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Abstract:

Sixteen samples of the (dimim)[Fe(Cli-xBry)4] 0 < x < 1 solid solution were prepared in a one-pot
synthesis. Single crystal and synchrotron X-ray powder diffraction studies show that all compounds
are isomorphous with an orthorhombic structure (4dma2 space group) at room temperature. The
crystal structure of these imidazolium molten salts can be described as layers of (dimim)* cations
(dimim=1,3-dimethyl-imidazolium) extended in the bc-plane with an antiparallel stacking along the
a-axis forming a herring-bond motive. The (FeX4) (X = CI and Br) anions form layers extended on
the bc-plane that are intercalated between the organic layers and inverted with respect to the adjacent
layer along the a direction. The evolution of the cell volume at this temperature follows the Vegard’s

law in the whole range of substitution with AV = 115 A’ between non-substituted phases, showing a
non-linear axial expansion in the b and ¢ directions. In addition, the melting point of the solid
solution does not follow the expected linear physical behavior. Finally, the magnetic study indicates
the existence of overall antiferromagnetic interactions as predominant, which are stronger with the
increase in the (FeBrs)™ ion substitution. However, it was found that the 3D magnetic ordering of the
non-substituted phases vanishes or it is below the minimum temperature reachable by the
magnetometer devices (1.8 K) for the 25-50% bromide substitutions. This is connected with the
appearance of different crystal phases as function of bromide composition at low temperature.

Keywords: imidazolium molten salts; halometallate solid solution; structure elucidation,
thermophysical and magnetic properties.
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1. Introduction

Halometallate compounds, synthesized by the reaction of a metal halide with an organic salt, display
very interesting features that depend on the different ionic building blocks, such as strong Lewis
acidity,[1,2] paramagnetism,[3,4] thermo/photo-chromism,[5] high thermal stability and wide
electrochemical window.[6] This range of properties offers numerous and promising technological
applications like energy storage,[7,8] transport and separation of metals and materials,[9,10]
separation of greenhouse gases,[11,12] magnetic surfactants,[13] extraction of DNA,[14] production
of biodiesel by esterification of acid oleic,[15] catalysis,[16-18] semiconductor nanocrystals[19] or
hydrocarbon processes using halometallate ionic liquid micro-emulsions.[20]

In these materials, the most usual way to tune physical features such as thermal, optical and magnetic
properties, Lewis acidity or ionic conductivity is to change the alkyl chain (R) length in the organic
cation and/or the total substitution of the halides (X) in the metal complex anion.[21] A recent new
strategy is to synthetize double halometallate salts,[22] that include at least one organic cation and
two metal halide anions, which also allows fine-tuning these properties depending on their anionic
speciation and ratio. The synthesis process is based on the addition of a given amount of a metal
halide, MXn, to a halide-based ionic liquid, [cat]X, resulting in a mixture which may contain a halide
and one or more halometallate anions in a dynamic equilibrium with the cation. This equilibrium
constitutes a fundamental characteristic of the double halometallate salt, where the anionic speciation
can be complex and exhibit interesting technological applications.[23] Thus, as it was commented in
two recent interesting reviews,[24,25] each double halometallate salt is a unique system that may not
follow the expected linear physical behavior of an ideal homogeneous mixture.[26] For instance,
double halometallate salts containing 1-butyl-3-methyl-imidazolium (bimim), which is a common
cation in several binary mixtures, usually presents very small deviations in the molar volume while
large deviations are detected in the viscosity.[27] In contrast, the mixture of two chlorometallate
anions based on iron and gadolinium with 1-ethyl-3-methyl- imidazolium (emim) follows an ideal
behavior in the magnetic and conductivity properties.[28]. Therefore, physical and chemical
properties that are dependent on the chemical associations between the ions, or altering the ionic
ratios in the double halometallate salts can induce different chemical interactions leading to new
properties or a non- ideal behavior.

