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ABSTRACT: A family of three-dimensional chiral metal�
formate frameworks of [NH4][M(HCOO)3 ] (M =Mn, Fe,
Co, Ni, and Zn) displays paraelectric to ferroelectric phase
transitions between 191 and 254 K, triggered by disorder�
order transitions of NH4

+ cations and their displacement
within the framework channels, combined with spin-canted
antiferromagnetic ordering within 8�30 K for the magnetic
members, providing a new class of metal�organic frame-
works showing the coexistence of magnetic and electric
orderings.

In their article, “There is plenty of room in the middle”,
Cheetham and Rao1 claimed many opportunities and poten-

tials for use of metal�organic frameworks (MOFs, the “middle”)
beyond purely organic or inorganic systems because of their
organic�inorganic hybrid character. Indeed, this continues to
be realized by rapidly developing research on MOFs.1,2 Having
shown a very wide spectrum of functionalities, properties, and
possible applications, MOFs are promising for magnetism and
ferro/antiferroelectrics because, within MOFs, (i) magnetic
metal ions and their coupling can be introduced and tailored3 and
(ii) H-bonding systems and/or polar components required for
ferro/antiferroelectrics in molecule-based materials,4 such as
those in traditional KDP and TGS,5 and recently organic ones,6

are easily achieved and controlled if suitable components or
building blocks are chosen and properly organized in these
hybridmaterials. Furthermore, if these two aspects are combined,
multiferroicMOFs can be created,7 though examples are still very
rare. Multiferroics have attracted considerable attention in recent
years due to their fundamental scientific interest and their
potential applications in new devices based on themutual control
of magnetic and electric fields.8 However, molecule-based multi-
ferroic materials are still in want of exploration. In this context,
we and some others have started to explore metal�formate
frameworks.9�15 TheseMOFs seem to be suitable candidates for
multiferroics because both requirements mentioned above can
be satisfied in such systems. Kobayashi et al. found interesting
dielectric properties—even ferroelectricity—in the porous mag-
netic framework of [Mn3(HCOO)6] with water, methanol, and
ethanol as polar guests.10 Cheetham et al.11 reported a class of
multiferroic MOFs, [(CH3)2NH2][M(HCOO)3 ] (M =Mn, Fe,
Co, Ni, and Zn), in which the magnetic members show magnetic
ordering at 8�36 K, as first reported by us,12 and antiferroelectric

ordering at 160�185 K. A possible magnetoelectric effect has
recently been suggested for the metal�formate pervoskite
[C(NH2)3][Cu(HCOO)3].

13 Very recently, we have observed
that the chiral metal�formate framework [NH4][Zn(HCOO)3]
shows ferroelectric property below 191 K, originating from the
ordering of the hydrogen-bonding system.14 It is noteworthy that
the magnetic analogues15 of [NH4][M(HCOO)3] are possible
multiferroics. In this Communication, we report the study of
this family for M = Mn (1Mn), Fe (2Fe), Co (3Co), Ni (4Ni),
and [NH4][Zn(HCOO)3] (5Zn). They show weak ferromag-
netism (for the magnetic members, Mn to Ni) and ferroelec-
tricity at low temperatures, characterized by single-crystal X-ray
diffraction, magnetic investigation, dielectric anomaly, electric
hysteresis loop, and differential scanning calorimetry (DSC).
Ammonium compounds such as ammonium sulfate, ammo-
nium fluoberyllate, and some ammonium alums are long-
known ferroelectrics,5 and new ones8d,16 have lately attracted
attention again.

The compounds of the [NH4][M(HCOO)3] series can be
prepared by reaction of ammonium formate, formic acid, and
suitable divalent metal salts in methanol (see the Supporting
Information (SI)) as described previously.14,15 Except for 4Ni,
slow diffusion methods afforded big hexagonal plate or bipyr-
amidal crystals (Figure S1) for dielectric measurements. The
bulk phase purity was confirmed by powder X-ray diffraction
(Figure S2).

