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Coexistence of magnetic and electrical order in the new
perovskite-like (C3N,H5)[Mn(HCOO)s] formatet

B. Pato-Doldan,® L. C. Gomez-Aguirre,? J. M. Bermudez-Garcia,® M. Sanchez-AndJjar,?
A. Fondado,? J. Mira,” S. Castro-Garcia® and M. A. Senaris-Rodriguez*?

In this work we further the structural characterization of the recently discovered (C3N,Hs)[Mn(HCOO)s]
metal-organic framework with perovskite-like structure, and we present its magnetic and dielectric
properties up to 350 K. At low temperature, the C3N,Hs™ imidazolium cations, that sit oblique within
the cavities of the [Mn(HCOO)s]~ framework structure, show a cooperative order resulting in an
antiparallel arrangement of their electrical dipole moments. Very interestingly, it is only above 220 K
that thermal energy seems to be able to break this antiferroelectric order, resulting in a linear increase
of its dielectric constant with temperature. In addition, this Mn(i) compound is antiferromagnetic below
Tn = 9 K, with a slightly non-collinear arrangement of its magnetic moments, yielding to a weak
ferromagnetism. Therefore, this is a new multiferroic material which exhibits coexistence of magnetic

www.rsc.org/advances and electric ordering.

Introduction

Recently, progress in metal-organic framework (MOF) research
has opened up new possibilities to achieve hybrid materials
with a rich variety of functional and even multifunctional
properties.* Among them, formate-based MOFs with magnetic,*
dielectric* and multiferroic properties*® have been recently
reported and are particularly interesting.

From the structural point of view, all metal formate frame-
works of formula [AmineH,,[M(HCOO);],, (where M are divalent
cations and AmineH,," are different protonated amines) consist
of six-connected nodes of octahedral [MOg] units, linked by
bridging HCOO™ anions, with the AmineH,,” cations located in
the resulting cavities.”> Depending on the size of the amine
cations, different framework topologies have been reported. For
example, in the presence of the smallest cations (such as
ammonium) the metal cation connects to its six neighboring
metal ions in an arrangement of a trigonal prism leading
a (4°-6° topology.® Meanwhile mid-sized alkylammonium
cations, such as methylammonium, ethylammonium, dime-
thylammonium and cyclotrimethyleneammonium
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(or azetidinium cation), lead to a perovskite-like structure,
where the metal cation has its six neighbours arranged in an
octahedron, resulting in a (4'*-6°) topology.”® Larger linear
protonated di-, tri-, and tetra-amines (such as N,N-dimethyle-
thylenediamine) lead to the formation of novel bi-nodal metal
formate frameworks with (4"*-6%)(4°-6°),_, topologies.®

Some of these compounds display very interesting functional
properties. For example, it has been reported that several
dimethylammonium metal formates with perovskite-like
structure and formula [(CH;),NH,][M(HCOO);] (M = Mn*',
Fe*, Co**, Ni**, Zn®*" and Mg”"), are switchable dielectrics
which undergo transitions between high and low dielectric
states, related to the appearance of electrical order, in the
temperature range of 160-185 K in the case of the first five
M>* >%1 or even at 270 K (almost room temperature) in the case
of Mg>* compound. Even more, such compounds (except the
Zn**- and Mg”"-ones) are examples of MOFs with multiferroic
behaviour,* as they also exhibit weak ferromagnetism at low
temperatures (Tc = 8-36 K)."?

Other formates with perovskite architecture and containing
different alkylammonium cations, such as the azetidinium
cation in [(CH,);NH,][Cu(HCOO);],** or the guanidinium cation
in [C(NH,)3][Cu(HCOO);] (ref. 14) are also attracting attention
in view of giant dielectric anomalies” and magnetoelectric
multiferroicity,'* respectively.

Very recently, a new perovskite like manganese formate,
containing the five-membered ring imidazolium cation, has
been reported.” From the structural point of view, it has been
described that this (C;N,H;5)[Mn(HCOO);] compound displays
an order-disorder transition at around 435 K from an ordered
monoclinic phase to a tetragonal one. In this latter, both the
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framework and the guest imidazolium cation are disordered.
Meanwhile, the room temperature structure is ordered and
consists of two crystallographically independent HIm" cations
and two crystallographically independent Mn** ions.

