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ABSTRACT

The temperature evolution of the physical properties of the (quinuclidinium)[FeCl4] compound 
shows an unprecedented series of phase, structural and magnetic transitions. Above 390 K, a 
plastic phase (or also termed as ‘‘rotator phases’’) is observed (phase I). Between 390 K and 
280 K, an intermediate phase solved in a non-centrosymmetric space group has been 
characterized. The crystallographic studies show that the compound crystallizes on the Pbc21 
polar space group (phase II), and therefore the phase transition between I and II involves a 
paraelectric-to-polar phase transition. This result is confirmed through complex dielectric 
permittivity. Moreover, the real part of the dielectric permittivity presents a giant increase 
above 390 K, reaching a maxima of 105 value that is notably larger than any other hybrid 
compound previously reported. Below 280 K a third structural phase transition is observed, 
that involves the doubling of the unit cell and a change of symmetry due to the blocking of the 
counter-ions. The phase III crystallizing in the Pbca centrosymmetric space group. Below 
3.5 K, long-range magnetic order is detected. Neutron diffraction below the order temperature 
suggests a breaking of symmetry and the magnetic structure in phase IV was solved in the 
P21’21’21 Shubnikov space group, giving rises to a ferrimagnetic structure that allows a net 
ferromagnetic signal along the c-axis. 
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1. Introduction

Hybrid organic-inorganic crystals are unique materials that have been attracting increasing 
interest in the last years due to their physical properties and potential applications in different 
fields, as photovoltaic, 1-7lithium batteries,8 photomechanic materials,9 between others. Among 
these applications, the development of high conductivity solid state electrolytes for fuel cells, 
batteries and solar cells is one of the most explored areas,10-11 in comparison with the polymers 
electrolytes that generally show low conductivity.12-13 In that sense, they are comparable with 
the classic ceramic conductors, such as doped lithium titanium phosphate, that allows fast ion 
transport.14-15 However, these materials present the considerable disadvantage of their fragility 
and, in some cases, an important toxicity. In order to overcome this problem, a new type of 
materials has been proposed: the plastic hybrid materials. Although plastic crystals were 
described in the 60’s,16 there is no rule to predict which cation and anion combinations will 
yield plastic crystalline materials and which will form salts that melt before any rotator phase 
is achieved. It deserves to be noted that a plastic crystal has long-range structural order but 
short-range disorder, which is typically due to the occurrence of rotational motions of the 
constituents.17-21 This plastic phase can be seen as a mesophase between the solid and liquid 
phases that is often found in molecules with globular structures. That means, they are 
symmetrical around their center (CH4,CCl4, NH4 pentaerythritol, etc.); or they give a sphere by 
rotation around an axis (cyclohexane, camphor, etc.). 16, 22 The combination of two or more 
units to form hybrid materials can be desirable to enhance the multifunctionality of the system, 
for example doping the plastic crystalline phases with a lithium imide salt to be utilized as solid 
electrolytes for lithium batteries.23-26 An alternative is to combine the physical properties by 
tuning the different constituents: ferroelectricity from the polar molecule and long-range 
magnetic order from magnetic anions. 

A recently discovered plastic/ferroelectric hybrid molecular crystal, (quinuclidinium)[ReO4] 
(quinuclidine = 1-azabicyclo[2.2.2]octane), which presents a plastic crystal phase at high 
temperature, a paraelectric phase and a ferroelectric phase at low temperature, has been 
reported.27 This system exhibits ferroelectricity above room temperature (RT) and undergoes 
a phase transition to a plastic crystal phase at a higher temperature (367 K). The phase transition 
between ferroelectric and plastic phases involves changes of the crystal lattice symmetry, from 
hexagonal and cubic, which allowed an easy modification of the crystal orientation and the 
direction of the polarization axis by the application of an external electric field. Similar results 
were reported for quinuclidinium periodate.28 Recently, two new compounds synthetized with 
1-Azabicyclo[2.2.1]heptanium molecule and periodate or perrhenate were reported with 
similar plastic/ferroelectric phase transiton.29 These studies show that the combination of a 
globular cation with a tetrahedral anion results in the formation of plastic crystals. Moreover, 
these systems present ferroelectricity in a low temperature phase, when at least one of the ions 
possesses an electric dipole, as it is the case of the quinuclidine molecule. 