Interestingly, we have observed that the partial substitution of halide anions in a halometallate
molten salt based on imidazolium cation has not yet been investigated in depth. In this context,
(dimim)[FeCls] and (dimim)[FeBr4] are isomorphous at room temperature (RT), [29, 30] and thus a
solid solution of both compounds could be generated. Consequently, we have prepared a solid-
solution of sixteen samples of (dimim)[Fe(Cli-xBrx)4] (dimim=1,3-dimethylimidazolium), x ranging
from 0 to 1 by a straightforward one-pot synthesis. In this line, the crystal structures of



(dimim)[FeX4] (X = Cl and Br) were previously determined by synchrotron X-ray powder diffraction
(SR-XRPD) at RT, as monoclinic systems (P2; symmetry). However, as it will be discussed
hereafter, after the single crystal diffraction analysis of (dimim)[Fe(ClosBros)4] and re-examination
of the SR-XRPD data for the non-substituted compounds and the new 16 samples of the solid
solution, it was demonstrated that all compounds are isomorphous and crystallize in an orthorhombic
structure (Ama2 symmetry). Therefore, we decided to study in detail the variation of some physical
properties of the solid solution with the halide substitution degree. Remarkably, the melting point
and the magnetic properties do not follow the expected linear physical behavior; i.e. the 3D magnetic
ordering of (dimim)[FeX4] (X = CI and Br) vanishes or it is below 1.8 K for 25-50% of bromide
substitution. This behavior is totally different from that observed in the dilution of (emim)[FeCl4]
with an equimolar amount of a non-magnetic ionic liquid, (emim)[GaCls].[28] Indeed, this solid
solution of a halometallate molten salt acts as a unique system that does not follow the expected
physical performance.

2. Experimental section
2.1. General procedures

Solvents were purchased from Sigma-Aldrich as HPLC grade and dried by means of an Inert
Puresolv MD purification system. All reagents were purchased from commercial suppliers (Sigma
Aldrich and Acros). The ion exchange resin Amberlite IRA-402(OH) was supplied by Alfa Aesar.

2.2. Elemental analysis (EA)

Elemental analyses were performed by the elemental analysis service of the University of
Nottingham.

2.3. Thermal analysis

A Setaram calorimeter (DSC131) was used for the thermal analyses from RT to 393 K under
nitrogen atmosphere at a heating rate of 10 K/min. For this experiment, ca. 5 mg of sample were
used, and blank runs were performed.

2.4. X-ray powder diffraction data collection

The purity of the samples was evaluated by X-ray powder diffraction (XRPD) under air atmosphere
on a Bruker D8 Advance diffractometer, using Cu Ka radiation (A = 1.54178 A) and a LynxEye
detector. Diffraction patterns were collected with an angular 26 range between 10 and 50° with a
0.02° step size, measurement time of 3 s per step and a graphite monochromator. The instrumental
resolution function (IRF) of the diffractometer was obtained from the LaB¢ standard.

2.5 Single crystal X-ray diffraction

A dark red plate-like specimen of (dimim)[FeClosBro.s]s (CI/Br 50%) with approximate dimensions
0.07 mm x 0.07 mm x 0.05 mm was used for the X-ray crystallographic analysis on the dual-source
D8 Venture equipped with a Photon III detector operated at 296.0(2) K. The Copper z—source was
used providing X-rays with a wavelength of A = 1.54178 A. The data reduction was performed with
the Bruker SAINT software package [31] using a narrow-frame algorithm. The data integration using
an orthorhombic unit cell, a = 14.1882(11) A, b =9.4425(10) A, ¢ =9.3989(12) A, with a volume of
1259.2(2) A3, yielded a total of 7096 reflections to a maximum 6 angle of 79.824°. Data were



corrected for absorption effects using the Multi-Scan method (SADABS).[32] All the structures were
solved and refined with the Bruker SHELXTL Software Package,[33] using the space group Ama?2,
with Z = 4 for the formula unit, (dimim)[FeCl,Brz]. The final full-matrix least-squares refinement on
F? with 64 variables converged at Ri = 9.85%, wr2 = 25.53% for 20(F?) data. The goodness-of-fit
was 1.631. All non-hydrogen atoms were refined anisotropically. However, it is worth noting that
large anisotropic displacement parameters in both cationic and anionic units have been observed due
to the weak-bonding nature of the compound.

