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A Magnetic lonic Liquid Based on Tetrachloroferrate Exhibits
Three-Dimensional Magnetic Ordering: A Combined Experimental
and Theoretical Study of the Magnetic Interaction Mechanism
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Abstract: A new magnetic ionic liquid (MIL) with 3D anti-
ferromagnetic ordering has been synthetized and charac-
terized. The information obtained from magnetic charac-
terization was supplemented by analysis of DFT calcula-
tions and the magneto-structural correlations. The result
gives no evidence for direct iron-iron interactions, corrob-
orating that the 3D magnetic ordering in MILs takes place
via super-exchange coupling containing two diamagnetic
atoms intermediaries.

- /

Responsive materials for which chemical or physical properties
can be tuned by applying an external stimulus are appealing
in view of their potential applications."” New sources of such
materials could be the magnetic ionic liquids (MILs), the physi-
cochemical properties (viscosity, melting point, chemical stabil-
ity, high ion conductivity, etc.) of which can be controlled by
external magnetic fields.” Typically, MILs are composed of
a metal-containing anion (such as iron, cobalt, manganese,
copper and so forth) and an organic cation, generally imidazo-
lium, pyrrolidium, pyridinium or tetraalkylphosphonium.B*
Nowadays, the development of these MILs has made possible
the combination of different rare-earth ions (neodymium, ga-
dolinium, dysprosium),” chiral amionacids (MCILs),’ bimagnet-
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ic ions” or hetereoanions.® Therefore, the synthesis, study and
application,® ' of these smart materials are increasing expo-
nentially, and it is necessary to provide a complete picture of
the crystal structure and the main magnetic interactions in
play.

During the last few years, most efforts have focused upon
understanding the intermolecular interactions within ILs,""
cluding Coulomb, dipole-dipole, van der Waals, dispersion and
hydrogen-bond interactions."” From a magnetic point of view,
the reported crystal structures of most MILs show no magnetic
coupling between the paramagnetic metal centres,®*'¥ since
the distances between metal ions are too large (more than
6 A) to allow significant long-range magnetic interactions.
Thus, it was generally assumed that magnetic interactions
were negligible in MILs and so they were not expected to ex-
hibit three-dimensional (3D) magnetic ordering. However, the
situation changed drastically after the experimental confirma-
tion of a 3D ordering below 4 K' in the 1-ethyl-3-methylimi-
dazolium tetrachloroferrate, Emim[FeCl,], and its pressure-in-
duced magnetic transition from antiferromagnetic to ferrimag-
netic behaviour™ We now address the challenge of under-
standing the magnetic interactions of MILs with a comprehen-
sive combination of experimental and first-principle-based
theoretical methods to unravel the connection between the
crystal structure and the magnetic interaction mechanism in
a new MIL: 1,3-dimethylimidazolium tetrachloroferrate, Dimim-
[FeCl,]. We point to the electron-transfer transitions due to
a partial covalent bond between the Fe and Cl atoms in
[FeCl,]- complexes as the driving force for the mechanism of
the magnetic interaction in MILs based on tetrachloroferrate
exhibiting three-dimensional ordering.

The thermal properties of Dimim[FeCl,] were examined by
differential scanning calorimetry (DSC), thermogravimetric anal-
ysis (TGA) and heat capacity measurements (Figure S1 to S3 in
the Supporting Information, including extra information on the
thermal investigations). Two solid-solid (s—s) phase transitions
around 332 and 285 K are observed upon cooling from above
the melting point (364 K) down to 2K, in good agreement
with other MILs based on imidazolium ions, which indicate
several solid-solid transitions detected by thermal analysis.'®
The highest temperature solid phase was labelled phase lll
and the other two phases Il and |, respectively (lowest temper-
ature). The TGA experiment indicates that Dimim[FeCl,] starts
to decompose at about 624 K.

