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Abstract. A magnetic ionic liquid comprising 1-ethyl-3 methylimidazolium (Emim) cations 

and tetraclhoroferrate(III) (FeCl4) anions and its deuterated phase were synthetized and 

characterized magnetically. In both materials, the low temperature dependence of the magnetic 

susceptibility presents a maximum (around 4 K) related to an antiferromagnetic ordering, but 

the ordering temperatures are slightly shifted and the curves display different shapes. In 

addition, the magnetization of the deuterated phase tends to saturate at higher values than that 

corresponding to the non-deuterated analogue. A comparison of the neutron diffraction patterns 

above and below the magnetic transition clearly shows that the crystal and magnetic structures 

of these materials are different. Therefore, the present findings clearly prove that the magnetic 

exchange interactions that induce three-dimensional magnetic ordering are modified after the 

deuteration process.  

1. Introduction 

 

Magnetic ionic liquids (MILs) have received considerable attention among ionic liquids (ILs). The 

interest is fuelled by the possibility of tuning the materials properties by means of external magnetic 

fields or using them in the liquid state to produce nanoparticle-free magnetic emulsions and 

microemulsions [1]. Moreover, MILs can combine magnetic and ILs properties with additional 

intrinsic thermochromic, magneto-electrochromic or luminescent properties depending on the enclosed 

paramagnetic ion used [2]. The combinations of different rare-earth (europium, neodymium, 

dysprosium, etc.) chiral amionacids, bimagnetic ions or heteroanions have been studied for 

applications such as transport and separation of materials, separation of greenhouse gases (CO2) 

through supported magnetic ionic liquids membranes, magnetic surfactants or esterification of oleic 

acid to biodiesel [3].  

 

MILs have also recently received attention from the experimental and theoretical point of view 

concerning to non-covalent interactions and cohesion properties [4]. Many groups have focused their 

studies on the dipole-dipole interactions, and hydrogen bonds within the crystal and molecular 

structures in order to improve the understanding of these forces, with the aim of tailoring their 

potential technological applications [5]. Importantly, in MILs with paramagnetic ions, such as those 

presented here, it is also necessary to investigate other non-covalent interactions, like halogen-halogen 
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(between the nearest metal complex anions) or anion-π (between the anion and cation) as these forces 

play an important role in the organization of the structural units [6]. In addition, when  these 

interactions are strong enough, interesting collective electrical and magnetic phenomena can arise, 

such as ferroelectricity in the bis(imidazolium) pentachloroantimonate (III), (C3N2H5)2SbCl5 [7], or a 

three-dimensional (3D) magnetic ordering in MILs based on tetrahaloferrate ions [8, 9]. In this last 

family, recent research shows that a smaller chain length in the organic cation enhances the efficiency 

in the transmission of the magnetic interactions resulting in an increase in the Néel temperature, TN 

(from [Bmim]+ that shows no 3D magnetic ordering through [Emim]+, with TN = 3.8 K [10], to 

[Dimim]+, with TN = 5.6 K [11]) [Bmim: 1-butyl-3-methylimidazolium and Dimim: 1,3-

dimethylimidazolium]. Moreover, the change of external conditions, like pressure, has a strong 

influence in the magnetic coupling of Emim[FeCl4], varying from antiferromagnetic (AF) to 

ferrimagnetic ordering [12]. In this contribution we focus on ascertaining the nature of the magnetic 

structure of this last MIL, using neutron diffraction experiments. The presence of H atoms in the 

cation part (H= 11) of Emim[FeCl4] predicted low statistics in the neutron diffraction pattern. 

Therefore, in order to avoid the large incoherent component of the hydrogen, which creates a large 

continuous background and complicates the structural resolution, we have also prepared the fully 

deuterated sample, Emim[FeCl4] d11. Herein, we present the comparative study considering magnetic 

susceptibility and neutron powder diffraction data. 