Motivate for these works, in this paper, we explore the temperature evolution of a new complex 
of formula (quinuclidinium)[FeCl4] (chemical structural formula C7H14NFeCl4). The inclusion 
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of [FeCl4]- anion gives rises to long-range magnetic order at low temperature. Moreover, due 
to the high flexibility of this hybrid compound, a series of structural phase transitions were also 
observed reaching a plastic/paraelectric phase above 390 K. Below the plastic phase, the 
(quinuclidinium)[FeCl4] compound crystallizes in the Pbc21 non-centrosymmetric (polar) 
space group, therefore ferroelectricity is allowed by symmetry. This intermediate polar phase 
is stable between 390 K and 280 K. Below this temperature, the libration of the quinuclidinium 
molecule is decreasing and a second phase transition is observed. This new phase crystallizes 
in the Pbca centrosymmetric space group and it is stable up to the occurrence of the long-range 
magnetic order at ca. 3 K. The magnetic structure was determined at 1.4 K in the P21’21’21 
Shubnikov space group. A scheme of the different phases respect to the temperature is 
presented in Table 1. Single crystal diffraction and powder diffraction using neutrons, 
laboratory X-ray and synchrotron diffraction techniques have been used to characterize the 
different structural and magnetic phases. Macroscopic measurements were also carried out to 
follow the temperature dependence of the real part of the complex dielectric permittivity from 
RT to 430 K. The magnetic susceptibility was also studied from RT to 2 K. Here below all 
these results will be discussed in detail. 

Table 1 Scheme of the different phase transitions of the title compound.

470 → 390 K 390 → 280 K 280 → 3 K 3 → 2 K
I                     

Pm-3m
Plastic phase 

II                
 Pbc21

III 
Pbca

IV 
P21'21'21

a1 a1 a1 a2 b c 2a2 b c 2a2 b c
non-Polar Polar non-Polar

Paramagnetic Ferrimagnetic

2. Experimental procedure 

Synthesis 

Anhydrous FeCl3, quinuclidine hydrochloride, 2-propanol and 1-heptanol were purchased from 
commercial sources and used without any further purification. 

In a glove-box, the quinuclidine hydrochloride (1 g, 6.77 mmol) was mixed with anhydrous 
FeCl3 (1.01 g, 6.77 mmol) in a 8 mL vial. The mixture was heated at 150 oC during 12 h and 
the desired product was obtained as a pale orange powder. 2.0 g (100% yield). Single-crystals 
suitable for X-ray and neutron diffraction were grown by recrystallization of this compound in 
a mixture 2-propanol:1-heptanol (1:1). The solvent was allowed to slowly evaporate for 2 
months. After this period, single-crystals suitable for X-ray and neutron diffraction were 
harvested. Elemental analysis: Found: C, 27.19; H, 4.21; N, 4.88; Fe, 17.93; Cl, 45.79%. Calcd. 
for C7H14NFeCl4: C, 27.13; H, 4.55; N, 4.52; Fe, 18.02; Cl, 45.77%. Characteristic IR bands 
(cm-1): 3204 (C–H), 2945 (C–H), 1461 (C–H sp2), 1397 (C–H sp2), 1036 (N–C), 961 (N–C3), 
833 (N–C3), 613 (N–C2), 411 (N–C2), Characteristic Raman bands (cm-1): 1367 (C–H sp2), 
1168 (C–H sp3), 1120 (C–H sp3), 1082 (N–C), 1020 (N–C), 858 (N–C3), 714 (C–C), 606 (N–
C2), 374 (Fe–Cl), 330 (Fe–Cl), 138 (Fe–Cl), 106 (Fe–Cl) (see Fig. S1).
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Physical Measurements of (quinuclidinium)[FeCl4]

Single-crystal X-ray diffraction

The crystal structure of (quinuclidinium)[FeCl4] was determined by single crystal X-ray 
diffraction at 300 and 100 K. Data were collected using Mo-K radiation (0.71073 Å) in an 
Agilent Technologies Supernova diffractometer. A single crystal of the compound with 
approximate dimensions 0.11 mm  0.19 mm  0.23 mm was employed. The data reduction 
was performed with the CrysAlis PRO program.30 Data were corrected for Lorentz and 
polarization effects. All structures were solved by direct methods using the SIR92 program31 

and refined by full matrix least-squares on F2 including all reflections (SHELXL97).32 At 300 
K, the quinuclidinium molecule is disordered in two position by means of a ca. 30 º rotation 
along the N1···C4 axis. The occupation factor of each part was refined leading to a ratio of 
0.66:0.34. All non-hydrogen atoms were refined anisotropically, except those corresponding 
to disordered entities. H atoms were included at calculated positions and treated as riding atoms 
with isotropic thermal motion related to that of its parent atom. The final structure was refined 
as a two-component merohedral twin, implying that the compound crystallizes in a unit cell 
with a higher point group than that corresponding to the Pbc21 space group. The resolution in 
Pbcm space group yields greater R-factors and a highly organic cation with a tangled disorder 
that precludes to model it unambiguously. All the calculations for these structures were 
performed using the WINGX crystallographic software package.33 The final structural 
parameters and figures of merit of the last refinements are summarized in Table S1 and the 
positional parameters are given the corresponding CIF files. 