in-
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The crystal structures of phase Il and phasel, listed in the
Supporting Information and CIF files, were resolved from neu-
tron diffraction patterns recorded at room temperature (RT)
and 9 K, respectively. Due to the high quality of the data even
the hydrogen atoms could be located during the Rietveld re-
finement. Phase Il is stable at RT and crystallizes in the non-
centrosymmetric monoclinic space group P2, (No. 4) [a=
6.542(3), b=14.037(3), c=6.536(3)A, B=90.01(33)°, V=
600.2(4) &3, Z=2, pyca=1.631 gcm ™3, T=300K]. Phase | crys-
tallizes in the non-centrosymmetric orthorhombic space group
P2,2,2, (No. 19) [a=9.092(1), b=13.731(2), c=8.974(1) A, V=
1120.23) A%, Z=4, pyca=1.748 gcm 3, T=9 K]. Both structures
can be described as layers of cations and anions stacked along
the b axis, with the closest Fe—Fe distances being more than
6 A inside a layer. The presence of a 2, screw axis in both
phases yields a change in the orientation of the [FeCl,]” metal
complex anions from layer to layer (see inset of Figure 1 and
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Figure 1. Temperature dependence of y,, (blue circles) and y,,T (black circles)
for Dimim[FeCl,] measured under 1 kOe. The solid red and green lines are
the fit according to Equation (2) in the Supporting Information. The inset
shows the crystal structure view along the [001] direction of phase | at 9 K.
Brown (iron), green (chloride), black (carbon), blue (nitrogen) and light pink
(hydrogen). The dotted square represents the unit cell.

Figure S6 in the Supporting Information). This tetrahedrally co-
ordinated anion is fairly regular (mean values of Cl-Fe-Cl bond
angles are 109(2)° for I and 110(3)° for Il) with slightly different
bond lengths for phase I and Il (respective mean values 2.16(2)
and 2.19(3) A). The Dimim cations lie antiparallel to each other
along the b direction, and are stacked nearly identically one
above the other in the a and c directions, although slightly dis-
torted in I. The dihedral angles of the methyl groups to the
imidazolium ring [ X (C-N-C-N)] in both phases range from 177
to 179°. The refined values for the C—C and C—N bond lengths
lie in the expected range and are comparable to those found
in other imidazolium compounds, for example, in Bmim,[XCl,]
(Bmim = 1-butyl-3-methylimidazoliumX =Fe, Ni and Co)"” and
Emim[FeCl,].['®%

The topologies of the unit cell in both phases are quite simi-
lar, showing virtually the same cation-anion arrangement as
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well as the cation and anion orientation. Each [FeCl,]” tetrahe-
dron is stacked with six CI-Cl contacts (< 3.9 A); two in a one-
dimensional zigzag manner along the b axis (with slightly
longer distances, 3.87(3) A) and four in two linear chains
propagated along the bisectors of the ac plane (3.63(4) (2x),
3.81(4) A (2x)). No mi—d interactions of the aromatic rings with
the [FeCl,]~ metal complexes are observed in either phase, be-
cause the distances between them (near 4 A) are considerably
larger than the sum of the van der Waals (vdw) radii of C(H)
and Cl atoms (3.57 A).'¥ The Dimim cation displays six and
twelve weak (long) hydrogen bonds™ for phases Il and |, re-
spectively, according to the IUPAC rule® (Figure S7 and
Table S5 in the Supporting Information). It should be men-
tioned that the typical most acidic hydrogen atom of the imi-
dazolium ring, C2—H position,?" is not involved in the hydro-
gen bond network of phase Il (nomenclature depicted in Fig-
ure S7 in the Supporting Information). Although this issue dif-
fers from the data reported for the Emim,[MCl,] (M=Co, Ni
and Fe)'” and DimimCl (Dimim=1,3-dimethylimidazolium)
ionic liquids,”? in which the strongest hydrogen bond was lo-
cated in this position; similar behaviour was observed in the
Emim([BF,1** and Emim[FeCl,]"® MILs. In phase |, significantly
stronger (shorter) hydrogen bonds are found, which is consis-
tent with the Raman spectra.? At 4K, the Raman bands of
the C—H stretching modes of the imidazolium ring, located be-
tween 3100 and 3200 cm ™', increase in intensity, which is char-
acteristic for strong hydrogen bonds at the C2 and C4/5 posi-
tions." In addition, in the low-frequency range, a splitting of
the Raman modes of the [FeCl,]~ complex, associated to the
crystallographic phase transition, was detected (Figure S8 of
the Supporting Information).