The magnetic properties of 1Mn, 3Co, and 4Ni were re-
investigated (see SI), and the occurrence of weak ferromagnet-
ism within the three materials was confirmed (Figure 1). Long-
range ordering of spin-canted antiferromagnetism occurred at
8.0, 9.8, and 29.3 K for 1Mn, 3Co, and 4Ni, respectively, in line
with the previous study.15a The investigation15b on 2Fe revealed
that it is a weak ferromagnet with TC = 9.4 K. Hidden spin-canting
is likely for these materials because of their observed small,
spontaneous magnetization values compared to other metal�
formate series9,13b and the tripling of lattice due to the paraelec-
tric�ferroelectric phase transition (see below), which results in
multiple sublattices for hidden spin-canting.17,12a

The five materials were subjected preliminary DSC measure-
ments (Figure 2, under heating). Endothermic peaks on DSC
traces were observed at 254 (1Mn), 212 (2Fe), 191 (3Co), 199
(4Ni), and 192 K (5Zn), corresponding to the phase transition,
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and these define the phase transition temperatures. The ΔH
values were estimated to be ∼0.2�0.4 kJ mol�1. 1Mn and 2Fe
seem to have broader peaks than 3Co, 4Ni, and 5Zn, and these
different thermal dispersion behaviors might be related to their
dielectric properties.

Except for 4Ni, for which a large crystal is still unavailable,
dielectric permittivity and polarization properties have been
investigated on single crystals of 1Mn, 2Fe, 3Co, and 5Zn14

along the c and a axes (Figure 3 and Figures S3�S5). Tempera-
ture-dependent traces of the real components ε0 of dielectric
permittivities under an applied electric field E//c with a fre-
quency of 10 kHz (Figure 3) for the four materials show high
dielectric anomaly peaks, and at the peak positions the ε0 values
are several to tens times larger than those in higher or lower
temperature regions. In more detail, the peak temperatures/ε0
values at 10 kHz are 246 K/78 (1Mn), 170 K/330 (2Fe), 193 K/
879 (3Co), and 191 K/606 (5Zn), while at room temperature/
around 20 K the ε0 values are 46/8.6 (1Mn), 92/10 (2Fe),
81/5.7 (3Co), and 63/17 (5Zn), respectively. For 3Co and 5Zn
the peak temperatures are close to those observed in DSC,
while for 1Mn and 2Fe the difference is significant, i.e., 246 vs
254 K and 170 vs 212 K for 1Mn and 2Fe, respectively. The ε0
data of 3Co at 10 kHz above 230 K fit the Curie�Weiss law
well (Figure S3), and the fitting afforded a Curie constant of
8.26 � 103 K, comparable to those of ferroelectrics undergoing
disorder�order transitions of H-bonding systems, such as KDP,
TGS, and RS,5,6b and a Weiss temperature of 187 K, slightly

lower than the peak temperature of 191 K. For 5Zn, the Curie
constant is 5.39 � 103 K and the Weiss temperature is 181 K
(Figure S3).14 Both 3Co and 5Zn show quite sharp and narrow
peaks. In contrast, 1Mn and 2Fe display wide peaks—especially
2Fe has a quite expanded peak spanning from 50 to 220 K with a
shoulder around 120 K—and the high-temperature ε0 data
deviate from the Curie�Weiss law (Figure S3). 1Mn shows an
additional small, flat peak around 135 K. In fact, 3Co also has a
shoulder around 140 K, although it is not very significant at 10
kHz. The ε0 vs T traces at 1, 10, 100, and 1000 kHz are shown in
Figure S4. The main peak positions display slight frequency
dependence, while the shoulders of 2Fe and 3Co and the small,
flat peak of 1Mn become more significant and move to lower
temperatures at lower frequencies. The heights of the main peaks
become lower at increased frequencies. These results indicate the
relaxor-like characteristics18,19 of the materials. Relaxor ferroe-
lectricity has been documented in some H-bonding systems.19

