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ABSTRACT: The results reported here represent the first direct experimental observations
supporting the existence of a solid-to-solid phase transition induced by thermal treatment-in
Magnetic ionic liquids (MILs). The phase transitions of the solid phases of 1,3-
dimethylimidazolium tetrachlorideferrate, DimimFeCl,, are closely related to its thermal
history. Two series of solid-to-solid phase transitions can be described in this MIL: (i) from
room temperature (RT) phase II [space group (s.g.) = P2,] to phase I-a [s.g. = P2,2,2,] via
thermal quenching or via fast cooling at T > 2K/min; (ii) from phase I-a to phase I-b [s.g. =
P2,/c] when the temperature was kept above 180 K several minutes. The latter one involves a
slow translational and reorientational dynamical process of both the imidazolium cation and the
tetrachlorideferrate anion and has been characterized using synchrotron and neutron powder
diffraction and DFT (density functional theory) studies.

The transition is also connected with the modification of the super-exchange pathways of low-
temperature phases which show a global antiferromagnetic behavior. A combination of several
experimental methods: magnetometry, Mossbauer and muon spectroscopy together with
polarized and non-polarized neutron powder diffraction has been used in order to characterize

the different features observed in these phases.
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INTRODUCTION

There is increasing scientific effort to design and synthesize ionic liquids (ILs), with novel
applications. Tonic Liquids designed for specific tasks can now be found!l. Examples include
use in energy applications such as batteries and ultracapacitors,?’ in the capture of carbon
dioxide,”! and in dissolving cellulose”. Magnetic ionic liquids (MILs)™ are particularly
interesting. Owing to their magnetic nature, these compounds have been exploited in a wide
range of applications including as magnetic hydraulics in engineering,”’ and as magnetic

surfactants.”’

Despite the quest for new ILs for technical applications, their physical properties are still not
fully understood. For example, there is a large research effort and debate as to whether the
structure of a molecular liquid can be inferred from its parent solid crystal; i.e. if the mixture
and intensity of their intermolecular forces induces a strong association or self-assembly in the

liquid state.™

To this end, the effect of temperature on the nanostructure of imidazolium ILs has been
examined via numerous experimental and theoretical techniques.®™ Among them, X-ray

19 and molecular dynamic simulations!'"! provide useful information

scattering experiments
about structural correlations. In the case of MILs, without doubt, there is a large scientific
interest to examine the nature and consequences of their ion self-assembly. This is due to the
fact that the structural ordering "% appears to be more pronounced in MILs than in conventional
ILs and this has a strong influence on the macroscopic properties of the fluid.'*) Moreover,
molecular motion in crystalline solids are also attracting the interest of the scientific
community.'*! Materials, such as imidazolium based compounds,'® that are capable of
rotational motion in response to outside driving forces such as light, heat, or electric fields are

extremely useful for the development of nanoscale devices or for obtaining new ferroelectric

materials.

We have previously performed a preliminary investigation™ of the thermal properties, (by
differential scanning calorimetry) the crystal structure (by neutron powder diffraction and DFT
calculations) and of the magnetic properties (by magnetic susceptibility and magnetization
measurements) of DiminFeCl,. It showed two solid—solid (s—s) phase transitions, at around 332
and 285 K respectively, upon a fast cooling from above the melting point (348 K). The RT solid
phase, labelled as phase I1, crystallizes in the polar space group P 2, (No. 4) with a = 6.5434(2)
A, b=14.0286(3) A, c = 6.5314(2) A, = 89.921(1)° unit cell and V = 599.55(4) A’. The low
temperature phase, labelled as I (in the present work it is hereafter defined as phase I-a)
crystallizes in the acentric space group P2,2,2;. (No. 19) with @ = 9.1242(1) A, b = 13.8132(2)
A, ¢ =9.0359(1) A, V =1138.84(2) A’ at 10 K. Both unit cell are related by a rotation of 45°
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along the monoclinic axis (a’ = a + ¢, b’ = b, ¢’ = a-c) plus a translation. Their crystal structures
can be described as a succession of organic and inorganic layers extended in the ab-plane and
stacked along the b-axis. The shortest intra-layer Fe-Fe distances is about 6.5 A; a distance
which is notability smaller than the shortest Fe-Fe inter-layer distance (ca 8.2 A). Although the
change of the space group produces changes in the orientation of both the imidazolium
counterion and the tetrachlorideferrate anion, the topology of both networks is the same. A
detailed descriptions of both crystal structures as well as a tabulated list of the most important

crystallographic parameters can be found in ref. 16.

The Phase I-a is stable down to 2 K (base temperature) upon fast cooling below the temperature
of the solid-to-solid phase transition. The neutron diffraction data show the occurrence of long
ranged magnetic order below ca. 3 K. However, all our attempts to determine their magnetic

structure were unsuccessful due to the fact that the magnetic reflections were very weak.!"®!

In this paper, we connect our preliminary study'® with the investigation of a new phase,
hereafter referred to as I-b, obtained after a simple thermal treatment. Phase I-b was not
observed by differential scanning calorimetry or specific heat using PPMS (see ref 16) neither
on cooling nor on warming the sample. In this work after phase I-a was kept for several
minutes, phase I-b has appeared and we have determined its crystal structure by combining
synchrotron and neutron powder diffraction, corroborated by the results of density functional
theory studies. A similar phase transition has been found in 1-Alkyl-3- methylimidazolium
Hexafluorophosphate series, [C,mim]PF,."'"! revealed by single crystal analysis. This family of
compounds has three crystalline polymorphs, namely, the phases o, B [1[1[] y. The a phase was
the first phase detected from the supercooled liquid stated (177 K), during a heating process
around 230 K. The phase o changes to the phase f around 250 K. Finally, the y phase was
obtained from the phase [ after the latter was kept for several hours at any temperature betwwen

220 and 280 K.