The aim of this work is to deepen in the structural charac-
teristics of the low-temperature phase of this new perovskite-
type compound (C3;N,H;)[Mn(HCOO);], that can be different
from those shown at room temperature, and to study its
magnetic and dielectric properties.

Our choice and interest in this material relies on two factors:
(i) the fact that it is a very promising candidate to present
interesting dielectric properties, (ii) the possibility of finding
cooperative magnetism, as the preservation of the 3D
[Mn(HCOO);] perovskite framework favors long range magnetic
interactions among the divalent manganese cations. With these
two ingredients this compound is a very good candidate to be a
new multiferroic material with coexistence of magnetic and
electrical order.

Experimental section
Materials

MnCl,-4H,0 (99.9%, Fluka), imidazole (99.5%, Aldrich), abso-
lute methanol (Panreac) and formic acid (98%, Fluka) were
commercially available and used as purchased without further
purification.

Synthesis

The synthetic route used here is an adaptation of the previously
reported method for the preparation of the [G][Mn(HCOO);]
compounds,” where the synthesis of the metal formate frame-
works is templated by alkylammonium cations, and accom-
plished through a mild solution chemistry method at ambient
temperature, by employing suitable metal salts and amines
neutralized by formic acid. It differs from the one just described
for the preparation of the (C3N,H;)[Mn(HCOO);] compound™ in
the starting materials and solvent used, and it allows to obtain
the desired compound as a single phase material.

In a typical experiment 2.5 ml of a methanol solution of
0.5 M formic acid HCOOH and 0.5 M imidazole C;N,H, were
placed at the bottom of a glass tube. Upon the HCOOH-C;N,H,
solution, 1 ml of methanol was carefully added, followed by
carefully layering 4 ml of a methanol solution of 0.10 M
MnCl,-4H,0. The tube was sealed and kept undisturbed. Tiny
uncolored square-shaped crystals appeared after two days. They
were collected, washed with ethanol and dried at room
temperature. They were found to be stable in air.

Crystallographic structure determination

Single-crystal data sets were collected at 295 K and 100 K in a
Bruker-Nonius x8 ApexII X-ray diffractometer equipped with a
CCD detector and using monochromatic MoKa, radiation (A =
0.71073 A). A suitable crystal of the sample was chosen and
mounted on a glass fiber using instant glue. For the 100 K set,
the crystal temperature was maintained using a cold stream of
nitrogen from a Kyroflex cryostream cooler. The data
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integration and reduction was performed using the
Apex2 V.1.0-27 (BrukerNonius, 2005) suite software. The inten-
sity collected was corrected for Lorentz and polarization effects
and for absorption by semiempirical methods on the basis of
symmetry-equivalent data using SADABS (2004) of the suite
software. The structures were solved by the direct method using
the SHELXS-97 (ref. 16) program and were refined by least
squares method on SHELXL-97 (ref. 17).

To solve the structure at 295 K and 100 K, anisotropic
thermal factors were employed for the non-H atoms. The
hydrogen atoms of the formate and imidazolium ions were
found in the Fourier map and their coordinates and isotropic
thermal factors were refined.

In addition, the compound was studied by X-ray powder
diffraction (XRPD) at room temperature in a Siemens D-5000
diffractometer using CuKo. radiation (A = 1.5418 A). The XRPD
pattern was analyzed by the Le Bail profile analysis using the
GSAS software.®

Thermal studies

Differential Scanning Calorimetric (DSC) analyses were carried
out in a TA Instruments MDSC Q-2000 with a liquid nitrogen
cooling system, by cooling and heating the sample at different
rates (2-10° min~") from 300 K up to 100 K under nitrogen
atmosphere.

Raman spectroscopy

Powder Raman spectra were recorded at different temperatures
within the temperature range [350-100] K (namely at 350 K,
300 K, 220 K, 180 K, 120 K and 100 K) using a Renishaw inVia
Raman microscope equipped with a CCD camera. Spectra were
recorded over the wavenumber range of 50-3200 cm™ " using the
linearly polarized 784 nm line of diode laser (with power of
150 mW), focused to a 65 pm spot through a 50x microscope
objective onto the sample surface. A microcryostat from Linkam
scientific instruments was used for the low temperature studies.

