Near room temperature dielectric transition in the perovskite
formate framework [(CH3)2NH2][Mg(HCOO)3]†
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We report that the hybrid organic–inorganic compound [(CH3)2NH2][Mg(HCOO)3] shows a
marked dielectric transition around Tt

270 K, associated to a structural phase transition from

SG R c (centrosymmetric) to Cc (non-centrosymmetric). This is the highest Tt reported so far
for a perovskite-like formate that is thus a promising candidate to display electric order very
close to room temperature.

The nanoporous metal–organic frameworks (MOFs) have been extensively studied in the past
decade in view of their interesting potential applications, for example, in catalysis and gas
storage.1,2 In addition to nanoporous MOFs, dense hybrid frameworks are receiving increasing
attention as they can display a wide range of interesting functional properties.3,4
Among these, the prospects for MOF systems with electrical order are particularly
appealing.5 In this context, Jain et al.6 have recently reported a series of metal–organic
frameworks of formula [(CH3)2NH2][M(HCOO)3] with M2+ = Zn2+, Mn2+, Co2+, Ni2+ and
Fe2+ that belong to this group. In addition, such compounds (except the Zn2+-one) are examples
of MOFs with multiferroic behavior, as they also exhibit weak ferromagnetism at low
temperatures (TC = 8–36 K).6–8
These compounds present an ABX3 perovskite architecture, in which the metal cations (B =
M2+) linked by formate groups (X = HCOO−) form the BX3 skeleton, and the
dimethylammonium (DMA) cations occupy the cavities (A = [(CH3)2NH2]+). These hybrid
formates experience a dielectric transition in the temperature range of 160–185 K, depending on
the specific M, and DSC detects an associated phase transition that seems to be first order. 6,9 In
the first studies, such transition has been considered of paraelectric–antiferroelectric type in
view of the similarities of the

curve with that of other antiferroelectric materials,10 even

if more recently it has been claimed that it is associated to the appearance of improper
ferroelectricity.5c As for the origin of such transition, it has been basically associated to
order/disorder of the bridging hydrogen bonds that are formed between the formate framework
and the DMA cations.6,11
From a practical point of view, the fact that in these compounds such dielectric transition
takes place at low temperatures imposes important limitations for potential applications.
In this work we present another hybrid that overcomes this drawback: the perovskite formate
framework [(CH3)2NH2][Mg(HCOO)3].
This [(CH3)2NH2][Mg(HCOO)3] formate had been previously obtained by Rossin et
12

al., who described its room-temperature crystal structure together with its H2 and
CO2 absorption properties. However, to the best of our knowledge, its dielectric properties have
not been reported so far.
We have prepared [(CH3)2NH2][Mg(HCOO)3] by a different method to that previously
reported:12 by a solution diffusion technique, which allows the preparation of the pure phase in
an easy, direct and reliable way. For this purpose, a 5 ml methanol solution of 0.5 M HCOOH
and 0.5 M (CH3)2NH was placed at the bottom of a glass tube. To this solution 2 ml

of methanolwere added, followed by layering 8 ml of a methanol solution of 0.10 M MgCl 2.
Colorless cubic shape crystals with dimensions of around 0.12 mm were obtained after thirty
hours.
Elemental chemical analysis and room temperature powder X-ray diffraction (see Fig. S1a
of ESI†) confirmed the composition and the crystal structure of the obtained
[(CH3)2NH2][Mg(HCOO)3] compound (Fig. 1). According to room temperature single crystal
X-ray diffraction data (see ESI†, Tables SI and SII), and in full agreement with the
literature,12 at this temperature this compound shows R c symmetry. In this structure the
metal cation is in a regular octahedral environment, where the Mg–O distance is 2.09 Å. As for
the DMA cations, they are disordered with nitrogen apparently existing in three different
possible positions, as it has also been described for other DMA perovskite-like formates;6 and
the distance between the N atom and the O atoms of the closest formate anion (d

2.93 Å) is

short enough to allow the presence of a bridging H-bond between these two atoms, even if the H
atoms could not be located because of the disorder.

Fig. 1 Conventional perovskite structure
view of [(CH3)2NH2][Mg(HCOO)3] at
room temperature. Dashed pink lines
indicate the presence of possible N H
O bonds.