Single-crystal neutron diffraction

A suitable “neutron-sized” crystal with approximate dimensions of 2 × 2 × 2 mm3 was mounted 
on a vanadium pin. The sample was placed on a close-circuit displex device on the 
monochromatic four-circle diffractometer D19 at ILL (Grenoble, France). The wavelengths 
used were 0.9455 Å and 1.4557 Å, provided by a flat Cu monochromator using the 331 and the 
220 reflections, respectively, at 2θM = 69.91° take-off angle. The sample was cooled down to 
2 K and 10 K, with a ramp of 1 K/min cooling rate, and warmed up to 250 K and 295 K, with 
2 K/min warming rate. The measurement strategy consisted on several omega (ω) scans with 
steps of 0.07° at different χ and φ positions.34 These omega scans cover either 79° or 64° 
depending on the χ angle, in order to avoid collisions with the sample environment.

The NOMAD software from ILL was used for data collection. Unit cell determination was 
done by using PFIND and DIRAX programs, and processing of the raw data was applied using 
RETREAT and RAFD19 programs.35-37 Absorption correction was applied using D19ABS 
program.38 

The structure was refined by full matrix least-squares on F2 including all reflections 
(SHELXL97).32 For data collected at 250 and 10 K all atoms were refined anisotropically 
including the hydrogen atoms, which were located by Fourier difference. The disorder 
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observed at 300 K on the X-ray measurements was used as starting point to refine the neutron 
data at this temperature. A similar disorder between two positons was included in the final 
model. However, the anisotropic thermal parameters of each quinuclidinium molecule was 
restrained to be equal using an EADP command in shelx. The only one component of this 
disorder was refined anisotropically. The H atoms were included at calculated positions and 
treated as riding atoms with isotropic thermal parameters restrained to be equal using an EADP 
command. All the calculations for these structures were performed using the WINGX 
crystallographic software package.39 Table S2 gathers the crystal data and structure refinement 
parameters at 295, 250 and 10 K. 

Thermal analysis 

A Setaram calorimeter (DSC131) was used for the thermal analyses from 153 to 473 K under 
nitrogen atmosphere at a heating rate of 10 K/min. For this experiment, ca. 10 mg of sample 
were used and blank runs were performed.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR measurements was performed on a Bruker Alpha Series FT-IR spectrometer equipped 
with an attenuated total reflectance (ATR) module. The ATR FT-IR spectra were recorded by 
collecting 24 scans of a compound in the ATR module.

Raman spectroscopy

The non-polarized Raman spectra of the sample was recorded in backscattering geometry with 
a Horiba T64000 triple spectrometer with the same protocol of reference.40

Variable temperature synchrotron X-Ray powder data collection

Synchrotron X-ray powder diffraction (SR-XRPD) measurements were performed at the high 
resolution station of the MSPD beamline (BL04) at ALBA synchrotron.  The sample was 
introduced into a 0.7 mm glass capillary and measured in transmission at an energy of 22 keV 
(0.56376 Å wavelength determined from a Si NIST-640d reference) using the microstrip 
Mythen-II detector (six modules, 1280 channels/module, 50 µm/channel, sample-to-detector 
distance 550 mm). Temperature was controlled using an Oxford Cryosystems Series 700 
Cryostream. Data from 1 to 43º (2θ) were collected during a 10 K/min ramp from 300 to 470 K 
every 30 s. The crystal structures were refined using Rietveld refinement with the FullProf suite 
program.41

Magnetization measurements

DC magnetic susceptibility measurements were performed using a Quantum Design PPMS 
magnetometer whilst heating from 2 to 300 K under different applied magnetic fields from 0.01 
to 1 kOe. Magnetization as a function of field (H) was measured using the same magnetometer 
in the -50 ≤ H/kOe ≤ 50 at 2 K after cooling the sample in zero field.