2.6. Synchrotron X-ray powder data collection and structure refinement:

Synchrotron X-ray powder diffraction (SR-XRPD) measurements at 300, 100 and 80 K were
performed at the high resolution station of the MSPD beamline (BL04) at ALBA synchrotron.[34]
The sample was introduced into a 0.7 mm glass capillary and measured in transmission at an energy
of 20 keV (0.61970(3) A wavelength determined from a Si NIST-640d reference) using the
microstrip Mythen-II detector (six modules, 1280 channels/module, 50 pm/channel, sample-to-
detector distance 550 mm). Initially, the temperature was controlled using an Oxford Cryostream
Series 700 and the sample were cooled down to below 110 K via thermal quenching (at 5 K/min).
The crystal structures of 15 selected samples of the solid solution at R.T. were refined using the
Rietveld method with the FullProf suite program,[35] starting from the single-crystal structure model
of (dimim)[FeClosBros]s and from those models previously reported for the parent phases at low
temperature. All the refinements were performed using the rigid body formalism, by fixing the
structure of the organic cation and the inorganic anion and allowing them to move and rotate within
the cell without modifying their internal distances. Two tetrahedra of FeCls and FeBrs were included
with the same coordinates sharing the occupation of each atom. The Debye Waller factors were
refined isotropically by groups of atoms, i.e. C and N atoms were assigned the same factor, as well as
all the Cl/Br atoms. The occupation of the Cl and Br atoms were refined together with the sum of
both components restricted to have the occupancy of the Wyckoff site.

2.7 Magnetization measurements

DC magnetic susceptibility measurements were performed using a Quantum Design QPMS
magnetometer between 2 and 300 K under an applied magnetic field of strength 1 kOe.
Magnetization as a function of field (H) was measured using the same magnetometer in the
-50 <H/kOe <50 range at 2 K after cooling the sample in zero field. In a previous work it was
observed that (dimim)[FeCls4] shows two interesting phase transitions depending on the cooling
process [36]; via thermal quenching or via slow cooling with T < 2K/min [named in this work as
phase I-a: space group P2;2,2; with a =9.1242(1), b=13.8132(2), ¢ = 9.0359(1) A and phase I-b:
space group P2;/c with a =14.1391(3), b=13.7039(3), c = 13.2935(3) A, = 115.539(2)°] (Figure
S1). All structures exhibit a long-range antiferromagnetic ordering at low temperatures, determined
by high- and low-resolution neutron diffraction experiments, with Neel temperatures of 3.1 K (I-a)
and 5.4 K (I-b). Therefore, to compare the magnetic results with those of the parent phases, the
samples of the solid solution were quenched from RT to 100 K using the SQUID cryostat in order to
obtain the “quenched” phase. Later, the temperature was then cooled down to 2 K in zero field (ZFC)
mode and the magnetization was measured at this temperature. After that, ZFC-FC magnetic
susceptibility measurements were performed from 2 to 20 K under 1 kOe following of ZFC magnetic
susceptibility measurements at 1 kOe from 2 to 220 K. Later, the sample was kept constant at this
temperature for 1 h without applying any magnetic field to induce the transformation of the
quenched phase into the “relaxed” phase. After this protocol the temperature was then cooled down
to 2 K, and the same magnetic measurements as for the quenched phase were carried out. On the
other hand, heat capacity measurements were performed through a relaxation method using a



Quantum Design PPMS system. The sample consists of a plate of 0.3 mm thickness and ca. 5 mg
weight obtained by compressing the original polycrystalline powder. In order to ensure good thermal
contact, the sample was glued to the sample holder using Apiezon-N grease. Data were collected
with zero field and under an applied field of 80 kOe from 2 to 300 K.