While the above dielectric studies revealed that 1Mn, 2Fe,
and 3Co are ferroelectrics, like 5Zn,14 the electric hysteresis
loops (Figure 3, inset), with the applied electric field E//c axis,
clearly occurred below the phase transition temperatures, and
spontaneous polarizations increased with decreasing tempera-
tures (data not given here). At the lowest temperatures used,
the observed saturation spontaneous polarizations (PS), the
remnant polarizations (PR), and the coercive fields (EC) were
0.97 μC cm�2, 0.72 μC cm�2, and 5.1 kV cm�1 for 1Mn; 2.2
μC cm�2, 1.1 μC cm�2, and 13.5 kV cm�1 for 2Fe; 1.6 μC cm�2,
0.6 μC cm�2, and 3.0 kV cm�1 for 3Co; and 1.03 μC cm�2, 0.68
μC cm�2, and 2.8 kV cm�1 for 5Zn. The observation of larger PS
values for 2Fe and 3Co than expected (0.94 and 1.03 μC cm�2,
respectively, see later) merits further investigation, but electric
hysteresis is clear for both materials. These data are typical for
H-bonding ferroelectrics.5,6 Figure S5 shows the ε0 vs T and P vs
E measurements with E//a axis for 1Mn, 2Fe, 3Co, and 5Zn.
The dielectric constants of the four compounds along the a axis
are obviously weaker than those along the c axis, and there are no
dielectric anomaly peaks in the temperature range investigated.
Below the phase transition temperatures, only weak responses
and no hysteresis loops were observed in the P vs E traces (Figure
S5, inset). These results reveal the high anisotropy of the
polarization within the materials, and the preferred polarization
direction is the c direction.

The structures of 1Mn, 2Fe, and 3Co at both 290 and 110 K
were determined or re-determined, and the previously reported

Figure 2. Low-temperature DSC traces for 1Mn, 2Fe, 3Co, 4Ni, and
5Zn in heating mode.

Figure 3. Temperature-dependent traces of the real part of the di-
electric permittivities, ε0, for 1Mn, 2Fe, 3Co, and 5Zn, with E//c at 10
kHz. Inset: electric hysteresis loops for the four materials at tempera-
tures below and above the transition points, with E//c.

Figure 1. Zero-field-cooled (open symbols) and field-cooled (filled
symbols) magnetization plots of the 1Mn, 2Fe, 3Co, and 4Ni under 5 or
10 Oe fields. Inset: temperature dependence of the magnetic suscept-
ibility of 2Fe under 100 Oe field.
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structures of 4Ni15a (293 K) and 5Zn14 (290 and 110 K) are
incorporated (Figure 4, Tables S1�S4). The compounds are
isostructural at both low and high temperatures (here after LT
and HT), despite the still unavailable LT structure of 4Ni, and
undergo the same structural changes during the phase transition
as described previously for 5Zn.14 Briefly, the structural changes
are as follows: First, the triplet of the unit cell occurs, in which
cLT is slightly longer than cHT, aLT = (a� b)HT, and VLT = 3VHT

(Figure 4a). Therefore, the unique channel at (0,0,z) in the HT
structure becomes three unique channels at (0,0,z), (2/3,

1/3,z),
and (1/3,

2/3,z) in the LT phase, each accommodating one array
of ordered NH4

+ cations. Second, the space group alternates
from P6322 (HT) to the polar P63 (LT) (Table S1), indicating
the broken symmetry for the occurrence of ferroelectricity.
Third, the disordered NH4

+ of the trigonal antiprism changes
to ordered tetrahedral NH4

+, with the change from six appa-
rent but four real N�H 3 3 3O H-bonds to three real strong
N�H 3 3 3O H-bonds, each for one basal N�H, and a trifurcate
acceptor-type N�H 3 3 3O3 H-bond for the apical N�H group,
with the N�H directing along the c axis (Table S3). Finally and
most importantly, in the unit cell of the LT structures (Figure 4a),
the NH4

+ cations in channels at (0,0,z), (2/3,
1/3,z), and (

1/3,
2/3,z)

shift dN1, dN2, and dN3, with the d values in the range of
0.359(7)�0.482(4) Å (Table S3), along the c direction, with
respect to the anionic framework, compared to the zero d in HT
structures (Figure 4b). These shifts or displacements in LT
phases directly result in the polarization or the ferroelectricity of
the materials. In fact, as the six dipoles were produced in the three
channels (two per channel) within the unit cell, four in the same
direction (�c) and two opposite (+c), the dipoles could not be
compensated (Figure 4a), and polarization occurred. The PS
values thus could be estimated to be 0.94�1.03μCcm�2 (Table S3)

for 1Mn, 2Fe, 3Co, and 5Zn from the d data in the available
LT structures (at 110 K). The high anisotropy of the polarization
(along the c direction) can also be easily elucidated by this
mechanism.