Neutron powder diffraction 

Neutron powder diffraction measurements were performed on D1B powder diffractometers at 
the Institute Laue-Langevin (ILL, Grenoble, France). Ca. 2 g of (quinuclidine)[FeCl4] were 
used for the experiments, which were placed in a cylindrical vanadium container and held in a 
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liquid helium cryostat. High flux and medium resolution diffractometer D1B, operated at 
λ = 2.525 Å, was used to study the evolution of the sample in the low temperature range. 
Besides, high counting time neutron diffraction patterns were measured at 10 and 1.4 K in the 
angular range 5  2  128º. The collected data allowed us to solve and refine the magnetic 
structure.

Dielectric measurements 

The complex dielectric permittivity (r = ’r - i’’r) of cold-press pelletized samples was 
measured as a function of frequency and temperature building a parallel-plate capacitor 
coupled to a Solartron1260A Impedance/Gain-Phase Analyzer, capable to measure in the 
frequency range from 10 Hz up to 1 MHz using an amplitude of 1 V. The capacitor was 
mounted in a Janis SVT200T cryostat refrigerated, and with a Lakeshore 332 incorporated to 
control the temperature from 295 K up to 420 K. The data were collected on heating and before 
carrying out the measurement, the pellets were maintained at each temperature for two minutes 
to achieve thermal equilibrium. 

Pelletized samples, with an area of approximately 13 mm2 and a thickness of approximately 
1 mm, were prepared by cold-press to fit into the capacitor. Gold was sputtered on the surfaces 
of the pelletized samples to ensure a good electrical contact. 

All the dielectric measurements were carried out in a nitrogen atmosphere, performing several 
purging cycles with nitrogen gas to ensure that the sample chamber is completely free of 
atmospheric moisture.

3. Results and discussion

Crystal structures phase I to III

Along this section, the different structural phases observed on the (quinuclidinium)[FeCl4] 
compound will be described. As defined by convention, the highest temperature solid phase is 
denoted as phase I, with subsequent lower temperature phases denoted as phase II, III and IV 
respectively.

Above 390 K, the phase I is observed in the SR-XRPD data (see Fig. 1). The crystal structure 
can be described in the cubic crystal system, with cell parameters a = b = c = 7.1022(3) Å and 
a volume unit cell of 358.24(4) Å3. The indexing of the synchrotron powder diffraction data 
suggests Pm-3m as a possible space group. The best model corresponds with the organic cations 
placed on the corners of the unit cell, corresponding to the (0, 0, 0) and symmetry related 
positions, and the anions placed on the (0.5, 0.5, 0.5) position. The orientation of both cations 
and anions is highly disordered, which is in agreement with the isotropic character of the 
rotations described on plastic phases.17-24 The free rotation of the quinuclidine molecule results 
in a centrosymmetric crystal structure. This behaviour is similar to the previously reported 
results for other quinuclidine-based compounds,27-29 suggesting that quinuclidine-based hybrid 
complexes are promising to obtain plastic crystals.  
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The plastic phase was modelled using a series of spherical shells centred on the (0, 0, 0) and 
on the (0.5, 0.5, 0.5) positions for the organic cation and for the [FeCl4] unit, respectively. Due 
to the low number of observed reflections the symmetry adapted spherical harmonics was 
restrained to be an ideal sphere (see Fig. 1). 

Fig. 1. (left) Calculated Fourier maps on the plastic phase derived from the refinement of the 
experimental data at 470 K (phase I, plastic phase) using the spherical shell refinement. (right) 
Temperature evolution of the synchrotron powder diffraction of the (quinuclidinium)[FeCl4] 
compound from RT to 470 K. 

The density map around the [FeCl4]- anions shows an almost spherical behaviour. However, 
the density map around the (quinuclidinium)+ cation position presents octahedral shape (see 
Fig. 1). This indicates that the (quinuclidinium)+ environment is not as isotropic as expected in 
a plastic crystal. However, the current data preclude a more sophisticated refinement using high 
order harmonics using the symmetry adapted spherical harmonics refinement to model the 
rotations present in the plastic phase. Nevertheless, this shape in the Fourier map could be due 
to a symmetry artefact, as the centre of mass of the quinuclidinium counter-ion is placed on the 
1a Wyckoff position, which has octahedral (Oh) symmetry.