Measurements of magnetic susceptibility as a function of
temperature show a sharp maximum at approximately 5.6 K
(Figure 1), indicating the existence of a 3D antiferromagnetic
ordering. This result indicates that a smaller chain length in
the imidazolium cation [from Bmin* that shows no 3D order-
ing through Emim™ (4 K) to Dimim™ (5.6 K)] stabilizes the mag-
netic ordering. Above 10K, a paramagnetic behaviour is dis-
played, with a y,T value of 4.25 emuKmol™'Oe™" (5.83 ) at
room temperature. At temperatures higher than 10 K, the mag-
netic susceptibility data follow the Curie-Weiss law with Weiss
temperatures, 6, close to —7.0 K with a Curie constant of C=
4.34 emuKmol™'Oe™" [see Eq.(1) in Supporting Information].
This value corresponds to an effective paramagnetic moment
(1err) Of 5.88 g per Fe ion; this agrees with the expected value
of 4375 emuKmol™ Oe™" (5.92 ;) for an Fe*™ ion with a mag-
netic spin S=5/2' Due to the anisotropy of the crystal,
a combination of a modified expression of the one-dimension-
al Bonner and Fisher model,”® for the interplane interactions,
and a two-dimensional Rushbrook and Wood model,?” for the
intraplane interactions, was used to extract the magnetic ex-
change couplings between the Fe** ions (see magnetic fitting
calculations in the Supporting Information). The best fit leads
to the parameters J, =—0.511 K for the interplane exchange
interaction and J;; =—0.359 K value for the intraplane interac-
tions with g=2.03. These small values point to a very weak an-
tiferromagnetic interactions, in accordance with the large dis-
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tances between the iron-complex anions and the literature
values for this type of magnetic pathway.”®

Neutron powder diffraction experiments at temperatures
lower than 10 K show that the P2,2,2, symmetry of phasel is
maintained below the ordering temperature, with small shifts
in the Bragg reflections associated with lattice contraction. Dif-
ference patterns resulting from subtracting the nuclear contri-
bution (pattern at 9 K) from the nuclear and magnetic ones,
reveal, below 6 K, a sharp Bragg peak superimposed on a very
broad diffuse background (see Figure S11 of the Supporting In-
formation). This additional elastic intensity at low temperature
confirms the onset of a magnetic ordering (Ty=5.5 K). If we
consider that the magnetic moment of Fe ™ (S=5/2) is partial-
ly delocalized in the chloride ion (see below), the intensities of
the magnetic peaks obtained should be very weak, but suffi-
cient to allow 3D antiferromagnetic ordering to be observed.
The presence of diffuse scattering could be the signature of
additional short-range magnetic ordering superposed to the
3D ordering, which increases in a monotonous way below Ty,
as observed in other geometrically frustrated antiferromagnetic
materials.””

Below 5 K the magnetic interactions became cooperative de-
spite the very long (6-8.5 &) superexchange pathway. For that
reason knowledge of the spin-density distribution is of crucial
importance to the understanding the magnetic interaction
mechanism in Dimim[FeCl,]. From the atomic structure the
most likely exchange pathways should be of the Fe-CI-Cl-Fe
type (Figure 2). The electron-transfer transitions due to a partial
covalent bonding produce a spin delocalization*® that would
strengthen the interactions between magnetic orbitals local-
ized in different tetrachloride ferrate units.”” In order to sub-
stantiate this claim, density functional theory (DFT) calculations
were carried out within the new formalism to deal with van
der Waals interactions,"'“*? which have been successfully ap-
plied to the study of ILs.®® Different magnetic configurations
have been tried, with the G-type antiferromagnetic phase
being the most stable one (see detail of DFT analysis in the
Supporting Information). Figure 2 also shows the spin density
of the interplane exchange magnetic interaction for the most
stable phase on the ab plane, which contains two Fe and two
Cl atoms. The different sign in the spin density in neighbouring
[FeCl,]” tetrahedron along the b axis is an indication of the an-
tiferromagnetic configuration. As can be seen, the spin density
is not strictly localized on the iron ions, but is partially delocal-
ized onto the first chloride neighbours. The sum of the Mullik-
en populations of the iron and the four neighbouring chloride
atoms is equal to 4.98(1) ps. This agrees with the expected
spin distribution of Fe** ion with a magnetic spin S=5/2
(5 pg). The quantity of spin transferred from the Fe®' ion
toward its neighbours ranges from 0.27 to 0.25 g (The sum of
the spin transferred per Fe*" is 1.06 ug; 21% of the expected
saturation value of 5 pg.) Similar results are obtained by inte-
grating the spin-polarized charge density in non-overlapping
spheres centred on the different atoms. These reflect a stronger
covalence of the Fe—Cl bond compared to other metal—Cl
bonds (M=Ni, Cu and Co),* but they are in good agreement
with those detected in other Fe 3 compounds (for K,FeCls-H,0
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Figure 2. Schematic view of the possible exchange pathways for Dimim-
[FeCl,], through Fe-CI-CI-Fe bridges, are shown. The picture also displays the
projection of the induced spin density onto the Fe,L, plane (z/c=0.26) for
the interplane exchange magnetic interaction at 0 K. The levels are (0.05 e A
with steps of 0.005 e A%). Only the low-density levels are drawn.