3. Synthesis and chemical analysis

The synthesis of 1,3-dimethylimidazolium chloride, (dimim)[CI] was realized following a previously
used method for (dimim)[FeCl4].[30] 1,3-dimethylimidazolium bromide was prepared in the same
way, except for the use of hydrobromic acid (47%, Vetec) in place HCIL. For (dimim)[FeCli-xBry]4
0.025 < x < 0.95, (dimim)[Cl] was mixed with a mixture of stoichiometric amounts of anhydrous
FeX3 (X = CI and Br) in a 8 mL vial inside the glove-box, (see Table S1). For lower percentages
(0.20 > x > 0.05), (dimim)[Br] was used. The resulting mixture was heated up to 393 K and the
desired product was obtained as a brown-reddish solid, 3 g (100% yield). The microanalytical data
(C, H and N, Fe, Br and Cl) were in good agreement with the expected one (Table S2).

4. Structural and thermal characterization

XRPD and SR-XRPD measurements at RT were performed to study the purity of the samples and to
obtain the cell parameters of the solid solution (Figure S2). The crystal structure of 15 selected
samples of the solid solution was refined from SR-XRPD (Figure S3). We have not SR-XRPD
crystallographic data of (dimim)[FeCl;xBrx]4 (0.25, 0.85 and 0.95) samples due to the lack of time in
the high resolution station of the MSPD beamline (BL04) at ALBA synchrotron (proposal nr.
20170923666). The final structural parameters and figures of merit of the last Rietveld refinements
are summarized in Table S3. The positional parameters are given in the corresponding CIF files. The

cell parameters of the remaining samples were obtained by performing a pattern matching to the
XRPD data.

All compounds of the solid solution are isomorphous, crystallizing in the orthorhombic Ama2 space
group. The asymmetric unit (Figure 1) consists of one half of the organic molecule, while the other
half is generated by a two-fold rotation axis passing by the C2 atom. The anionic counterpart consists
of one Fe and three CI/Br atoms. The third halogen atom is generated by a mirror plane in which the
Fel, X2 and X3 atoms are located (X can be any Cl/Br ratio).
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Figure 1: Asymmetric unit of the solid solution samples at RT, where X can be any CI/Br ratio.
Symmetry operations: I: -x, -y, z; 1I: 3/2-x, y, z.



The volume of the unit cell in the orthorhombic space group (4ma2) is approximately two times the
volume of the previously described monoclinic unit cell (P21) for the non-substituted phases.[29,30]
The transformation between cells follows the next equation: a'=-b-c, b'=a, c¢'=b-c plus a global offset
which corresponds to a rotation of 45 deg. with respect to the long axis (see detail in Figure 2).
Structurally, the difference between the orthorhombic structure and that previously described in the
P2, space group is the suppression of the antiparallel orientation of the organic molecules along the
b-direction (a-direction in the Ama2 space group), due to the occurrence of a 21 screw axis along the
b-axis in the monoclinic space group. An overlapping of both structures is shown in Figure 2.

Figure 2: overlapping of the P2; (blue) and Ama2 (red) structures of the sample with x=0.5 bromide
content.

The orthorhombic crystal structure, which is present in all the compounds of the solid solution, can
be described as layers of (dimim)* cations and (FeBrs)™ anions extended in the bc-plane and stacked
along the g-axis. The organic layers are related by a mirror plane, which is placed between two
adjacent layers, giving rise to a herring-bond motive. The [Fe(Cl/Br)4] units are located between two
adjacent organic layers. A continuous shift in both the cationic and anionic units is observed, which
is mainly as a consequence of the variations in the cell parameters produced by the different average
ionic radii between the CI/Br mixtures. This shift can be seen in Figure 3, which displays a
comparison between the cells of non-substituted phases.
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Figure 3: Crystal packing in the ab-plane for (dimim)[FeCls] (blue) and (dimim)[FeBrs] (red) crystal
structures at 300 K. The organic cations have been omitted for the sake of clarity.