Below the plastic phase, the crystal structure can be described in the Pbc21 

non-centrosymmetric orthorhombic space group with cell parameters a = 6.71265(5) Å, 
b = 13.26096(10) Å and c = 14.64552(11) Å, obtained from the powder synchrotron X-ray data 
at RT. The nuclear phase transition from I to II is compatible with the signal observed on the 
DSC measurements at ca. 282 K (see Fig. S2 of electronic supplementary information; ESI). 
The asymmetric unit consists of a [FeCl4]- anion and a quinuclidinium molecule to achieve 
electroneutrality. At RT, the organic cations are highly disordered. X-ray single crystal data 
collected at RT show a structure that can be modelled using two independent positions of the 
quinuclidinium molecule. Both molecules are quite close and the soft constrains are needed to 
refine the model. Neutron diffraction data collected in a larger single crystal at the same 
temperature show similar results. The observed Fourier map together with the structural model 
are shown in Fig. 2. The Fourier map suggests a non-negligible libration of the molecules at 
this temperature. 
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Pbca @ 10K Pbca @ 250K Pbc21 @ 295K

Fig. 2. view of the crystal structure along the a-axis at 10, 250 and 295 K. The displacement ellipsoids 
for 10 and 250 K are shown with 50% probability. At 295 K the observed Fourier map has been over-
plotted to the structural model.  For the sake of clarity, only one position of the disordered 
quinuclidinium molecules has been shown. Color codes: yellow, iron; green, chloride; brown, 
carbon; blue, nitrogen; pink, hydrogen.

The three-dimensional assembly can be described as a stacking of organic (quinuclidinium)+ 
and inorganic [FeCl4]– layers along the crystallographic c-axis (see Fig. 2). Each of these layers 
change of orientation following an ABCD stacking sequence (with A/C and B/D corresponding 
to the inorganic and organic layers, respectively). The crystal packing is sustained by an 
intricate network of electrostatic and non-covalent interactions that include hydrogen bonds 
and van der Waals forces. Based on the crystal structure, a net polarization is possible along 
the c-axis. However, due to the libration of the quinuclinide molecule, that is a cage-shape 
molecule with net dipole moment (μ = 3.1 D calculated at the MP2/6-31 + G* level of theory),27 
the polarization signal can be significantly reduced. 

Decreasing the temperature, reflections of the form (h+0.5, k, l) become to be illuminated (see 
detail on Fig. 3), that suggest a doubling of the a-axis with respect to the RT unit cell. Moreover, 
DSC measurements show a broad peak around 265 K. Nuclear structures at 250, 100 and 10 K, 
using both neutron and X-ray diffraction, suggest that the crystal structure can be solved in the 
Pbca centrosymmetric space group, with a doubling of the a-axis. The unit cell parameters 
refined at 10 K, a = 13.0822(3) Å, b = 12.5799(4) Å and c = 14.6292(5) Å, suggest a more 
remarkable thermal contraction within the ab-planes than in the stacking direction along the 
c-axis. 

The crystal structure of phase III is reminiscent of the one of phase II. The organic-inorganic 
layered structure pillared along the crystallographic c-axis is maintained in phase III. 
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Moreover, the libration of the quinuclidinium molecules is diminishing with the decreasing of 
the temperature. The doubling of the a-axis and the change of space group give rise to a 
blocking of the quinuclidinium molecules in two configurations that precludes the occurrence 
of a global polarization. The Rietveld refinements to phase II and III to the SR-XRPD at 300 
and 100 K, respectively, as well as an overlapping of the crystal structure of both phases is 
shown in Fig. 3.  The small peaks appearing in Fig. 3 which are not fitted by the model 
correspond to a non-identified second phase. The increasing of the temperature above RT 
produces the decreasing of this second phase. In the plastic phase, only those reflections 
corresponding with the indexed cubic unit cell are observed, and after decreasing again down 
to RT, the compound recrystallizes in to the RT phase (phase II) without any secondary phase. 
It deserves to be noted that the non-observation of the second phase reflections after the thermal 
treatment (see Fig. S3), suggests that these reflections can be due to a sub-product that 
crystallizes in the most stable phase after the recrystallization from the plastic phase.  

Fig. 3. (left) Rietveld refinement to the SR-XRPD data at 300 and 100 K to phase II and III (RBragg= 
8.35 and 8.10), respectively. Observed and calculated patterns are represented by red points and by 
a solid black line, respectively. Positions of the Bragg reflections are represented by vertical green 
bars. The observed-calculated difference pattern is depicted as a blue line at the bottom of the figure. 
The asterisks mark the reflections which do not fit the structural model of RT. (Right): Unit cell of 
(quinuclidinium)[FeCl4] at 10 K (blue) and 295 K (red). The nitrogen atoms are shown in green and 
the hydrogen atoms have been omitted for the sake of clarity. 