Dielectric properties

The complex dielectric permittivity (e, = ¢; — ief) of the cold-
press pelletized sample was measured as a function of
frequency and temperature with a parallel-plate capacitor
coupled to a Solartron1260A Impedance/Gain-Phase Analyzer,
capable to measure in the frequency range from 10 uHz up to
32 MHz using an amplitude of 2 V. The capacitor was mounted
in a Janis SVT200T cryostat refrigerated with liquid nitrogen,
and with a Lakeshore 332 incorporated to control the
temperature from 78 K up to 400 K. The data were collected on
heating.

Pelletized samples made out of cold-press non-oriented
single crystal with an area of approximately 530 mm® and a
thickness of approximately 1.3 mm were prepared to fit into the
capacitor, and gold was sputtered on their surfaces to ensure a
good electrical contact with the electrodes.

All the dielectric measurements were carried out in a
nitrogen atmosphere where several cycles of vacuum and
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nitrogen gas were performed to ensure that the sample envi-
ronment is free of water.

The impedance analysis software SMART (Solartron
Analytical) was used for data acquisition and processing.
Impedance complex plane plots were analyzed using the LEVM
program, a particular program for complex nonlinear least
squares fitting.*

Polarization (P) vs. electric field (E) measurements were
carried out using a home-built setup based on a Sawyer-Tower
circuit where the hysteresis loops were recorded using a
Keithley 6517B electrometer.

Magnetic properties

The magnetic properties were studied in a Quantum Design
MPMS SQUID magnetometer on a collection of small single
crystals randomly oriented in the magnetic field. Zero-field-
cooled (ZFC) and field-cooled (FC) magnetic susceptibility data
were obtained under different magnetic fields (50 Oe, 100 Oe
and 1000 Oe) in the temperature range [5-300] K. Hysteresis
loops in ZFC conditions were obtained at 5 K varying the
magnetic field up to £50 kOe. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms
(using the Pascal's tables)*® and an experimental correction for
the sample holder was applied.

Results and discussion
Crystallographic structure

Single-crystal X-ray studies carried out at 295% and at 100 K*
reveal that, at both temperatures, (C;N,Hs)[Mn(HCOO);] shows
a distorted perovskite-like structure (see Fig. 1) with monoclinic
symmetry (space-group P2,/n, Z = 8), and very similar cell
parameters (@yosx = 12.3034(4) A, byosk = 12.4408(4) A, Crosk =
12.8156(4) A and G5k = 91.190(2)° vs. @yo0x = 12.1962(3) A,
broox = 12.3675(3) A, cioox = 12.8155(4) A and Bioox =
91.428(1)°). The former are in good agreement with those
recently reported for this compound.*™

As already indicated there,” the asymmetric unit of the
structure contains two independent manganese cations, six
HCOO™ formate groups bonded to the metal cations, and two
C3;N,H;" imidazolium cations. As a result, the two crystallo-
graphically different Mn cations are connected to its six nearest
neighbors metal ions through six formate bridges in a distorted
octahedral environment with six different Mn-O distances, that

1 (CCDC 959633): Monoclinic, a = 12.1962(3) A, b = 12.3675(3) A, ¢ = 12.8155(3) A,
a = 90.00°, 8 = 91.4280(10)°, v = 90.00°, V = 1932.44(8) A%, T = 100(2) K, space
group P21/n, Z = 8, 20812 reflections measured, 4863 independent reflections
(Rinc = 0.0344). The final R, values were 0.0341 (I > 2¢(I)). The final wR(F)
values were 0.0873 (I > 204(I)). The final R, values were 0.0450 (all data). The
final wR(F*) values were 0.0936 (all data). The goodness of fit on F* was 1.081.

§ (CCDC 959632): Monoclinic, a = 12.3034(4) A, b = 12.4408(4) A, ¢ = 12.8156(4) A,
a = 90.00°, 8 = 91.190(2)°, v = 90.00°, V = 1961.19(11) A%, T = 296(2) K, space
group P21/n, Z = 8, 20976 reflections measured, 4899 independent reflections
(Rinc = 0.0376). The final R, values were 0.0381 (I > 20(I)). The final wR(F)
values were 0.1042 (I > 204(I)). The final R, values were 0.0668 (all data). The
final wR(F®) values were 0.1251 (all data). The goodness of fit on F> was 0.905.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Crystal structure of the (C3N,Hs)[Mn(HCOO)s] compound: (a) general
view showing the cooperative ordering of the imidazolium cations; (b) detail
showing the H-bonds, as dashed green lines, between the N-H---O atoms.

change very little with temperature, as it is also the case for the
whole [Mn(HCOO;)|™ framework (see Table SI of ESI¥).