The evolution of the crystal parameters as function of halide substitution degree at RT is shown in
Figure 4 (left). The cell volume follows the Vegard’s law [37] in the entire composition range (AV =

115 A’ between non-substituted phases). While the a-axis follows an almost linear tendency, a
change in the slope for the c-axis is observed, which it is less pronounced along the b-axis for values
above 40% of bromide substitution. This variation in the slope is also detected in the direction where
the Fe---Fe interactions are the shortest, within the bc-plane (see Figure 4 right). Therefore, this weak
structural anisotropy can be associated to the chemical stress produced by the large bromide ionic
radius in comparison with that of chloride. Moreover, the evolution of the shortest halide ---halide
and Fe---centroid distances (Table S4), considering this distance as an average distance for all

possible anion- interactions in the system, exhibit a linear behaviour (see Figure 4 right).
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Figure 4: Evolution of the cell parameters (left), volume cell, shortest Fe:--Fe, halide---halide and
Fe---centroid distances (right) at 300 K. The filled and empty data points correspond to the Rietveld
refinement to the SR-XRPD and the pattern matching to the XRPD data, respectively.

SR-XRPD measurements of the solid solution collected below 110 K via thermal quenching (at 5
K/min), suggest the occurrence of different crystal structures as function of bromide composition. A
possible explanation of this issue is the occurrence of different relaxation process during the cooling
process or to the breaking of cooperativity of the [Fe(Cl/Br)4] units (chemical pressure). At low
bromide content, 5-25%, the patterns can be successfully refined using the I-a crystal structure of
pure chloride compound, described on the P2:212; space group (Figure S4). Between 30 and 60% of
bromide the best model was refined using the Ama2 space group (Figure S5). Only a thermal
contraction of the R.T. unit cell was included in the refinement, to fit the experimental data properly.
Therefore, no-phase transition is observed in this composition range. The phase transition between
the two orthorhombic space groups induces a notable modification of the structural parameters. Is
deserves to be noted that the distances where the Fe:--Fe and the Fe---centroid interactions are
shorter in the P2;2;2; than in the Ama2 space group (see Figure 5). This breaking of symmetry seems
to be the origin of the different magnetic behaviour of this series. Above 60% of bromide content, we
could not refined the SR-XRPD data using the parent models (phase I-a and phase I-b). Our best
fitting shows the presence of a superstructure which has approximately three times the volume of the
previously described orthorhombic unit cell. However, further crystallographic studies are needed to
discussion its property. A detailed description of the low temperature magnetic behaviour of all
samples of the solid solution will be discussed in the next section.
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Figure 5: Evolution of the shortest Fe-Fe and Fe--centroid distances at 100 K for
(dimim)[Fe(Cli-xBrx)4] 0.05 <x < 0.60.

DSC thermograms from RT to 393 K were acquired to study the evolution of the melting point in
(dimim)[Fe(ClixBry)s] (0< x <1) (Figure S6). The values of the melting point peak (Tpeak) and
the offset temperature (Tosret), defined as the intersection of the tangents of the peak with the
extrapolated baseline, are listed in Table S5. All compounds are solid at RT and, except for x = 0.95
and 1 compositions,[29] they do not display solid-solid transitions in this temperature range (inset of
Figure S4). Tofrer 18 almost constant (between 360 and 365 K) for 0 < x < 0.4 samples. Then, this
value increases up to 370.9 K for x = 0.6 composition and subsequently it rises to 376.8 K for
x = 0.75. This thermal behavior is consistent with greater interionic interactions in (dimim)[FeBrs].
However, it suddenly drops down to 365 K for x = 0.8 and rises again up to 369 K for x = 1 (Figure
S7). Thus, the melting point of the solid solution does not follow the expected linear physical
behavior.

5. Magnetic studies

As commented, the solid phase of (dimim)[FeCl4], after a thermal quenching, crystallizes in the
orthorhombic structure with a three- dimensional antiferromagnetic ordering below 3 K (quenched
phase in this manuscript). After a thermal treatment of this phase (see experimental part), a crystal
structure transformation to a monoclinic phase takes place, involving a translational and
reorientational process of the dimim counterions and [FeCls4]™ anions (relaxed phase) (Figure 1 of
Supplementary material).[36] This feature is connected with the modification of the super-exchange
pathways, and therefore the magnetic behavior after the solid-to-solid phase transition by thermal
effect, which increases the magnetic long-ranged order temperature, Tn from ca. 3 to 5.4 K. In order
to follow this interesting dynamical process which could affects to the magnetic properties of the
solid solution, magnetometry measurements were performed following the same thermal magnetic
study (see experimental part) used for (dimim)[FeCls], (Figures S8 and S9). The main magnetic data
are shown in Table S6.