The main goal of this work is that this transformation obtained by simple thermal treatment is
related to changes in the physical properties and macroscopic magnetic interactions of MILs.
We have also investigated the mechanism of transformation from phase I-a to phase I-b. and
although both phases show a global antiferromagnetic behavior, a combination of
magnetometry, Modssbauer and muon spectroscopy data together with non-polarized and
polarized powder neutron diffraction experiments have been needed to shed light on the unusual
features observed at low temperature in both phases. Finally, we have used non-polarized
neutron diffraction data to determine the magnetic structure of phase I-b, which shows similar
characteristic to phase I-a. Moreover, a remarkable increase in the background at low

temperatures has been detected in the non-polarized neutron diffraction analysis. This effect is
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much more evident in the phase I-a, appearing at a similar temperature range to the onset of
long-ranged magnetic ordering, which initially suggests a magnetic source. Polarized neutron
diffraction using the xyz-polarization analysis technique has been used to understand the origin

of this unusual behavior.
RESULTS AND DISCUSSION

Phase transition induced by thermal treatment. Previous X-ray and neutron diffraction
data showed that the DiminFeCl, compound has a structural phase transition from a RT (II) to a
low temperature phase (I-a). In the previous publication, the sample was always cooled down
using a “fast” protocol, either using a thermal quenching of the sample in a N, flux (down to
about 100 K), or within a cryo-stream device for X-ray powder diffraction or placing the sample

into a standard orange cryostat, pre-cooled to increase the cooling rate.

An unexpected phase transition from phase I-a to phase I-b was observed using single-crystal
X-ray diffraction (SXRD) as function of the temperature. In this experiment the temperature
was varied from 100 to 300 K, at each selected point the temperature was stabilized in order to
collect data [Figure S1 (a)]. The occurrence of this phenomenon depends on thermal history.
Phase I-b could be stabilized from phase I-a only when the temperature was kept above 180 K
several minutes (Figure S2). From phase II, with a cooling rate of circa > 2 K/min, the phase I-
b was not obtained. It only exhibits a thermo-structural change to phase I-a [Figure S1(b)] at
similar temperatures to those obtained from DTA data (280 K).!'! For lower cooling rates than
2 K/min from RT, a mixture of both phases (I-a and I-b) appears sometimes (up to now we
could not obtain a pure phase I-b by cooling). This is indicative of a decrease of reversibility
compared with the warm-up protocol from phase I-a. It is worth mentioning that after phase I-b
is formed, it is stable down to the base temperature and heating further to RT gives phase II

[Figure S1 (a)] above 260 K [Scheme 1].1'"
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Crystal Structure Determination. The Rietveld analysis of phase I-b was completed using
a multipattern approach, combining the synchrotron data with the high-resolution neutron
diffraction pattern. The details are presented in the supplementary material. The experimental,
calculated and difference powder diffraction profiles are shown in Figure 1 and Figure S3. The
final structural parameters and figures of merit for the last refinements are summarized in

Tables S1 and S2 and the positional parameters are given in Tables S3, S4 and S5.
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Figure 1. Observed (red points) and calculated (blue solid line) powder diffraction pattern for phase I-b of
Dimim[FeCl4] at 10 K obtained in the NPD D2B (A = 1.5938 A). Positions of the Bragg reflections are represented by

vertical bars. The observed-calculated difference patterns are depicted as a blue line in the bottom of the figure.
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The phase I-b crystallizes in the centrosymmetric monoclinic space group P2,/c (No. 14) with a
= 14.1391(3) A, b =13.7039(3) A, ¢ = 13.2935(3) A, = 115.539(2)°, V =2324(4) A’, 2 =2
Peate =1.685 g/em’, T = 220 K. The crystal structure can be described as a stacking of organic
[Dimim]" and inorganic [FeCl,] layers extended in the ac-plane and pillared along the b-axis,
following a ABCDABCD sequence similar to that observed on phases II and I-a. Each of the
ac-layers are built up from two independent [Dimim]" counterions and two [FeCl,] anions.
Although the topology of phase I-b is the same as that of the other phases,!'” the occurrence of
two crystallographically independent cations and anions gives rise to two different orientations
of the building blocks. The change of the orientation of the two independent [FeCly]” metal
complexes is not very dramatic, and can be seen as a slight rotation with respect to the initial
position. The Fe---Fe distances within the ac-layer range between 6.27 and 6.57 A, slightly
shorter that those observed in phases II and I-a. However, the [FeCl,] anions in all phases are
fairly regular [mean values of CI-Fe-CI bond angles are 109(4)°, 110(3)° and 108(3)° for II, I-a
and I-b, respectively] with similar bond lengths [mean values 2.18(6) A , 2.20(2) A and 2.21(2)
Al