 

2. Results and discussion 

 

The zero-field-cooled (ZFC) molar susceptibility (m) at magnetic field of 1 kOe of Emim[FeCl4] d11 

displays a paramagnetic behaviour over most of the temperature range studied, with an effective 

paramagnetic moment, eff = 5.70(1) B/Fe ion, and a paramagnetic Curie temperature, p = -3.0(1) K. 

These data anticipate an overall antiferromagnetic behaviour in good agreement with their non-

deuterated phase (eff = 5.66(1) B/Fe ion and and p = -2.5(1) K) [8, 9]. At low temperatures (see 

Figure 1), m of Emim[FeCl4] d11 increases and reaches a maximum at approximately 4.0 K, which 

suggests the existence of a long-range magnetic ordering. The most striking features of these curves 

being a small displacement of ordering temperature and the different shape with respect to the non-

deuterated phase. These facts indicate that the magnetic coupling is modified with the deuteration 

process. Moreover, the magnetization of Emim[FeCl4] d11 tends to saturate above 40 kOe, with higher 

values than those corresponding to the non-deuterated analogue (M ≈ 4.9 /Fe ion), and it is near the 

expected fully-saturated value of 5 /Fe for Fe (III) ion (see Figure 2). As occurs in the non-

deuterated compound, the magnetization shows no-hysteresis, thereby discarding the existence of any 

ferromagnetic component. 

 

 
Figure 1. Low temperature ZFC magnetic 

susceptibility for Emin[FeCl4] and its 

deuterated phase. 

    Figure 2. Magnetization of Emin[FeCl4]    

    and its deuterated phase measured at 2 K. 
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Neutron powder diffraction patterns of Emim[FeCl4], from 270 to 2 K, and of deuterated analogue at 

10 and 2 K were collected on D1B diffractometer at the ILL (λ = 2.52 Å). In these experiments, about 

2 g of the sample mass was frozen and then milled before it placing in a cylindrical vanadium 

container pre-cooled at N2 liquid. The samples were rapidly placed in the cryostat at temperature 

below the melting point (285K), checking that no preferential orientation was present. The diffraction 

patterns were collected in the Bragg angular range 5 ≤ 2 ≤ 70º. The 2D contour plots of the 

temperature dependence of the neutron diffraction data of the non-deuterated compound is shown in 

Figure 3). On one hand, a structural phase transition below 210 K is detected in the neutron diffraction 

patterns, which seems to be stable down to 2 K. This feature could be related to dynamical 

reorientations of the cations or anions during the cooling process. Therefore, the appearance of a new 

peak at lower angle regions at 14.5° (d = 10.06 Å) and the splitting of some crystallographic peaks 

(such as the one located at 2 ≈ 45°) could be indicative of a loss of symmetry. This issue differs from 

the data reported for the Dimim[FeCl4] [11], in which the structural phase transition changes the 

symmetry from P21 (R.T) to P212121 at 285 K. Additionally, the presence of extra magnetic signals 

below 4 K reveals the occurrence of a long-range magnetic ordering compatible with the 

magnetization results. 

 

The high temperature crystal structure was refined starting from the previously reported single-crystal 

structure model [13]. The best Rietveld refinement from powder diffraction data at 270 K a 

framework, which projected along b axis, can be described as a stacking of [Edimim]+ and [FeCl4]- 

intercalated layers, with Fe···Fe distances larger than 6.5 Å inside the layer [monoclinic space group 

P21/c; a = 9.424(3) Å, b = 14.662(4) Å, c = 12.449(9) Å, β = 129.89(2)º , V= 1319.2(4) Å3]. The anion 

groups [FeCl4]-, slightly distorted, form subnets in the a,c plane with a change of orientation from 

layer to layer and a displacement of the subnet with respect to the next one. The cations, [Emim]+, also 

form subnets in the a,c plane but are stacked nearly identically above one another, lying parallel to 

each other along b direction (see Figure 4) in good agreement with single-crystal structure model.  

 

 

  
Figure 3. 2D contours of the temperature 

dependence of the D1B patterns between 270 and 2 

K for [Emim][FeCl4]. The (*) dots show the 

magnetic contributions. The line at 210 K shows the 

change of the crystalline structure. 