In all samples, the linear behavior of ym™! at T > 10 K can be fitted to a Curie-Weiss law (Figures S8).
The effective paramagnetic moment, L, ranges between and 5.52 and 6.06 ps/Fe ion. These values
are in good agreement with the expected one for a Fe** ion with a magnetic spin S = 5/2 (5.92 ps)
and with those found for other halometallate compounds based on imidazolium and [FeCl4]" and
[FeBr4] ions.[38, 39] The Curie-Weiss temperature, (0p), obtained through the fitting, decreases with
the [FeBrs]- ions substitution for both phases [from -6.09(1) to -14.29(1) K in the quenched-phase
and from -8.5 to -14.09 K in the relaxed-phase], (see Figure S10 left) which denotes stronger
antiferromagnetic interactions. Interestingly, at low temperatures the differences between the ZFC
curves of both phases decrease with the increase in the ratio of [FeBra] ions, and are almost identical
for concentrations higher than 25% (Figure 6 left and S8). Likewise, the differences in the field
dependence of the magnetization between both phases at 2 K are non-existent (see Figure 6 right and
Figure S9). On the other hand, they are anhysteretic which confirm the absence of a ferromagnetic
component. The obtained effective moment at 50 kOe decreases from 4.20(1) to 1.18(1) and from
2.91(1) to 1.17(1) pg/iron atom for the quenched and relaxed phases, respectively (see Figure S10
right). This feature indicates that, in this solid solution with isotropic exchange interactions [as it is
expected for Fe(Ill)], the small variation in the non-bonding interactions (anion-anion and anion-m
interactions) plays an important role in the change of the magnetic behavior of the solid solution with
the thermal process.
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Figure 6. Temperature dependence of ym measured under 1 kOe (right) and magnetization at 2K
(left) for the quenched (black dots) and relaxed (blue dots) phases of x = 0.025 and 0.30
compositions.



As commented, at low temperatures, (dimim)[FeCl4] displays long-range magnetic ordering at 3.1
and 5.4 K for the quenched and relaxed phases, respectively.[36] Surprisingly, instead of an increase
in the Néel temperature (T) at higher bromide anion concentrations in the solid solution (up to 7.7 K
for x=1),[29] we have found that the 3D ordering temperature decreases progressively from 5.5 K
until it vanishes or its value is below the minimum temperature reachable by the SQUID device (1.8
K) for x=0.25 in both phases (see Figure 7). What is more, the 3D ordering temperature appears
again and its value increases for x > 0.50. This interesting evolution is plotted in the magnetic phase-
diagram shown in Figure 8.
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Figure 8: Magnetic phase diagram for both phases of (dimim)[FeClixBry]s (0 <x <1).