The [Dimim]" cations of phase I-b, after the phase transition from I-a, present a reorientation
which involves a non-negligible atomic displacements. The crystal structure of I-b displays zig-
zag organic-inorganic planes stacked in the [-1, 0, 1] direction whereas for the phase I-a, these
are extended in the bc-plane and pillared along the g-axis (see Figure 2). In phase I-b, these
layers can be described as chains of imidazolium cations extended along the [1, 0, 1] direction
and separated by collinear chains of [FeCls] anions which are extended along the same axis.
Within these chains the [Dimim]" cation has a flip along the c-axis with a small distortion along
the a-direction. This reorientation was not observed in any of the previous phases (II and I-
a).”"! The dihedral angles between the imidazolium ring and the methyl groups [£ (C-N-C-N)]
in all phases range from 177 to 180°. The refined values for the C-C and C-N bond lengths of I-
b lie in the expected range and are comparable to those found in other imidazolium compounds,
as for example in DimimX (X = Cl and Br),"® Bmim,[XCl] ( X = Fe, Ni and Co)!'*"
EdimimFeX, (X = Cl and Br)""* and EmimFeCl,.!"”’
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Phase I-b Phase I-a

Figure 2. Crystal structures of phase I-b and I-a. Brown (iron), green (chloride), grey (carbon), blue
(nitrogen) and white (hydrogen). The blue dashed square represents the unit cell

Physical Characterization: Magnetometry measurements. The reorientations of the cation
and anion groups at the phase transition modifies the super-exchange interactions observed in
the phase I-a, and therefore the magnetic behavior. In order to unambiguously compare the
magnetometry measurements of both phases the magnetic measurements were carried out
according to the following thermal treatment: the sample, crystallized in the RT phase (II), was
quenched to 100 K using the SQUID cryostat in order to obtain the phase I-a. The temperature
was then cooled to 2 K, in zero field (ZFC) mode. The magnetization of phase I-a as a function
of applied field was measured at this temperature and 10 K. After that, several low temperature
ZFC magnetic susceptibility measurements were performed at different fields from 1 to 50 kOe
from 2 to 30 K. The magnetization was then measured as a function of increasing temperature
up to 220 K at 1 kOe. This temperature was chosen because is the average temperature of the
range where the phase I-b was detected in the SXRD data. The sample was kept constant at this
temperature for one hour without applying any magnetic field [Neutron diffraction patterns
collected using the D1B diffractometer at 220 K as a function of time (Figure S.2) show that
phase I-b appears after 10 mim] to ensure the transformation of phase I-a into phase I-b. After
this protocol the phase I-b should be stabilized at 220K, the temperature was then cooled to 2 K,

and the same magnetic measurements as for phase I-a were carried out [Figure 3 and S9].

Figure 3 (a) shows the temperature dependence of the molar magnetic susceptibility (y,) and
inverse susceptibility (1/ym,) curves of phases I-a and I-b, measured at 1 kOe after cooling
without an applied magnetic field (ZFC). The molar magnetic susceptibilities increase with

decreasing temperature up to 3.1 and 5.4 K for phase I-a and I-b respectively, where a broad
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maximum is observed suggesting the existence of a long-ranged magnetic ordering. It
disappears in the phase I-a for fields higher than 20 kOe, suggesting a partial compensation of
the antiferromagnetic interactions. However, the magnetic behaviour as a function of the
external magnetic field in the phase I-b [see Figure S4 (a)] is slightly different; the maximum of
¥m 18 shifted to lower temperatures. It is located at 4.15 K for an applied field of 50 kOe,
suggesting that the antiferromagnetic interactions remain mainly unchanged [see Figure S4 (b)].
The magnetic data at 1 kOe were fitted in the paramagnetic range using the Curie-Weiss law for
S = 5/2 using the molecular field approximation®®”. The least-squares fit of the experimental
data from 10 to 220 K is shown in Figure 3 (a). The Curie constant (C) and Curie-Weiss
temperature (&), obtained by the fitting, have values of 4.38 and 4.44 emuK/molOe and of -6.9
and -8.5 K, for phase I-a and I-b respectively, while, the fit gives a value of zJ, for I-a and I-b,
of -0.29 and -0.35 K respectively. The values point to weak antiferromagnetic interactions, in
accordance with the large distances between iron complex anions (longer than 6.5 A) and are in
agreement with the values previously reported for these types of magnetic pathways.!'> *'!, The
Curie constants correspond to an effective paramagnetic moment g = 5.92 and 6.01 pp/Fe ion
respectively, in good agreement with the expected value of 5.92 pg for Fe*™ ion with a magnetic
spin S = 5/2 and with those found for other paramagnetic compounds based on [FeCl,] ion.*”
Moreover, the temperature dependence of ZFC-FC curves at 10 Oe for each phase does not
show any splitting below the broad maxima detected [see inset in Figure 3 (a)], discounting the
occurrence of a weak spin-canting or a weak ferromagnetic signal coming from the non-
compensation of the different magnetic sites. The possible dynamical response of the magnetic
ordering of both phases up to 2 K was discounted by AC magnetic susceptibility measurements

(Figure S5).
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Figure 3. (a) Temperature dependence of y,, and 1/y,, for phase I-a and I-b measured under 1kOe. The solid red line
is the fit according to Eq. (1) of the manuscript. The upper inset shows the low temperature ZFC-FC magnetic
susceptibility at 10 Oe.(b) Magnetization vs. applied magnetic field at 2 and 10 K (upper inset) for phase I-a and I-b.
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The field dependence of the magnetization for phase I-a and I-b at 10 K shows a linear
behaviour in the whole applied field range confirming the paramagnetic behaviour at this
temperature [see upper inset of Figure 3 (b)]. At 2 K, below the Néel temperature of both
compounds, the M(H) curves are anhysteretic confirming the absence of a ferromagnetic
component. The effective moment value obtained at 50 kOe for the phase I-a (4.20 pg/Fe ion) is
not far from the expected fully-saturated value for a Fe*" ion (5 pg/Fe ion). However, after the
structural transition to I-b the magnetization at 50 kOe is only 2.15 pg/Fe ion. This value is far
away from the data reported for other MILs based on tetrachloroferrate exhibiting three-
dimensional ordering, where the magnetization tends towards saturation for magnetic fields
lower than 50 kOe !"** ! This feature indicates that, in this system with isotropic exchange
interactions [as is expected for Fe(Ill)], the anisotropy of the magnetic structure plays an
important role. Finally, the field dependence of the magnetization of I-b displays a small
inflection point near 10 kOe, which is correlated with the suppressed drop of magnetic
susceptibility measurements for fields higher than 10 kOe. This could be the result of changes to
the magnetic structure under the effect of the magnetic field (see description of the magnetic

structure).