We have quantified the magnitude of these [MnOg] octahe-
dral distortions by taking into account the six Mn-O bond
lengths and the three trans O-Mn-O bond angles.”* Thus we
were able to calculate the out-of-center distortion (44) values of
0.09 and 0.1, for the [Mn(1)O¢] and [Mn(2)Os] octahedra
respectively, indicating a weak octahedral distortion.*® As for
their direction, the Mn(1) cation is slightly shifted towards one
of the edges of the octahedra while the Mn(2) cation is displaced
towards one of the faces of the octahedra. It is worth noting
that, in the resulting centrosymmetric crystal structure, their
associated small dipole moments compensate each other and
do not give rise at a net polarization.

It should also be indicated that these manganese cations
show the expected formal valence of ~2, as estimated by the
bond-valence sum (BVS) method (see Table SI of ESIt).

In this low-temperature phase, the eight imidazolium
cations of the monoclinic unit cell (that occupy two distin-
guishable crystallographically positions, and form H-bonds to
the framework, as already described in ref. 15, and represented
in Fig. 1b), are cooperatively ordered inside the pseudo-cubo
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octahedral cavities (see Fig. 1a); and their molecular plane lies
nearly parallel to, alternatively, the (111) and the (—111) planes
of the conventional perovskite-like cell (see Fig. 1b), resulting in
an antiparallel arrangement of their associated electrical dipole
moments.

In addition, and very interestingly, the data obtained at room
temperature and at 100 K reveal small but meaningful
differences concerning the imidazolium cations and their
interaction with the framework as a function of temperature. In
this context and as it can be seen in Table SI and Fig. S1 of ESI, T
there are significant changes in the intra-imidazolium cation-
bond lengths and particularly in the distance between the N
atoms of the imidazolium cation and the O atoms of the closest
formate anions, that are shorter at low temperature. In any case,
at both temperatures these distances (dn-o) ~ 2.75-2.84 10&) are
short enough to allow the presence of two bridging H-bond
between such two N-O atoms, even if they will be stronger at low
temperatures. Additionally, at room temperature the thermal
displacements of all the C, N and H atoms of the imidazolium
cations are significantly larger than those at low temperature
(see Fig. S1 of ESIT). This behaviour may be explained in terms
of the presence of already a certain degree of dynamical motion
of the entire imidazolium cation at room temperature, (as also
found in the Raman studies and dielectric measurements, see
below), process that can be thermally activated, and that is
relatively common in other compounds containing weakly
bound imidazolium cations.*”?* Nevertheless these cations
would remain essentially ordered and linked to the framework
and their complete disorder will only be achieved above room
temperature, namely at 7> 435 K.**

It is worth noting that the Le Bail refinement of the XRPD
data obtained at room temperature confirms that the
Mn-compound is single-phased, showing good agreement
between the experimental data and the proposed model for the
fitting (see Fig. S2 of ESIY).

Thermal properties

We have carried out low temperature DSC measurements on
this compound paying specially attention to temperatures
around 200 K, where an anomaly was detected in the dielectric
measurements (see below). Nevertheless, and as it can be seen
in Fig. S3 of ESIf the DSC curve does not show any peak or
anomaly in the whole temperature studied range.

Raman studies

To obtain more information about possible dynamic processes
involving the imidazolium cations in the low-temperature
phase, we have recorded Raman spectra at different
temperatures (Fig. 2 and Fig. S4 of ESIt), as vibrational spec-
troscopies are known to be very useful tools to study such
cases.”'?

The suggested complete assignment of the observed
frequencies, made on the basis of the literature data concerning
a formate perovskite’ and different imidazolium
compounds,*?* can be seen in Table SII of ESIL.}
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Fig. 2 Detail of the Raman spectra of the (C3N;Hs)[Mn(HCOO)3] compound in
the low-wavenumber region and recorded at different temperatures in the
interval [100-350] K.