Figure 9 left displays the temperature dependence of the molar heat capacity (Cp) of selected samples
of the solid solution. The low temperature calorimetric measurements in the absence of an external
magnetic field reveal a maximum (Acp = 10.6 J mol™! K™') centered at 4.7 K for (dimim)[FeCly].
This peak shows the well known A-shape appearance of a second-order transition and can be
associated to a 3D antiferromagnetic order. When the bromide content increases, the peak shifts and
broadens (for x = 0.15; Acp = 0.2 J mol ™! K™! centered at 4.5 K), and finally disappears for x=0.35 in
good agreement with the magnetic measurements. It deserves to be noted that below 30 % of
bromide content in the solid solution, the low temperature phases crystallize in the P2:2:2; space
group. Next, a magnetic anomaly in form of a shoulder is detected for x= 0.50, which becomes a
magnetic broad peak when the bromide content is higher than x = 0.95 (Figure 9 right). To study this
magnetic behavior in detail, we have also measured C, under a magnetic field of 8 T to plot the
difference between the Cp at 0 and 8 T for the x= 0, 35, 0.50, 0.60 and 0.70 compositions (see insets
of Figure 9). Although the magnetic difference is small for all samples, this turns into a well-defined
peak centered at 3 K for x = 0.50. This indicates the presence of some magnetic contributions in such
phases, in good agreement with the magnetic susceptibility measurements. The occurrence of this
magnetic change could be related with the transformation from long-range magnetic order into short
range and could be associated with the occurrence of a structural distortion at low temperature. This
solid solution which possesses a crystal structure formed as layers of cations and anions stacked
along the b direction is a spatially anisotropic system. The Fe---Fe distances inside a layer are shorter
than between the layers (the b direction) and thus, the magnetic coupling between the planes are
weaker than in the planes.[29] Therefore, the spin correlations must be developed in the planes
before the eventual 3D transition. In this way, a simple way to understand the reduction in the
amplitude for the specific-heat anomaly, A-shape appearance of a second-order transition, is to
consider the effect of preexisting short-range order at the transition, disappearing the 3D magnetic
ordering with the anion substitution, to later it appears again. Hence, the specific-heat anomaly must
diminish and appear a broad peak.[40] This effect appears like a shoulder anomaly in the heat
capacity and could come from different origins: bidimensional magnetic ordering or short-range
magnetic interactions. [41] This means that the effective number of degrees of freedom involved in
the 3D order is substantially reduced which could be generated by the increase of chemical pressure
in a particular position of the Ama2 network. Probably, in the intermediate samples, the substitution
of random Cl/Br atoms do not let the occurrence of the phase transition from Ama2 to P212:2;.



Therefore, the vanishing of the long range magnetic order in this concentration range is due to the
change in the exchange coupling interactions.
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Figure 9: Heat capacity vs. temperature for different Br/Cl ratios at zero magnetic field. The inset
shows the difference between the measurements at 0 and 8 T.

5. Conclusion

In summary, a solid solution of eighteen samples, (dimim)[Fe(Cl;xBrx)s] 0 <x < 1 was prepared in a
one-pot synthesis. The resulting compounds were characterized by single-crystal X-ray and powder
synchrotron X-Ray diffraction, being isomorphous with orthorhombic structure (4ma2 space group)
at room temperature. The crystal structure of these imidazolium molten salts can be described as
layers of organic cations and inorganic anions extended in the hc-plane with an antiparallel stacking
along the a-axis. The evolution of the cell volume at RT follows the Vegard’s law in the whole range
of substitution, displaying a non-linear axial expansion in the b and ¢ direction (shortest Fe--Fe
distance). On the other hand, the shortest halide:--halide and Fe---centroid distances exhibit a linear
expansion with anion substitution. In addition, the melting point and magnetic properties of the solid
solution do not follow the expected linear physical behavior. Interestingly, at low temperature
different phase transitions have been observed. From P2;2:2; (I-a phase; 0.05-0.25%) to Ama2 (RT
space group remains invariant; 30-60%). Above 60% new structural phase transition is detected.
From the magnetic point of view, the 3D magnetic ordering vanishes or falls below 2 K for 25-50%
bromide substitution. This phenomenon could be attributed to a modification of the Fe---Fe and
Fe---centroid exchange coupling due to the breaking of symmetry after the phase transitions.
Although the substitution of bromide by chloride precludes the occurrence of any phase transition for
concentrations between 30 and 60%, the origin of this behavior is not clear, moreover considering
that the structural parameter at RT follows a linear tendency with the increase of the bromide
concentration. To deeply understand the influence of the chemical substitution into the magnetic
behavior along this series, neutron powder diffraction on phases with 3D magnetic ordering will be
needed.

In conclusion, the physical properties of these isomorphous halometallate molten salts display an
unusual physical behavior. The evolution of the melting point and magnetic properties do not obey
the expected linear tendency. This phenomenon opens the door to the development and study of new



type of halometallate compounds with novel properties in terms of conductivity, reactivity and
magnetism, among others.
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