and Rb,FeBrs:H,0, 17 and 21% spin delocalization, respect-
ively).2e!

DFT calculations have also been successfully applied to the
estimation of the exchange coupling constants, J, for a variety
of transition-metal complexes.®™ From the difference in energy
between the magnetic configurations, the value of the ex-
change magnetic couplings was inferred, arriving at the same
qualitative results as before: weak antiferromagnetic coupling
and stronger interaction between planes.

The analysis of the magnetostructural correlations in Dimim-
[FeCl,] will contribute to elucidating one important open ques-
tion: the reason why interplane magnetic interactions are
stronger than intraplane ones. Although the CI—Cl distances
obtained are slightly longer than the sum of the van der Waals
radii of two Cl atoms (3.60 A), the data show a remarkable
agreement with the contact distances reported in other metal-
organic materials"® that show this type of magnetic coupling.
In the crystal structure of I, all the [FeCl,]- metal complexes
are stacked upon one another in a three-dimensional manner
with several CI—Cl contacts (see Figure 2, and Figure $S12 and
Table S10 of Supporting Information). In this sense, it is possi-
ble to define a J interplane coupling (J, or J;), which gives rise
to zig-zag chains propagating along the b direction with two
Fe-Cl-CI-Fe connections, the angles of which range from 173.2
to 174.7°. This magnetic coupling leads to antiferromagnetic
interactions. In addition to J,, there are two intraplane interac-
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tions J; (J, and Jy), which connect the iron atoms in zig-zag
chains in the ac plane, with similar Fe—Fe distances. For these
intraplane interactions, the antiferromagnetic couplings ob-
served imply an unusual combination of exchange angles:
1) Fe-CI-Cl, which varies between 87.0 and 93.3° and 2) CI-Cl-
Fe, which ranges from 154.4 to 158.2°. If one assumes that the
magnetic exchange through the double halide bridges de-
pends on both 1) the degree of delocalization of spin density
from the metal ion to the halide, and 2) the orbital overlap be-
tween the two non-bonding halide ions,*® J, should have
a higher value (antiferromagnetic coupling near to 180° in
both angles) than J,. These results confirm those obtained by
the magnetic susceptibility fitting and DFT calculations.

In summary, a novel magnetic ionic liquid (MIL) with 3D anti-
ferromagnetic ordering has been synthetized and character-
ized. The information obtained from magnetic characterization
was supplemented by analysis of DFT calculations and the
magnetostructural correlations. The result gives no evidence
for direct iron-iron interactions, corroborating that the 3D
magnetic ordering in MILs takes place through superexchange
coupling via two diamagnetic intermediaries. The DFT calcula-
tions reflect the fact that the spin density of the iron ions is
spread over the chloride atoms, showing a higher superex-
change magnetic interaction between the planes.

Experimental Section

Details of the synthesis and characterisation of the MIL can be
found in the Supporting Information. CCDC-973942 (phase I) and
973943 (phase Il) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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