Very interestingly, changes as a function of temperature are
observed in the frequency, splitting and intensities of certain
peaks ascribed to vibrations of the imidazolium cations, while
no significant changes are observed in those peaks attributed to
the formate anions. And as it also occurs in the case of the
imidazolium halogenoantimonates (m) and bismuthates
(mr),*** the most important changes in the Raman spectra of
this (C3N,H5)[Mn(HCOO);] compound are seen to occur in the
wavenumber region 1000-1250 cm ™" (see Fig. 2) in the region of
deformation vibrations of the imidazolium cations: deforma-
tions of the nitrogen-hydrogen bonds 6(N-H), of the carbon-
hydrogen bonds 6(C-H) and also of the whole ring 6(R). As
shown in Fig. 2, close to room temperature the deformation of
the modes 6(N-H), 6(ring) and 6(C-H) are observed as broad
bands while at low temperature they appear as sharp lines.

This finding suggests again a certain change in the degree of
freedom of the imidazolium cations inside the perovskite cavity
as a function of temperature and reinforce the single crystal
X-ray diffraction results. Therefore the imidazolium cations
would be completely frozen out and constraint for 7' < 220 K;
meanwhile for 220 K < T < 300 K they would have a certain
degree of freedom inside the cavities even if they would remain
essentially ordered and linked to the framework at difference
with the situation found in other compounds where a complete
disorder of this cation is already achieved at room temperature
and below.*>*

Dielectric properties

Fig. 3 shows the temperature dependence of the real part of the
complex dielectric permittivity (the so-called dielectric
constant, ¢) and of the dielectric losses (tan ) of (C3N,Hs)
[Mn(HCOO);] in the temperature interval [100-350] K. As it can
be seen, at temperatures below 200 K the dielectric constant
shows a low value, ¢; = 5, and it is temperature independent.
Nevertheless, around 200 K, the ¢; vs. T curve displays a kink,
while the loss tangent goes through a maximum. The position
of this kink is shifted slightly to higher temperatures as

This journal is © The Royal Society of Chemistry 2013
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Fig.3 Temperature dependence of the dielectric constant, ¢/, (solid squares) and
the dielectric losses, tan 6, (open circles) of (C3N,Hs)[Mn(HCOO)s] measured atv =
100 kHz.

frequency increases. Then, for 7> 200 K the value of ¢; increases
almost linearly with temperature.

Taking into account that the presence of extrinsic factors
such electronic and/or ionic conductivity could result in the
appearance of artifacts in the dielectric measurements, we have
made additional studies to make sure that the observed signal
really comes from the sample.

For this purpose, and to avoid misinterpreting results*>*” we
have performed impedance complex plane (Z” vs. Z') analysis of
the data obtained at different temperatures. A typical imped-
ance complex plane plot for this sample in the whole temper-
ature interval [100-350] K is shown in Fig. 4. This plot shows a
single large arc that can be modeled by an equivalent circuit
containing two elements connected in parallel: a resistance (R),
and a capacitance (C). As this arc intercepts zero and the order
of magnitude of its capacitance is of pF cm ™', it is associated
with the material's bulk response.”® Taking into account that
this is the only contribution present, we conclude that the
observed dielectric response is purely intrinsic in the whole
temperature interval studied. This result confirms that the
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Fig. 4 Example of the typical impedance complex plane plot of (C3N,Hs)
[Mn(HCOO)s] observed in the whole temperature and frequency range studied.
The open circles represent the experimental data and the solid line represents the
fit to the proposed equivalent circuit.
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observed dielectric transition is real and associated to the
material's bulk response.

The intrinsic dielectric response of this compound from
350 K downwards is thus different from that previously reported
for other perovskite-like formates with dimethylammonium
cations (DMA) inside the cavity>'® and for other compounds
such as [HIm],[KFe(CN)e] with imidazolium cations inside the
perovskite cage,* where the dielectric constant shows a sharp
jump at a certain transition temperature below room tempera-
ture. In this context it is worth noting that such dielectric
transitions have been related to order-disorder process of the
guest cations.’ For example, we have reported that the
[(CH3),NH,|[Mn(HCOO);] compound displays a paraelectric
behaviour for 7> 190 K due to the rotation of the DMA cations
inside the cavities and that the dielectric transition observed at
T =~ 190 K is caused by the freezing of such a molecular rotation
upon cooling, with the formation of permanent H-bonds,
resulting in a cooperative ordering of the DMA cations. These
mechanisms of order-disorder phase transition have been
subsequently invoked to explain the dielectric response
observed in other MOFs® and cage compounds such as
[HIm],[KFe(CN)s]** where the rotation of such cations also
experiences a freezing upon cooling around 158 K.