Figure 4. Crystal packing in the a,b plane of 

Emimim[FeCl4] crystal structure at 270 K. 

Red (iron), green (chloride), black (carbon), 

blue (nitrogen) and white (hydrogen). The 

blue dashed square represent the unit cell. 

 

A comparison of the D1B patterns for Emin[FeCl4] (red) and its deuterated phase (blue) at 2 K is 

plotted in Figure 5. The data clearly show differences in the structural and magnetic peaks. Therefore, 

the intermolecular interactions between anions and cations (ionic, hydrogen bonding and van der 

Waals forces) are modified with the deuteration process. These forces affect the local- and long-range 

molecular ordering, which subsequently modify the magnetic couplings between an iron ion and its 

first shell of neighbouring iron ions changing the superexchange anion-anion interactions [14]. In 

order to try to resolve the low temperature crystal structure of both MILs, high-resolution neutron 

diffraction data at 10 K on D2B (λ = 1.594 Å) were collected (see Figure 6). A comparative view of 
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the patterns clearly shows a better signal/ratio in the deuterated phase and confirms the different low 

temperature crystal structures. 

 

Only for the deuterated compound was found a satisfactory monoclinic crystal structure  [M20 =16.8; 

F20 = 10.6] using the WINPLOTR programme [15], with unit cell parameters of a = 9.560 (1) Å, b 

=13.946 (1) Å, c = 14.460 (1) Å,  = 97.13(1). The analysis was consistent with the P21/m space 

group. The experimental, calculated and difference diffraction profiles are displayed in Figures 5 and 6 

and the resolution of the crystal structure is now in progress. Focusing on the long-range magnetic 

ordering of the deuterated phase, below TN, the additional magnetic peaks can be indexed with the 

propagation vector k = (0.5, 0, 0.5) (Figure 5), indicating that the magnetic unit cells is twice larger 

than the crystallographic one in a and c directions. This approach allows us to see some important 

differences when compared to Dimim[FeBr4] analogous [6], in which the magnetic and nuclear unit 

cells are the same.  

 

  
Figure 5. Neutron pattern for Emim[FeCl4] and 

neutron diffraction profiles for the deuterated 

phase at 2 K obtained in D1B (λ = 2.52 Å). 

Positions of the  magnetic (second row) profile 

are also presented. The (*) dots show the 

magnetic bragg peaks. The curves are shifted 

for clarity. 

 

Figure 6. Neutron pattern for Emim[FeCl4] and 

neutron diffraction profiles for the deuterated 

phase at 10 K obtained in D2B(λ = 1.594 Å). 

The curves are shifted for clarity.  

 

 

 

3. Conclusions 

 

Neutron data evidence a solid-solid transition in Emim[FeCl4] near 210 K, this crystal structure being 

stable down to 2 K. The appearance of extra magnetic peaks below 4K in neutron diffraction data 

confirms the onset of a three-dimensional antiferromagnetic ordering. Finally, we have identified via 

magnetic and powder diffraction studies that these MILs change their magnetic behaviour with the 

deuteration process. The 3D antiferromagnetic ordering detected by magnetic measurements must take 

place via super-exchange coupling, the Fe−Cl···Cl−Fe interaction being the main exchange pathway. 

In addition, indirect exchange coupling of the type Fe-Cl···Im···Cl-Fe (Im = Imidazolium) could be 

present in both compounds. Taking in account that the strength of the magnetic exchange pathways via 

these super-exchange couplings depend on the following paramenters: (i) Cl ··· Cl distance, (ii) Fe− Cl 

··· Cl −Fe angles and (iii) the Fe− Cl ··· Cl −Fe torsion angle (τ),  these distances and angles should be 

quite similar, as inferred from the magnetic susceptibility measurements, being different their crystal 

structures. The present findings illustrates very well how small bonding-changes can have a profound 

effect on both crystal and magnetic structures of these materials whose framework is linked by non-

covalent interactions.   
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