Mossbauer measurements. The Dimim[FeCl,] sample was cooled at a constant rate of
approximately 10 K /minute from room temperature down to 70 K in order to perform a thermal
quenching. The spectra of phase I-a were then obtained in the range 70-1.9 K. Afterwards, the
sample was heated up to 220 K and kept at this temperature for one hour in order to guarantee
the occurrence of the solid-to-solid phase transition. After this treatment the sample was cooled
down to 70 K and the Mossbauer spectra of phase I-b were measured as a function of

decreasing temperature.

The Mdssbauer spectra of phase I-a and I-b Dimim[FeCl,] (Figure 4) at 6 K and above consist
of a single absorption peak similar to that observed for choline[FeCl;]**! and the analogous
tetrahalometallate ionic liquid, Dimim[FeBr,]."® The analysis of the spectra reveals that this
peak is not adequately fitted by a single Lorentzian line. It consists of a quadrupole doublet with
quadrupole splitting (QS) smaller than the line widths of the individual lines (Table S6). This
denotes a small electric field gradient at the iron nucleus, and consequently a highly symmetric
electric charge distribution around the iron cation with the sp’ orbitals giving rise to an almost
perfect tetrahedral environment. The estimated isomer shifts (IS) relative to metallic Fe at 295
K, IS, for phases I-a and I-b are equal within experimental error to those of high-spin Fe** (spin

[34, 24]

state S =5/2) in compounds where Fe'" is tetrahedrally coordinated by CI~ and slightly
lower than in FeCl; where Fe'' has octahedral environment.””’ The fact that no magnetic

splittings are observed shows that Fe*" isin a paramagnetic state with g >> @, where oy is
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the relaxation frequency of the Fe'" magnetic moments and w; ~ 10® Hz is the Larmor

: 57
precession frequency for the 'Fe nucleus.

Below 6 K the spectra depend on the crystallographic phase. Phase I-a spectra show that all the
Fe’" ions remain in a paramagnetic state down to 2.1 K. Below this temperature, at 1.9 K, a
significant broadening of the doublet peaks is observed (Table S6, Figure 4) consistent with a
slowing down of wr and with the onset of magnetic ordering as was observed by magnetic
susceptibility measurements near 3 K. In contrast to the magnetic behaviour of phase I-a, I-b at
4 K and below displays a well-defined six-peak pattern which implies that oz has dropped well
below 10® Hz. The abrupt change in wg within a narrow temperature range is typical of the
establishment of long-ranged magnetic correlations in the Fe'* sublattice. The sharpness of the
transition as well as the narrow peaks observed in the Mdssbauer spectra further suggest long-
ranged magnetic ordering rather than a spin-glass-like transition. The six-peak patterns observed
at 4 K and below are notably not symmetric and two magnetic hyperfine splittings are necessary
to fit each spectrum. Both magnetic sextets have equal areas within experimental error (Table
S6), in agreement with two different Fe’" magnetic sublattices each containing equal numbers of
Fe''. The quadrupole shifts (2¢) are also different for each sextet. This is related to the
occurrence of two different directions for the iron magnetic moments with respect to the

crystallographic axes. The temperature dependence of the (2¢) values is shown in Figure S6.
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Figure 4. Mossbauer spectra of phases I-a and I-b collected at different temperatures between 10 and 1.9 K. In phase
I-b approximately 6% of the Fe*" in the polycrystalline Mdssbauer absorber remains paramagnetic probably

incorporated in domains with defects at the surface of the small crystal particles.

Muon Spin Spectroscopy (uSR). The uSR experiments were performed in zero applied field in
the temperature range 1.6-200 K. The sample was mounted in a special “cup shape” aluminium
container covered with a thin layer of mylar tape to prevent leakage. The thermal quenching-

heating process was done using a Quantum cryostat following the same experimental protocol

as in the Mossbauer measurements.

Low temperature uSR spectra recorded from both phases are shown in Figure 5, along with a
comparison between the two. If compared at the same time scale, the runs in the paramagnetic
state at 5.2 K are not very different. However, there is a big difference between the first and

second cooling process (Observe the different time scale).
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Figure 5. Comparison of spectra recorded and fitted of phase I-a (a) and phase I-b (b). (c) uSR spectra recorded on
two phases at 5.2 K.

The phase I-a spectra recorded down to 2.07 K were fitted with a product of a Kubo-Toyabe!**!
and a stretched exponential characteristic of a depolarization due to a static field distribution
created by the nuclear magnetic moments and a distribution of fluctuation rates of the electronic

moments (see Figures S7 and S8):

At?

AP(t)=A[§+§A2t2jeZe‘(“)ﬁ (1)

where £ = 1 corresponds to a pure exponential relaxation rate while for B = 2, the relaxation

rate is Gaussian.