The crystallographic information, as well as the relevant distances at 10, 250 and 295 K, are 
presented in Tables S2 and S3-4, respectively. Fig. 2 shows the crystal structure of the title 
compound at three different temperatures, including the hydrogen atoms, where we have 
highlighted the importance of the molecular agitation using the observed Fourier map in the 
RT and 470 K refined structures.
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Magnetometry measurements

Magnetic properties of the title compound were determined over the temperature range 2-300 K 
at different magnetic fields from 0.01 to 1 kOe in zero field cool (ZFC) and field cool (FC) 
mode. The magnetic susceptibility (m) and the mT versus T data at 1 kOe are plotted in Fig. 4.

m displays perfect paramagnetic behavior above 10 K. The magnetic susceptibility data can 
be fitted to a Curie-Weiss law with paramagnetic Curie temperatures, p, close to -1.4 K and 
an effective paramagnetic moment µeff = 6.06(1) µB per Fe ion; which is slightly higher than 
the expected one for high spin d5 Fe(III) ions (µeff = 5.92 µB per Fe ion) but is in a good 

agreement with those found in other halometallate compounds based on [FeCl4]- ions.42-43 At 

room temperature, the mT value of 4.49 emu K mol-1 Oe-1 agrees well with the expected one 

(4.38 emu K mol-1 Oe-1 for Fe(III) ions with a magnetic spin S = 5/2). This value remains 
almost constant down to 20 K, where it begins to fall due to the magnetic interactions between 

Fe(III) ions. The negative p value together with the reduction of the mT with decreasing 
temperature suggest antiferromagnetic behavior. Moreover, below 4 K, the ZFC-FC molar 
susceptibility measured under 1 kOe displays an inflexion point near 3 K (see inset of Fig. 4, 
left), suggesting the existence of long-range magnetic order. When the magnetic field is 
decreasing, this magnetic signal increases in value and starts to split. This feature is 
characteristic of a ferromagnetic component in its magnetic structure. 

In order to study the response of the magnetization with the applied magnetic field, we have 
measured the M(H) curves within  50 kOe at 2 K (Fig. 4). The M(H) loop displays a saturating 
value of 4.9 µB per Fe ion, which agrees with the expected fully-saturated value of 5 µB per 
atom for Fe(III) ion. In addition, a small hysteresis loop is found (HC = 52 Oe, Mr = 0.05 µB, 
see the inset in Fig. 4, right), as expected from the splitting of the MZFC(T) and MFCW(T) curves 
below to T = 3 K. In overall, we can conclude that (quinuclidinium)[FeCl4] shows an 
antiferromagnetic behavior with the presence of a ferromagnetic component, which is 
characteristic of a ferrimagnetic behavior due to the non-compensation of the magnetic 
moments or an spin-canting.

Page 10 of 18Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

20
 4

:4
3:

35
 A

M
. 

View Article Online
DOI: 10.1039/D0TC02341H

https://doi.org/10.1039/d0tc02341h


Fig. 4. (left) magnetic susceptibility (m) and the mT versus T at 1 kOe. The inset show the ZFC-

FC measurements at different magnetic fields from 0.01 to 1 kOe. (Right): Magnetization 
measurements at 2 K. The inset show and enlargement of the low magnetic field region.

Magnetic structure phase IV

The existence of long range magnetic order was confirmed using neutron powder diffraction. 
Two high-flux neutron patterns were collected at the paramagnetic phase (10 K) and at the 

ordered phase (1.4 K) on the high flux D1B diffractometer, operated with a wavelength of 

 = 2.52 Å. A comparative view of both patterns reveals the presence of a new sharp Bragg 
peak and magnetic contributions on top of some of the structural peaks (see Fig. S3 of ESI). 
This is a direct evidence of the long magnetic order below Tc, in good agreement with the 
results obtained from the magnetometry measurements (see magnetic properties section). 
Due to the weak magnetic signal, the overlap between nuclear reflections and the considerable 
background, the nuclear contribution has been subtracted from the pattern at 1.4 K (by 
subtracting the intensity of the pattern at 10 K). Both diffraction patterns were normalized to 
the same monitor in order to obtain the best difference pattern. The difference pattern isolates 
the magnetic contribution and, therefore, a more accurate refinement of the magnetic structure 
can be undertaken. To complete this study and to have an idea of the possible magneto-
structural correlation, a complete data set using single crystal diffraction was collected on D19 
with a wavelength of 1.4557 Å. Although this wavelength is relatively long, the integration of 
some magnetic low Q-reflections was not possible. Moreover, the base temperature on the D19 
self-dedicate displex is ca. 2 K, which is slightly above the temperature collected on D1B. As 
we will discuss later on, that will play an important role in this compound, with a 3D magnetic 
ordering close to 3 K (see Fig. S4). 