On the other hand, single crystal X-ray diffraction data collected at 100 K revealed the
presence of additional weaker spots in the precession images generated along the [h0l] direction,
suggesting the formation of a superstructure and the existence of a temperature induced phase
transition. Unfortunately, the low temperature single crystal structural data set could not be
solved due to complex twinning of the crystal.
Most interestingly, powder X-ray diffraction (PXRD) experiments carried out at different
temperatures confirmed that this compound experiences a structural phase transition as a
function of temperature.

As shown in Fig. 2, the PXRD data obtained at different temperatures clearly show that
while at room temperature the only phase present is the one with R c symmetry (phase I), upon
cooling a new phase II starts to develop around 270 K.

Fig. 2 Powder X-ray diffraction
(PXRD)

patterns

obtained

different

temperatures

at

between

room temperature and 100 K.

Both phases coexist in the temperature range 170 < T(K) < 270, the amount of phase II
increasing as temperature decreases, and finally phase II is the only one detected for T ≤ 170 K
(see ESI†, Fig. S2).
From a Le Bail refinement of the PXRD pattern at 100 K (see ESI†, Fig. S1b) we obtained
that phase II shows a monoclinic structure (space group: Cc) with the following cell
parameters: a = 14.0518(8) Å, b = 8.1732(6) Å, c = 8.7629(6) Å and β = 120.252(5)°.
Therefore, and very interestingly, the low temperature phase (phase II) shows the same structure
and

non-centrosymmetric

space

group

found

for

the

Mn-compound,
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[(CH3)2NH2][Mn(HCOO)3], at 100 K, even if the cell parameters of the former are slightly
smaller, as expected from the smaller size of Mg2+ compared to Mn2+.13
From Le Bail refinements of the rest of the data, we obtained the temperature dependence of
the cell parameters of phase I and phase II that is shown in Fig. 3.

Fig. 3 Evolution of the cell
parameters of phases I and II
as a function of temperature.

As expected, the cell parameters of both phases appear to increase with temperature, even if
in phase I the rise seems to be more pronounced above 250 K.
Unfortunately, further structural data could not be obtained from the PXRD data as marked
preferential orientation effects prevented us from obtaining good enough Rietveld refinements
(see additional comments in ESI†).
Differential scanning calorimetric (DSC) experiments made on heating and cooling at
different rates also revealed the existence of a phase transition. The different rates did not affect
significantly the temperature range at which the process takes place, indicating a non-kinetic
behaviour (see ESI†, Fig. S3). A rather acute endothermic transition is seen around 263 K when
heating and an analogous exothermic transition is observed around 258 K on cooling (Fig. 4).
Such thermal behaviour points to a first order transition. The associated changes in enthalpy
ΔH (J mol−1) and entropy ΔS (J mol−1 K−1) were determined from the area under the Cp/T curve
obtained at 10 K min−1 and the peak temperature, Tmax. The results yield a ΔH
mol−1 and a ΔS

1200 J

4.6 J mol−1 K−1.

Fig.

4 DSC results

as

a

function

of

temperature obtained by heating and cooling
the sample [(CH3)2NH2][Mg(HCOO)3] at a
rate of 10 K min−1.

Taking into account that for an order–disorder transition ΔS = R ln(N), where R is the gas
constant and N is the ratio of the number of configurations in the ordered and disordered system,
a value of N

1.7 is calculated for this compound. This means than the transition is more

complex than that described by a simple 3-fold order–disorder model (for which N = 3 would be
expected),6a as it also occurs in the related Mn- and Co-formates,6b,9a and in agreement with the
progressive transformation observed by PXRD.
We have also measured the Raman powder spectra of this compound at 300 K and at 100 K
(see ESI†, Fig. S4). Very interestingly, significant changes in the frequency, splitting and
intensities are observed in certain vibrations ascribed to the DMA cations, while no significant
changes are observed in those attributed to the formate anion. This behavior is similar to that
previously reported for [(CH3)2NH2][Mn(HCOO)3], and ascribed to changes in the degree of
rotation of the DMA cations inside the perovskite cavities.11
In order to find out if the observed phase transition is accompanied by a dielectric transition,
we

have

measured

the

complex

dielectric

permittivity

of

[(CH3)2NH2][Mg(HCOO)3] as a function of temperature and frequency. Fig. 5a and b show the
temperature dependence of the real part of the complex dielectric permittivity (the so-called
dielectric constant,

) and the dielectric losses (tan δ). As it can be seen,

experiences a

wide dielectric transition between 150 and 270 K. For T < 150 K its value is low
frequency independent. Upon heating,

and

displays a progressive but clear increase of almost

one order of magnitude in the temperature interval 150–270 K, showing a strong frequency
dependence, pointing to a dielectric relaxation mechanism. In addition, in this temperature
interval, the loss tangent goes through a maximum that shifts to higher temperatures as the
measuring frequency increases.