Below 2.07 K, spectra could not be fitted using the same function. Instead, a combination of fast

(2/3 term) /slow (1/3 term) relaxing exponentials with an amplitude ratio of about 2/1 was used,

11
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as expected for a magnetic sample: AP(t)Z (Ale_ﬂ” +Aze_ﬂqt)+ A3e_ﬂgt. The “magnetic part”

of the uSR spectra of I-a phase could be described by a purely exponential 4 P (t) ,1.e. no

magn™ magn

oscillations are observed in the psg spectra. The fitted parameters up to 1.6 K (see
supplementary material and Figures S9 and S10) confirm the onset of a magnetic ordering

detected by Mdssbauer measurements and suggest that the ordering can not be static below 2K.

In the phase I-b, spectra recorded below 5.2 K indicates that the sample becomes magnetic. For
example, at 2.3 K one observes clearly that a fast component develops with several oscillations.
These spectra were fitted using 4 oscillatory components,

AP(t)= A e ™ cos(2zv,t + @, )+ Ae ™ cos(2av,t + ¢, )+

(2)
+ e cos(2vyt + @, )+ A,e ™ cosQav,t+ @, )+ Ae " + A

which describe the behavior of muons stopped in an interstitial site where they experience a
magnetic field (see Figure S.11). For more details of the technique, functions and thermal fitted

parameters see the supplementary material.

Magnetic structure determination. In order to determine the magnetic structure of phase I-b,
we have carried out low temperature neutron diffraction using the high flux D1B diffractometer,
working with A = 2.52 A. Initially, the sample was milled and placed in a cylindrical vanadium
container at room temperature (phase II). After that, it was placed inside the orange cryostat at
100 K in order to perform the thermal quenching of the sample (phase I-a). Next, the
temperature was warmed following a ramp up to 220 K and after waiting 10 min (1 hour in
total), the sample I-a was completely converted to phase I-b. [see Figure S2]. This suggests that
the structural transformation occurs when the temperature is stable for enough time to allow the
anions to move in the system. After that, the sample with the phase I-b structure was cooled

down to 1.8 K to collect the neutron diffraction data in the magnetic order phase.

The magnetic ordering of phase I-a was previously studied by high flux (D1B with A = 2.52 A)
and high resolution neutron powder diffraction patterns (D2B with A = 1.5938 A). The
comparative view of the DIB paramagnetic (10 K) and the magnetically ordered (1.8 K)
patterns of phase I-a reveals a small sharp Bragg peak (marked with * in Figure 6). This
additional elastic intensity is weak, but sufficient to prove the presence of long-ranged
antiferromagnetic order. The temperature evolution of the D1B patterns between 1.8 and 10 K
[see right inset Figure 6 (a)] shows that the magnetic peaks disappear at temperatures less than
around 3 K. Moreover, considerable diffuse scattering is detected for 20 < 40°, which

monotonically increases with decreasing temperature below 9 K. Rietveld refinements above the
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magnetic phase transition show that the P2,2,2; symmetry is maintained from 1.8 to 10 K.
Initially, the presence of this unusual behavior was linked to additional magnetic phenomena
such as short-ranged magnetic ordering superposed on the long-ranged magnetic order, as
observed in other geometrically frustrated antiferromagnetic materials.””! However, it could
arise from other effects such as, nuclear spin-incoherent scattering, random or internal strain.**!
Neutron diffraction with polarization analysis was performed in order to understand the origin

of this diffuse scattering (see below).
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Figure 6. The neutron diffraction profiles of phase I-a (a) and I-b (b) at 10 (red) and 1.8 K (blue) obtained in D1B.
The (*) dots show the magnetic contributions. [left inset (a)] Temperature dependence of the difference diagrams of
D1B patterns between 1.8 and 9 K which have been obtained subtracting the nuclear contribution (pattern at 10 K).
[Right inset (b)] The temperature dependence of the normalized Fe** magnetic moment (calculated from pire(T)/ e,
the pp. being the theoretical value of ca. 5 pp) obtained from the fit of the neutron diffraction pattern and the expected

theoretical dependence for the Brillouin function with S = 5/2 (red line).

The comparison of patterns measured in the paramagnetic (10 K) and the magnetically ordered
(1.8 K) [Figure 6 (b)] regimes for phase I-b revealed the occurrence of several well defined
magnetic peaks. The temperature evolution of the neutron diffraction pattern places the onset of
a magnetic ordering around Ty= 5.5 K. Moreover, the diffuse scattering almost disappears,
showing a significant difference between the phases I-a and I-b. Focusing on the ordered
magnetic structure of phase I-b (phase I-a does not show enough magnetic peaks to propose a
realistic magnetic model), below Ty, the magnetic reflections can be indexed with the
propagation vector k = (0, 0, 0), indicating that the magnetic and nuclear symmetry is the same.
Details of the magnetic structure calculation using Bertaut’s symmetry analysis method *' are

described in supplementary material and in Table S7.