Along the series, the members show a systematic decrease
in lattice dimensions and interatomic distances of M�O and
M 3 3 3Mfrom 1Mn to 4Ni, with 5Zn close to 3Co (Tables S1�S3),
in good agreementwith the change in ionic radii of the divalentmetal
ions, indicating the shrinkage of the metal�formate frameworks, as
observed in other series.9,13b The framework space volume for
accommodating one NH4

+ cation, calculated by PLATON,20 is
28.8�32.2 Å3 at room temperature, but 20.1�21.1 Å3 (averaged) at
110K. Considering that the vdWvolume21 ofNH4

+ is 24.3 Å3, these
data suggest that the metal�formate framework shrinkage upon
cooling results in the shift ofNH4

+ cationswith respect to the anionic
framework, as well as the double potential wells for NH4

+ cation in
the channel. At 290/293 K, N atoms of NH4

+ in all structures have
quite elongated thermal ellipsoids with their long axes along the c
direction, but at 110 K, all N atoms show normal thermal ellipsoids
(Table S4). This clearly revealed that, within the channel, the
potential well for NH4

+ movement changes from a quite flat single
well at HT to a double well at LT. The movement or disorder of
NH4

+ cations should contribute to the relaxor-like behavior or
relaxation.18,19 Another interesting and important observation is that
the phase transition temperature decreases for smaller metal ions
within the series. While the framework shrinks along the a and b
directions, it expands along the c axis upon cooling. If we consider the
disorder�order transition of NH4

+ cations in the channel as a 1D
liquid�solid transition with the confinement of the framework, the
expanding c axis indicates volume expansion during the liquid�solid
transition, analogous to the water�ice transition. Therefore, when
the radius of the metal ion decreases, the framework becomes
smaller, which means higher (internal) pressure for the 1D
liquid�solid transition, together with lower freezing temperatures,
as observed for the well-known water�ice transition under pressure.
Many ferroelectrics, such as BaTiO3 and KDP, show pressure-
induceddecreases in their critical temperatures.5The [(CH3)2NH2]-
[M(HCOO)3] series also shows a similar dependence of the phase
transition temperature on the metal ion.11 We have observed that
the mixed-metal series of [NH4][Mn1�xZnx(HCOO)3] showed a
systematic decrease of the phase transition temperature with the
increasing Zn component,22 and these results will be reported in
the future.

In conclusion, this work demonstrates that magnetic and
electric orderings coexist in the magnetic members of the family
of [NH4][M(HCOO)3], and this could be expected for a new
class of MOF-based multiferroics. These materials display a
paraelectric-to-ferroelectric phase transition between 191 and
254 K, triggered by a disorder�order transition of NH4

+ cations
and their displacement within the confined spaces of me-
tal�formate frameworks. They are highly anisotropic, with the
c axis as the polarization axis. The transition temperatures
depend upon the metal ions, being lower for smaller ones. The
magnetic members within the series show weak ferromagnetism
in the low-temperature region. Further research could focus on,
for example, (a) variable-temperature X-ray or neutron diffrac-
tion and thermodynamic studies to reveal the characteristics
and details of the phase transition procedure; (b) investigation
of the Ni member when a large crystal becomes available, the
mixed-metal systems, and the dielectric relaxation of the Mn and
Fe members and its origin; and (c) possible magnetoelectric
effects. This research is in progress.

Figure 4. (a) Structure of 1Mn as a representative, viewed along the c
direction. The anionic framework is topologically presented, in which
violet-blue spheres are Mn2+ and sticks HCOO�. Green and red boxes
are unit cells at 290 and 110K, respectively. Large spheres are N atoms of
NH4

+, cyan in the channels at (0,0,z), shifting positively along the c
direction (forward), and white in channels at (2/3,

1/3,z) and (
1/3,

2/3,z),
shifting negatively along the c direction (backward). (b) Side view of
the channel at (0,0,z). Large, light gray spheres are N atoms of NH4

+

(at HT) showing zero shift with respect to the anionic framework, and large,
black spheres are N atoms of NH4

+ (at LT) showing the shift in d with
respect to the anionic framework along the +c direction (toward right).
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