Fig. 5 Temperature dependence of (a) the
dielectric constant,

, and (b) the dielectric

losses, tan δ, of [(CH3)2NH2][Mg(HCOO)3]
measured at different frequencies (1–100
kHz).

For T > 270 K,

decreases slightly as the temperature rises and is frequency independent,

as expected for a paraelectric behavior.
On the other hand, and taking into account that the presence of trace amounts of water on the
surface of the crystals, or even on the electrodes, could result in the appearance of artifacts in
the dielectric measurements in the room temperature region14 we have made additional studies
to make sure that the observed signal really comes from the sample.
For this purpose, and to avoid misinterpreting results15,16 we have performed impedance
complex plane (Z″ vs. Z′) analysis of the data obtained at different temperatures. A typical
impedance complex plane plot for this sample in the whole temperature interval 110–350 K is
shown in Fig. 6.

Fig.
plane
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[(CH3)2NH2][Mg(HCOO)3]
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and

its

corresponding fit representative of all
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temperature

(110–350K)

frequency ranges (1 Hz–1 MHz).

and

As it can be seen, it shows a single large arc that can be modeled by an equivalent circuit
containing three elements connected in parallel: a resistance (R), a capacitance (C) that is
frequency independent, and a frequency-dependent distributed element (DE). As this large arc
intercepts zero and the order of magnitude of its capacitance is of pF cm−1, it is associated with
the material bulk response.15 Taking into account that this is the only contribution present, we
concluded that the observed dielectric response is purely intrinsic in the whole temperature
interval. This result confirms that the observed dielectric transition is real and associated to the
material's bulk response.
With all this information in hand, and as in the case of the Mn 2+-compound,11 we attribute
the dielectric transition reported here to the dynamics of the DMA cations inside the cavities.
For T > 270 K the paraelectric behavior would be due to the rotation of the DMA cations, which
can occur because at those temperatures the thermal energy is able to overcome the strength of
the weak hydrogen bonds between the DMA and the Mg2+-formate framework. As temperature
decreases, the rotation of the DMA cations progressively slows down until it finally freezes
completely at low temperature. Taking into account that the shape of the curve is very similar to
that of relaxors,17 we attribute the dielectric relaxation observed to a rather progressive freezing
process, that does not take place simultaneously in the whole sample, as revealed by the
coexistence of phase I and phase II in this temperature interval.
A specially interesting issue is why in this Mg2+-compound such transition takes place at a
considerably higher temperature than in the case of its Mn2+, Fe2+, Co2+, Ni2+ and Zn2+analogues
(where Tt

160–185 K). We attribute this difference to the influence of the M 2+ cations on the

structural and electronic characteristics of the M(HCOO) 3− framework with whom the
DMA cations form H-bonds, which are the underlying cause of the observed behavior. In this
context, the fact that the Mg2+ ion is a harder Lewis acid than Mn2+, Fe2+, Co2+, Ni2+ and Zn2+
18

results in the case of M2+ = Mg2+ in more ionic metal–oxygen bonds and in a more localized

negative charge in the O atoms of the formate anions. As a consequence, the O atoms of the
Mg2+-formate form stronger H-bonds with the DMA cations, which are stable up to higher
temperatures.
In conclusion, we report that the [(CH3)2NH2][Mg(HCOO)3] compound displays a dielectric
transition near room temperature, Tt

270 K, the highest Tt reported so far for a perovskite-like

formate. This dielectric transition is associated to a structural phase transition from SG R
c to Cc, the latter phase displaying the same non-centrosymmetric group, and very likely the
same structure, found for the low temperature phase of the Mn-formate,11 in which the
cooperatively ordering of the DMA cations inside the cavities gives rise to a polar structure.
Therefore [(CH3)2NH2][Mg(HCOO)3] is the first dense MOF compound with perovskite

structure that is a promising candidate to display electric order very close to room temperature.
This finding will surely facilitate new experiments that shed more light on these interesting
phenomena that can occur in dense MOF materials. Furthermore, it will boost the research on
these compounds in order to design new structures which can be useful for technological
applications.
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