The magnetic model obtained has ferromagnetic layers, extended into the ac-plane, which are
antiferromagnetically coupled along the b-axis with a possible canting that would produce a

global ferromagnetic behavior. According to magnetometry data, the occurrence of any canting
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is discounted. Moreover, Mdossbauer data display six peaks in the patterns below Néel
temperature which are not symmetrical (two magnetic hyperfine splittings are necessary to fit
each spectrum). Therefore, the magnetic structure of phase I-b should have two Fe’" magnetic
sublattices with different magnetization directions relative to the crystallographic axes.
Subsequently, the relative orientation of the magnetic moments of both symmetry-related
magnetic sites present in this phase were refined. The best fitting of the D1B data at 1.8 K gives
for iron Fe(l)3+ sublattice Rip= 176°(5) and for Fe(2)3+ Riema= 140°(10) in good agreement
with the Rietveld refinement of the D2B data at 2 K. The refined magnetic moment for both
Fe’" magnetic sublattices have been constrained to be equal, giving a refined value of 4.64(1)
Li; lower than the expected value of 5 s for Fe’ in high-spin configuration due to the fact that
the spin density is not strictly localized on the iron ions, but is partially delocalized onto the
chloride atoms of the metal complex ion ') (see details in theoretical calculations). In order to
avoid overparameterization and due to the negligible value obtained in the first refinements, the
magnetic moment component along the b axis (¢ angle, in spherical coordinates) was kept equal
to zero, giving rise to a collinear antiferromagnetic behavior which is in good agreement with
the macroscopic magnetic measurements. The final refinements are shown in Figure S12 of
Supplementary Material and the corresponding magnetic structure is shown in Figure 7. The
nuclear and magnetic discrepancy factors are R, = 22.6 % and 12.4 %, Ry, = 15.7 % and
12.1 %, Rprge = 11.9 % and 5.8 % and Ry, = 8.7 % and 6.8 % for DIB and D2B data
respectively. Finally, sequential refinements of D1B between 1.8 and 10 K were performed

3% in order to follow the temperature dependence of the modulus of the

using the FullProf suite
Fe’" magnetic moment, z.. The right inset of Figure 6 (b) displays this evolution with the

theoretical dependence corresponding to a Brillouin function with S = 5/2.53

Figure 7. Magnetic structure of phase I-b at 1.8 K. The Dimim counterions have been omitted for the sake of clarity.
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Neutron polarization analysis. The same thermal history process as that for the previous
non-polarized neutron measurements was used for the xyz-polarization analysis experiment on
the D7 diffractometer. The temperature evolution of the total cross section of phase I-a between
1.5 and 15 K is shown in Figure 8 (up-left). The separated magnetic cross sections displays
three peaks at temperatures below 3 K. The separation worked well and the statistics are good
despite the very large incoherent scattering signal due to the presence of 13 H atoms in the
organic part of DimimFeCl, sample. The successful separation of the magnetic contribution was
confirmed checking that the sample does not have preferred orientation and hence the
component of the magnetization perpendicular to the scattering vector is isotropic. After thermal
stabilization, phase I-b [Figure 8 (up-right)] shows the same number of magnetic reflections, in
the same Q positions, but now these disappear at temperatures lower that 6 K. This result allows
us to propose that both magnetic structures could be similar with stronger magnetic couplings in
phase I-b. The first magnetic reflection located at Q = 0.47 A" at 1.5 K, displays an intensity
almost twice as high in phase I-b as that in phase I-a, which should be related with the

modification of the super-exchange interactions after the nuclear phase transition.

At 1.5 K, the nuclear spin-incoherent cross section of phase I-a increases monotonically for Q <
1.4 A [Figure 8 (centre-left)]. Moreover, the intensity at the lowest Q drops by about 10% as
temperature increases up to 10 K. A similar behaviour is found for the phase I-b but now its
intensity increases less than 5% from 10 to 1.5 K. This issue confirms that the increase of
background at low temperature detected with non-polarized neutron diffraction data (D2B and
D1B) has no magnetic origin (inelastic magnetic background). However, the cooling-heating
process for the two phases causes a significant difference in the diffuse scattering. As far as we
know is the first time that this behaviour is observed in molecular-based material. Our
hypothesis is that this behavior could arise from the hydrogen atoms which are the dominant
contributers to the nuclear spin-incoherence term. The presence of correlations between
neighboring atoms (short-ranged order) is discounted since this would give rise to nuclear
coherent scattering (see Figure S13).% A logical explanation for this temperature dependence is
that there is strong incoherent inelastic scattering. Therefore quasielastic neutron scattering
(QENS) and inelastic neutron scattering (INS) data will be obtained to give us more detail about

this unusual behavior.
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Figure. 8. Separation of nuclear and spin incoherent magnetic (The patterns have been shifted 2 barns sr™! fu.™! for
clarity) from the total neutron scattering cross sections of phase I-a (left) phase I-b (right) measured using

xyz-polarization analysis on D7 at several temperatures between 1.5 and 15 K. The (*) dots show the magnetic peaks.

Density functional theory calculations. The crystal and magnetic structures of phase I-a and I-
b were also investigated by ab initio calculations. Density functional theory (DFT), performed
using the SIESTAPY code, was employed as it offers an efficient and accurate quantum
mechanical method to optimize crystal structures, to calculate the equilibrium energies, to
obtain the charge distributions and to predict van der Waals (vdW) interactions in the DFT
context. It was used with a formalism to deal with vdW interactions, which have been

successfully applied to the study of ILs>*!