The magnetic reflections observed on the difference pattern can be indexed with the 
k = (0, 0, 0) propagation vector. Symmetry analysis using the Bertaut’s symmetry analysis 
method,44 employing the BCS k-Subgroupsmag utility45 and BasIreps program,46 shows eight 
different irreducible representations (irreps) compatible with the propagation vector and with 
the crystal structure solved at 10 K. Nevertheless, neither of these eight potential maximal 
magnetic space groups fit properly the experimental data. In order to fit the data, different 
subgroups were tried by a simulated annealing procedure. The best model was obtained 
combining two of the previous irreps, m2

+ (Pb'c'a.a,b,c;0,0,0) and m2
- (Pb'ca.-c,-a,b;0,0,0), 

written following the notation of the BCS. The linear combination of these two irreps drives to 
P21'21'21 Shubnikov space group, which is a sub-group of the parent Pbca. The simulated 
annealing refinement with the D1B data and the least square refinement of the obtained model 
on D1B against the D19 data are shown in Fig. 5.

The breaking of symmetry from Pbca parent space group to the P21'21'21 Shubnikov space 
group produces a splitting in the orbits of the magnetic atoms. Along these refinements, the 
modulus of the magnetic moments of both iron sites were forced to be equal. This assumption 
is reasonable as both irons have equivalent environments, even if it could be refined 
independently in the P21'21'21 subgroup. The value of the magnetic moment obtained with the 
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D1B data was 4.81(3) µB, which is not far away from the expected value for a Fe3+ (S = 5/2) . 
However, for the D19 data, where the structural and magnetic structure were refined 
simultaneously, the obtained value was 3.7(2) µB. This difference can be explained by the 
increase of the collecting temperature on the D19 (ca. 2 K), and the fact that we were measuring 
very close to the ordering temperature (3 K) and therefore the magnetic moments are not 
completely saturated. 

Fig. 5. (Left) Experimental (red circles) neutron diffraction data and Simulated Annealing fit (black solid 
line) to the difference pattern between 1.5 and 10 K on D1B. The difference between the experimental 
data and the fit is represented as a solid blue line; the markers (green vertical lines) indicates the position 
of the magnetic Bragg reflections.  (Right) Plot of the observed vs. calculated squared magnetic structure 
factors (resulted from Rietveld refinement) collected at 2 K at the D19 instrument. The experimental data 
are represented as red circles and the ideal case (Fcal

2 = Fobs
2) is represented as a solid black line.

The magnetic structure can be described as non-compensate antiferromagnetic zig-zag chains 
along the c-direction. The antiferromagnetic coupling takes place along Fe-Cl∙∙∙Cl-Fe direction. 
The shortest distance between the two adjacent chloride atoms along the c-direction is 3.84 Å 
and the Fe-Cl∙∙∙Cl-Fe torsion angle is ca. 173○. The shortest Cl∙∙∙Cl distance (ca. 3.72 Å) occurs 
between FeCl4 tetrahedral units along the b-axis, these adjacent tetrahedral units are packed 
with a slightly off sigma-holes between each other. Along this direction, the magnetic moments 
are coupled ferromagnetically. It deserves to be noted that the shortest Fe∙∙∙Fe distance 
(6.3428 Å) is along the b-axis due to the sigma-hole crystal packing. As the Cl∙∙∙Cl distances 
are longer than the standard van der Waals radius, it is not certain that the Cl∙∙∙Cl interaction 
plays a principal role in the long-range magnetic order. Nevertheless, dipolar interaction can 
couple the ferromagnetic chains (which run along the b-axis) antiferromagnetically with the 
adjacent chains (along a- and c-axis). Similar magnetic structures have been reported by other 
tetraferrate compounds.41,47

It deserves to be noted that, although this model is mainly antiferomagnetic by symmetry, a net 
component of the magnetic moment along the c-axis is allowed. This ferromagnetic component 
is produced due to the non-compensation of the magnetic moments in the ab-plane. The small 
tilt of the magnetic moment out of the plane should be in the origin of the weak ferromagnetic 
signal observed on the macroscopic magnetometry measurements. The estimation of the 
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ferromagnetic component based on the magnetometry measurements is about 0.05 µB per Fe3+ 
atom (0.2 µB per unit cell); value that is below the precision of our neutron diffraction studies. 
However, in order to provide a complete magnetic model, this component has been included 
and fixed in the last refinement. As expected no change in the refined statistics was observed. 
A detailed view of the refined magnetic structure has been shown in Fig. 6, were the canting 
contribution has been multiplied by a factor 10 (0.5 µB per Fe3+ atom) for the sake of visual 
clarity. 