In the case of the here shown (C;N,H;)[Mn(HCOO);]
compound, we also attribute the dielectric anomaly (the kink
observed in the ¢; (T) curves) to the dynamical deformation and/
or motion of the imidazolium cations.>® Nevertheless, as this
cation is more strongly linked to the framework through two
linear H-bonds from low to room temperature, as shown by
single crystal X-ray diffraction, we suggest that the increase of &,
is probably related to the sporadically broken up of the anti-
parallel arrangement of the electrical dipoles of the imidazo-
lium cations. Such vibrational mode would be only active for
T > 200 K, as supported by the results of the Raman studies and
also by the large thermal displacement found for the whole
imidazolium cations at room temperature (see Fig. S1 of ESIT).

T T T T T T T

T=170K

01} o
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o
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=
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I 010E
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Fig. 5 Polarization (P) versus electric field (E) for the (C3N,Hs)[Mn(HCOO)s]
compound, measured at 50 Hz and 170 K. Inset: detail of the obtained curve in
the low electric field region.
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Also, we suggest that a second sharper dielectric anomaly is
expected to appear around 435 K, associated to the complete
disorder of the imidazolium cation, even if experimental
restrictions of our experimental equipment does not allow us to
measure at higher temperatures.

Finally, for a more complete dielectric characterization of the
low-temperature phase of (C3N,Hs)[Mn(HCOO);] and taking
into account that it consists of an antiferroelectric crystal
structure composed of two sublattices (with two crystallo-
graphically different imidazolium cations) spontaneously
polarized in antiparallel directions, we have carried out polari-
zation versus electric field measurements trying to confirm its
electrically ordered nature. As it can be seen in Fig. 5, a linear
relationship between P and E is observed, indicating a para-
electric response, instead of the double hysteresis loop expected
for an antiferroelectric material. To understand this result it is
worth remembering that the polarity of this compound is
attributable to the local dipole moment associated to the imi-
dazolium cations. Therefore for this material to exhibit anti-
ferroelectric behaviour, the polarization should be “switchable”
and “reversible” in the presence of an external electrical field.
The reversal of the macroscopic polarization requires substan-
tial rearrangements of the imidazolium cations, as well as
H-bond breaking. Therefore, this process requires probably
larger energy than provided by the here applied external
field to occur.

Magnetic properties

The main results of the magnetic studies carried out on this
compound are shown in Fig. 6 and 7 (magnetic susceptibility
data) and Fig. 8 (hysteresis loop). At low temperatures, the
magnetization is seen to be both field and history dependent.
For example, when measured under high magnetic fields
(H = 1000 Oe, Fig. 6), both the FC and ZFC x,,(7) curves slightly
diverge while showing a peak at T ~ 9 K, which reminds the
typical signature for an antiferromagnetic transition at the Néel
temperature.

Meanwhile, the ZFC and FC y,(T) curves measured under
low magnetic fields (50 Oe, 100 Oe) diverge below T ~ 9 K, and
FC curve increase upon further cooling (see Fig. 7).
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Fig. 6 ZFC-FC molar magnetic susceptibility of (C3NoHs)[Mn(HCOO)3] measured
under a high applied magnetic field H = 1000 Oe.
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Fig. 7 ZFC-FC molar magnetic susceptibility of (C3N,Hs)[Mn(HCOO)s] measured
under low applied magnetic fields: (a) H = 100 Oe and (b) H = 50 Oe.

The observed field dependence of the magnetization for this
compound suggests the presence of weak ferromagnetism or
canted antiferromagnetism, probably due to the presence of a
non-centrosymmetric HCOO™ ligand between two magnetic
ions, which allows the occurrence of Dzyaloshinsky-Moriya
(DM) interactions or antisymmetric exchanges, and thus
spin canting.?

15} .
F
r T=5K o
10 s i
—_—— L )
© osf e ;
E o'
300 -
E =
O 05} | e ]
S | 4 3 o
/./ E’raotl
= -0t 4 o 1
i o iy
151 ° .