We carried out a structural relaxation of phase I-a''" and I-b to refine the atomic coordinates
starting from the experimental coordinates obtained by the D2B Rietveld analysis at 10 K

(Table S.8). The intramolecular geometries (reduced coordinates) and distances between
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[Dimim]" cation and [FeCl,] anion gained by DFT are not too far away from the starting point,
with only an underestimation of 3% relative to the experimental data, within the standard
deviations of the functional approach.”*! We determined the E, of phase I-b, which represents
the energy per atom of the compound under investigation in its ground state i.e. at 0 K and
without external stress, to be 37 meV/84 atoms which is more stable than the phase I-a.
Therefore, we confirm that after the solid-to-solid transition the crystal structure (I-b) is more
stable. We also checked the existence of attractive anion-m interactions™® using the projected
density of states (PDOS) of the imidazolium with the chloride of the metal complex anion (see
Figure S14 of supplementary material). Figure 9 displays how the wave function can connect
Fe(1) and Fe(2) atoms from layer to layer across the 7 orbital of the imidazolium ring. Thus, an
electronic transmitting mechanism can be propagated via anion-m interactions, the anion

residing above the ring centroid, which is characteristic of strong anion-7 interactions.””!

Figure 9 (a). Shorter n—d interaction distances between the metal complex and imidazolium centroid. Relevant
distances and orientations are display in Table 2 which show potential anion—= interactions between on imidazolium
and tetrachlorideferrate ions in phase I-b according IUPAC recommendation. (b): Representation of the wave
function for the state with energy of —2.34 eV below the Fermi energy, where there is orbital overlapping (red and

blue colors represent the positive and negative part, respectively).

We checked the stability of the proposed antiferromagnetic structure of phase I-b with respect
to the other three possible magnetic configurations allowed in this space group. The calculations
display the lowest energy for this configuration, in good agreement with the result obtained by
the neutron experimental data. The sum of the Mulliken populations obtained gives a value of
4.98 1, which is expected for a Fe™ with a high spin of S=5/2.") The quantity of spin

transferred to one chloride atoms is 0.26 w3, the total transfer being 1.04 us, which represents
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about 21 % of the magnetic moment. These numbers are consistent with a direct integration of
the charge density over spheres surrounding atoms, assuming non-overlapping spheres around
Fe and CI of 2.4 Bohr magnetons. Comparing the present result with that obtained for phase I-a,
we determine that the delocalization is similar (total spin density transfer from Fe to Cl = 1.06

1), being also in good agreement with the data reported in other Fe™ materials."**

Magneto-structural correlations. For the magneto-structural discussion, the crystal structure at
10 K (high resolution neutron powder diffraction) will be taken due to the better determination
of atomic positions relevant for the magnetic ordering. A comparison of the most relevant
interatomic distances of phases I-a and I-b is displayed in Table 1 and 2. The data obtained

from synchrotron powder diffraction are shown in Table S9.

On comparing the structural features of both phases, direct Fe---Fe interactions are not present
due to the Fe---Fe distances being between 6.16 and 8.16 A (see Table 2). Therefore, direct
super-exchange anion—anion interactions (Fe—Cl---Cl-Fe) mediate magnetic couplings between
an iron ion and its first shell of neighbouring iron ions. In addition, phase I-b, in agreement with
the DFT calculations should also display indirect super-exchange anion—anion interactions
through anion-z interactions (Fe—Cl---Im---Cl— Fe), where Im represents an imidazolium donor

cation (see Table 1).

Figure 10 displays a comparative view of the possible super-exchange anion—anion interactions
projected on the ac-plane on phases I-a and I-b according to the most appropriate model of the
magnetic structure obtained from neutron diffraction data. The strength of these super-exchange
anion—anion interactions of both phases, (Fe—Cl---Cl-Fe), can be qualitatively compared by
noting that shorter Cl---Cl distances, larger Fe—Cl---Cl angles, and torsion angles near 0 and
180° are correlated with stronger magnetic exchange constants.”” Two intraplane interactions,
J., defined by J; and J,, connect the iron atoms in linear chains in the ac-plane on both phases.
The phase I-a shows Cl---Cl distances of 3.603 and 3.564 A for J; and J,, values which are
smaller than the sum of the vdW radii of two chloride atoms (3.70 A), having remarkable
agreement with other reported magnetic coupling lengths in several metal—organic materials."*"!
For the phase I-b, some of these distances are longer, ranging from 3.601 to 4.064 A. Moreover,
for phase I-a the four chlorine atoms involved in the exchange coupling pathways present two
well-separated ranges of super-exchange angles: (i) Fe—Cl---Cl, with 157.1 and 158.5° and (ii)
Cl---Cl-Fe, with 87.8 to 95.8° and t of 155.2 and 171.3° for J; and J,, respectively. These
parameters are nearly maintained after the phase transition to phase I-b where Fe—Cl---Cl,
which range between 130.3 and 164.4° and Cl---Cl-Fe, varying from 82.8 to 164.4° with t
ranging from 149.8 to 179.3°. According to the magnetic structure obtained, these types of

magnetic coupling should promote ferromagnetic interactions.
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Figure 10. Schematic view of the possible intra and inter-plane magnetic exchange pathways for phase I-a and I-b
via Fe—Cl---Cl-Fe bridge

The J; interaction, J, or interplane super-exchange magnetic coupling, gives rise to zigzag
chains creating a ladder structure that is aligned parallel to the b direction [Figure 10]. This is
the strongest coupling, according to the predominant antiferromagnetic behaviour of both
phases. The Cl---Cl distance, in phase I-a, have a value of 3.770 A. After the solid-transition,
these lengths are slightly modified to vary from 3.435 to 3.770 A for the Fe(1)-Cl---Cl-Fe(1)
(J/3) or for Fe(2)-Cl---CI-Fe(2) (J;” and J;*”) exchange coupling [see right picture of Figure 10
(b)]. The Fe—Cl---Cl and Cl---Cl-Fe angles on phase I-a (J;) show a values of 170.6 and 173.5°
with 1T of 14.35° while in phase I-b, Fe—ClI---Cl ranges from 148.0 to 156.5°, and Cl---Cl-Fe
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varies between 148 to 165.5° with T from 120.5 to 180.0°. The analysis of these parameters
reveals the reason why the strength of these super-exchange anion—anion interactions
(Fe—ClI---Cl-Fe) can be larger within phase I-b. The main factor should be attributed to shorter
ClI---Cl distances which are correlated with stronger magnetic exchange constants. Moreover, it
should be taken into consideration that phase I-b could also have indirect super-exchange
antiferromagnetic interactions through anion-n pathways (Fe—CI---Im---Cl— Fe) between
adjacent planes.