Fig. 6. Magnetic structure of (quinuclidinium)[FeCl4] at 1.8 K. Color codes: yellow, iron; green, 
chloride; red, magnetic spin. The organic cations have been omitted for the sake of clarity

Dielectric measurements: 

The dielectric constants of a polycrystalline pellet were measured as a function of the 
temperature at frequencies from 1 to 10 kHz. The real part of the complex dielectric permittivity 
collected on a pressed sample of (quinuclidinium)[FeCl4] shows a continuous increase from 
RT to 370-380 K, with a slight dependence with the frequency (Fig. 7). Above this temperature, 
a sharp phase transition, that is characteristic of ferroelectric/paraelectric phase transitions,27 is 
observed. Unfortunately, this ferroelectric/paraelectric phase transition occurs close to the 
temperature limit of our experimental set-up and the paralectric phase cannot be fitted using a 
Curie-Weiss law. However, this abrupt increase in the dielectric permittivity is compatible with 
the observed signals in the DSC measurements and the transformation from phase II to phase 
I observed on the powder synchrotron X-ray data (see Fig. 1 and S1). The value of the 
permittivity increases drastically with the increase of the temperature, reaching a maxima of 
105 at 420 K (measured at 1 kHz). This value is giant in comparison with similar compounds 
previously reported in the bibliography, which is the main feature of the ferroelectric 
transition.27, 28. 47, 48.
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Fig. 7. Relative permittivity as a function of temperature for different frequencies, in the range 300-
420 K. The measurements were taken applying an amplitude of 1 V to cold-press pelletized samples.

Usually when freezing, the dielectric constant of a substance falls markedly but, with many 
plastic crystals, the dielectric constant continues to rise on lowering the temperature, the curve 
for the plastic state being almost continuous with the curve for the liquid, and falling sharply 
only at the transition point. Two anomalies at 390 and 410 K are observed on all the 
frequencies. In this temperature range both phases, I and II, coexist. Therefore, the dynamic 
balance between both phases is expected. The onset of molecular reorientation and the later 
isotropic reorientation of the polar cations can be at the origin of these anomalies. The 
saturation values of the ε′ are observed for all explored frequencies at temperatures slightly 
above 410 K. However, no sign of decrease of ε′ with the later increase on the temperature has 
been observed up to the maximum temperature of 420 K. This broad signal suggests an intricate 
dynamical behavior in the plastic phase. This behavior could be of interest for electrochemical 
applications.

4. Conclusions

The experimental results have demonstrated the occurrence of four different phases on the 
(quinuclidinium)[FeCl4] compound. The complete phase diagram involves a phase transition 
between paraelectric-to-polar phase at 390 K, from polar phase-to-antiferroelectric around 
280K and from paramagnetic-to-antiferromagnetic at 3.5 K. Above RT, the occurrence of 
paraelectric-to-polar phase transition involves a plastic phase with a giant increase in the real 
part of the dielectric permittivity. The hybrid organic-inorganic compounds combining plastic 
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phases with polar phases at room temperature are particularly desirable, as these could present 
small coercive electric field, allowing switchable polarization with relative low voltages and 
high-frequency performance. Moreover, the occurrence of plastic phases in this kind of systems 
has been correlated to an increase of the ionic conductivity, which could be of interest for 
further applications.

The polar phase is stable between 390 and 280 K. Below this temperature, a second phase 
transition involving the doubling of the unit cell along the a-axis was observed. The 
suppression of the polarization is due to the strict compensation of the electric dipoles because 
of the occurrence of a centrosymmetric space group. A new breaking of symmetry was needed 
to obtain a magnetic model below 3.5 K. The phase IV gives rise to a globally 
antiferromagnetic structure with the antiferromagnetic moments non-compensated along the 
c-axis. This magnetic structure is compatible with the weak-ferromagnetic signal observed in 
the magnetometry measurements. 
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