H (kOe)

Fig. 8 ZFC magnetization versus applied field measured at T = 5 K for the
(C3N3H5)[Mn(HCOO)3] compound. Inset: detail of the obtained curve in the low
magnetic field region.
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Linear fitting of the x,,, ' vs. T data above 20 K affords very
good agreement to a Curie-Weiss behaviour (see Fig. S5 of ESIT)
from which a value of C = 4.59 cm® Kmol %, a peg = 5.54 up and
a § = —14 K are calculated, where the symbol C, u.¢ and 6 have
their usual meanings. The obtained values are very close to
those expected for a Mn** cation with § = 5/2 and g = 2.00
(ucar, = 5.92 up). Also, the observed negative Weiss constant
corresponds to the antiferromagnetic exchange interactions
between the nearest-neighbour metal ions as also found in
other systems where the Mn*'-ions are connected through
formate bridges in an anti-anti coordination mode."**

Furthermore, taking into account that, in this context, the
three-dimensional nature of this compound could be simplified
to a simple cubic cell, we have adjusted the obtained suscepti-
bility data to the model of Rushbrooke and Wood* for simple
cubic Heisenberg antiferromagnetic systems:

 35Nug’g? ~

where x = J/kT, C; = 35, C, = 221.67, C3 = 608.22, C, =
26 049.66, C5 = 210 986, C¢ = 8 014 980 and the rest of the
symbols N, ug, k, g and J have their usual meanings. As it can be
seen in Fig. S6 of ESI,7 the fitting is very good and yields a J value
of —0.206(3) cm ™" and g = 2.036(4). These values are consistent
with those reported for Mn>" ions bridged by anti-anti HCOO~
ligands.*?*3°

In Fig. 8 we represent the isothermal magnetization of this
compound as a function of a magnetic field, M(H), measured at
5 K. For high magnetic fields, the M(H) data display an almost
linear behaviour. Nevertheless, in the inset of the Fig. 8, we can
see that the compound shows a small hysteresis loop, with very
low coercive field and remanent magnetization (H, = 5 Oe and
M, = 2.5 10" % emu mol ™).

Taking into account that for weak ferromagnetism arising
from spin canting, the canting angle « is related to My and Mg
through sin(a) = My/Ms, it can be estimated for this compound
a canting angle of 0.097°. The obtained values are very close to
those previously reported for related [AmineH][Mn(HCOO;)]
compounds.*

Therefore this compound, that presents a 3D long range
canted antiferromagnetic arrangement below Ty = 9 K which
coexist with the just described antiferroelectric order, is a new
example of a perovskite-based hybrid inorganic-organic with
multiferroic properties.

Conclusions

In this work we deepen in the structure and properties of the
(C3N,H;5)[Mn(HCOO);] compound, a Mn-formate framework
that, despite the big size of the five-membered ring imidazolium
guest located inside its cavities, displays a perovskite-like
structure with 4'-6° topology. In particular, we focus in its low-
temperature phase, that shows a monoclinic structure, and we
study its dielectric and magnetic properties.

In this low-temperature phase (S.G. P2,/n) the imidazolium
cations, that sit oblique within the cavities of the framework
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structure, are cooperatively ordered inside the pseudo-cubo
octahedral cavities and the Mn®" cations show out-of-center
octahedral distortions. Nevertheless in the resulting centro-
symmetric crystal structure, the associated electric dipole
moments present an antiparallel arrangement and cancel each
other so that this compound with an antiferroelectric crystal
structure displays a zero net polarization.

In addition, comparison of the structural, Raman and
dielectric data corresponding to this low-temperature phase
and obtained at different temperatures, reveals the presence of
a certain degree of dynamical motion of the entire imidazolium
cations for temperatures above ~220 K.

This seems to be the origin of the anomaly already detected
in the ¢(7T) measurements at T = 220 K, as above that
temperature thermal energy seems to be able to sporadically
break the antiferroelectric ordering associated to the imidazo-
lium cations, resulting in a linear increase of its dielectric
constant with temperature.

In addition, this compound shows canted antiferromag-
netism below Ty = 9 K with a slightly non-collinear arrange-
ment of the magnetic moments which yields to weak
ferromagnetism.

Therefore, (C3N,H;)[Mn(HCOO);] is an example of a new
multiferroic material that exhibits coexistence of magnetic and
electric ordering.
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