reagents to 

expand the scope of these magnetoactive solvents in resource-limited settings where researchers 

often compromise by employing HMDESs that clearly demonstrate poor chemical and thermal 

stabilities.  
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