Conclusions

In the present work we have shown how the application of a thermal treatment can induce a
solid-to-solid phase transition in the DimimFeCl, MIL. The solid phase of DimimFeCl,, after a
thermal quenching, (phase I-a) crystallizes in the orthorhombic structure with a three-
dimensional antiferromagnetic ordering below 3 K. After a thermal treatment of phase I-a, a
crystal structure transformation to a monoclinic phase takes place, involving a translational and
reorientational process of the Dimim counterions and [FeCl,]” anions. This feature is connected
with the modification of the super-exchange pathways after the solid-to-solid phase transition
which increases the magnetic long-ranged order temperature, Ty from ca. 3 to 5.4 K. The
magnetic structure formed can be described as antiferromagnetic layers pillared along the b-
axis. Using polarized neutron diffraction we have studied the origin of the increase of the
background detected below 9 K for both phases. The results unambiguously show that this
signal has no magnetic origin and therefore should probably be associated with the hydrogen

atoms.

The cooling rate could be a very important variable for the dynamical process, structural
transformations and magnetic properties of MILs. This observation could pave the way towards
novel stimuli-responsive materials using temperature effects. Similar trends are expected in ILs

in which bulky cations exhibit a strong electrostatic coupling with small anions, such as halides.

ASSOCIATED CONTENT

*Supporting Information

Supporing information contains Experimental details of high-resolution synchrotron X-ray
diffraction, Neutron non-polarization and polarization diffraction experiments, magnetic and
Mossbauer measurements, muon spin relaxation (USR) spectroscopy data, DFT calculations

with computational details. Crystallographic information (CIF data) of phases II, I-a and I-b

20

Page 20 of 27



Page 21 of 27

Physical Chemistry Chemical Physics

and can be obtained free of charge from The Cambridge Crystallographic Data Centre via
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Table 1. Interatomic distances between the imidazolium and the metal complex anion in
the crystal structures of phases I-a and I-b at 10 K obtained from Rietveld refinements
of the high resolution neutron powder diffraction data.

[FeCl] -[Dimim] " (potential n-d interactions)
Phase I-a

length (A) angle (°)

Fe(1)-CI(1):-centroid(1)  3.904(8)  81.5(3)

Fe(1)-CI(3) -centroid(1) ~ 3.907(9)  80.7(3)
Phase I-b

Fe(1)-Cl(2)- - -centroid(1) 3.88(2) 81.6(7)
Fe(1)-CIl(1)---centroid(2)  3.61(2)  89.9(8)
Fe(2)-Cl(2b)---centroid(1)  3.56(2) 88.6(8)
Fe(2)-Cl(2b)---centroid(2)  3.67(2)  93.1(8)
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Table 2. Selected geometrical parameters, bond lengths (A) and angles (deg) obtained
from high-resolution neutron diffraction (experiment at 10 K) related to the possible
magnetic exchange pathways for phase I-a and I-b.

Intra-plane

Magnetic Direct
Bond/A Angle/°  Angle/° Torsion angle
exchange distance Direction
CI-C1 Fe-Cl-Cl CI-Cl-Fe )/
Pathways Fe-Fe/A
Phase J1 6.623 3.603 158.50 95.82 171.32 ac/F
I-a J2 6.162 3.564 157.06 87.75 155.16 ac/F
J1 (Fel-Fel) 6.571 4.064 130.31 88.08 144.75 ac/F
. ac/F
Phase J1 (Fe2-Fe2)  6.566 3.858 150.09 91.15 152.91
b J2 (Fel-Fe2)  6.270 3.601 164.42  85.81 162.43 ac/F
J2" (Fe2-Fel) 6.336 3.914 149.99 82.80 179.30 ac/F
Inter-plane
. Direct
xiﬁ:ﬁg: distance Bond/A  Angle/° Angle/® Torsion Direction
Path ci-Cl Fe-CI-CI Cl-Cl-Fe 2ngle(D)/° /Type
HEVAYS Fe-Fe/A
Phase
La J3 8.164 3.765 170.6 173.5 14.35 b/AF
J3 (Fel-Fel) 8.092 3.767 156.22 164.51 120.45 b/AF
Pili)se J3" (Fe2-Fe2)  7.843 3.435 166.48 165.48 180.00 b/AF
J3°" (Fe2-Fe2) 7.581 3.630 147.97 147.96 180.00 b/AF
TOC
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Thermal Treatment
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Synopsis: We present a solid-to-solid phase transition induced by thermal treatment in a
Magnetic lonic Liquid (MIL) which induces the modification of the magnetic properties
and super-exchange pathways of the two low temperature phases obtained after the
thermal treatment. A combination of several experimental methods: Synchrotron
powder X-ray, Neutron powder diffraction, density functional theory, magnetometry,

Mossbauer and Muon spectroscopy has been used in order to shed light to the different
features observed.



