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Abstract: An ammonium Mg formate framework, prepared by
using di-protonated 1,3-propanediamine (pnH2

2+), has a rare
three-dimensional binodal (412·63)(49·66)3 Mg-formate frame-
work with elongated cavities accommodating
pnH2

2+···H2O···pnH2
2+ assemblies. It displays a para-electric

to antiferroelectric phase transition at 275 K, with a 36-fold
multiple unit cell from the high-temperature cell of 1703 �3 to
the low-temperature one of 60 980 �3. The change results from
the disorder–order transition of the pnH2

2+ cations and H2O
molecules. The motions of these components freeze in a step-
wise fashion on going from the high-temperature disorder state
to the low-temperature ordered state, triggering the switch from
high to low dielectric constants, and the spatial limitation of
such motions contributes the strong dielectric anisotropy.

Metal–organic frameworks (MOFs) have been exploited
for the abundance of their phase transitions and related
properties, which can be comparable to those of conventional
materials, such as oxides.[1] MOFs are especially promising for
generating dielectric/ferroelectric/antiferroelectric (DE/FE/
AFE) properties. This promise arises because the labile
hydrogen-bonding systems and/or mobile polar components
required for these properties can be incorporated, and the
change in their dynamics and/or status can be tailored, if
suitable building blocks are chosen and properly organized
into MOFs.[2–4] Furthermore, MOF-multiferroics have
emerged through the synergy/coexistence of magnetic and
electric orderings.[5] In this context, ammonium metal formate
frameworks (AMFFs)[6] have been shown to exhibit abundant
and interesting DE/FE/AFE, magnetic and mechanical
properties, structural phase transitions, and possible multi-
ferroics, because they possess the required hydrogen bonding,
magnetic couplings, and disorder–order alterations of ammo-
nium.[7–13] The freezing of the vibration, flipping, twisting, and
rotation of ammonium molecules could result in framework
distortion thus lower lattice symmetries, and/or a multiple
unit cell, that is, the high-temperature (HT) small unit cell is
multiple below the critical or transition temperature (TC) due

to the antipolarization in low-temperature (LT) region. These
are similar to traditional oxides, such as BaTiO3 (showing no
multiple unit cell) and PbZrO3 (showing multiple unit cell).[14]

Up to nine-fold multiple unit cells have been observed in
AMFFs, accompanied by the interesting DE/FE/AFE behav-
iors.[9–12] More complicated disorder–order transitions and
patterns of multiple unit cells will be expected if polyammo-
niums are used, because of the increased number of ordered
states possible for the flexible components.[11a–c,13] We report
herein a Mg AMFF incorporating di-protonated 1,3-propane-
diamine (pnH2

2+) and water, formulated as [(pnH2
2+)2(H2O)]

[Mg(HCOO)3]4 (1). The material has a rare three-dimen-
sional (3D) binodal (412·63)(49·66)3

[15] Mg-formate framework
with elongated cavities, each accommodating one
pnH2

2+···H2O···pnH2
2+ assembly. It showed a phase transition

at the critical temperature (TC) of 275 K, with an unprece-
dented 36-fold multiple unit cell from 1703 �3 of the HT
lattice to 60 980 �3 of the LT lattice, and switchable,
anisotropic dielectric responses.

The hexagonal plate crystals of 1 were prepared by the
reaction of 1,3-propanediamine, formic acid, and Mg-
(ClO4)2·6 H2O in methanol (see Experimental Details and
Figure S1 in Supporting Information). The phase purity was
confirmed by powder X-ray diffraction (Figure S2), and the
material was thermally stable up to 100 8C (Figure S3a). The
differential scanning calorimetry (DSC, Figure S3b) revealed
a reversible phase transition by the exothermic/endothermic
peaks at 273/281 K on cooling/heating, with LT thermal
dispersion.[9–11] The DH and DS were 3.1 kJ mol�1 and
11.2 J mol�1 K�1, respectively, and the ratio of the state
numbers in different phases, N = 3.9, by using DS = R ln(N).
The variable temperature (VT) oscillation images (OSCIs,
Figure 1, Figures S4 and S5) provided further informa-
tion.[10, 11b,c,13a] On LT OSCIs, many weak spots appeared
among the bright spots of the HT reciprocal lattice, indicating
a large multiple unit cell. The relationship between the HT
and LT reciprocal cells led to aLT� 2(aHT�bHT), bLT� 2(aHT +

2bHT), cLT� 3cHT and VLT� 36VHT, and the LT cell is R-
centered. The 36-fold multiple unit cell is amazing because to
our knowledge such a large multiple unit cell has not been
reported for any MOF or AMFF.[2–6] It is much larger than the
8-fold multiple unit cell in the AFE PbZrO3,

[14] and the 9-fold
multiple unit cell in [(CH3)2NH2][FeIIIFeII(HCOO)6].[12]

The structures at 93, 180, 230, 270, 290, and 320 K were
determined (Tables S1 and S2). At 290 K, the crystal belongs
to the space group P�31c, with a = 8.2923, c = 28.5915 �, and
V = 1702.6 �3. It has a binodal 3D Mg-formate framework
with octahedral (412·63) nodes and trigonal prismatic (49·66)
nodes in a ratio of 1:3, connected by anti–anti formate bridges
(Figure 2a,b). The framework thus has a (412·63)(49·66)3 top-

[*] R. Shang, Prof. Z.-M. Wang, Prof. S. Gao
Beijing National Laboratory for Molecular Sciences, State Key
Laboratory of Rare Earth Materials Chemistry and Applications,
College of Chemistry and Molecular Engineering, Peking University
Beijing 100871 (China)
E-mail: zmw@pku.edu.cn

gaosong@pku.edu.cn

[**] This work was supported by the NSFC (Grants 21171010, 21290170,
21290171, and 21321001), the National Basic Research Program of
China (Grant 2013CB933401).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201411005.

.Angewandte
Communications

2534 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 2534 –2537

http://dx.doi.org/10.1002/anie.201411005


ology.[15] It is rare for MOFs and/or AMFFs,[1–6] and one
known example is [tptaH4][Co(HCOO)3]4 (tptaH4

4+ = H3N-
(CH2)3NH2(CH2)3NH2(CH2)3NH3).[6, 11a] The framework has

long cavities, each accommodating one pnH2
2+···H2O···pnH2

2+

assembly that is similar to tptaH4
4+ in length and hydrogen

bonding. Both pnH2
2+ and the water molecule are disordered

in six symmetry-related sites, revealing their rotation or twist
motions around the long axis of the cavity, parallel to the
c axis. The Mg–O distances are 2.063–2.096 �, the Mg···Mg
distances 5.957 to 5.991 � through formato bridge, and N/
O···O distances 2.88–3.30 � through hydrogen bonds.

Below TC, the LT lattice becomes R�3c, and has an unit cell
approximately 36-times the volume of the HT cell (Fig-
ure 2c,d), with a = 28.5247, c = 86.5390 �, and V = 60980 �3

at 270 K. The aLT is parallel to a*HT, and the cLT parallel to cHT.
The relationship between LT and HT cells is as previously
revealed by the study on VT OSCIs. The even-fold multiple
unit cell and the alternation in space group indicate a para-
electric (PE) to AFE phase transition.[12, 14] The temperature
evolutions of the cell parameters and the observations
percentage in diffraction intensities (Figure S6a) under the
LT lattice setting show abrupt changes around 270 K,
evidencing the phase transition. This structural phase tran-
sition is caused by the disorder–order alternation of
pnH2

2+···H2O···pnH2
2+ parts and the related framework reg-

ulation, much more complicated than those in the other
AMFFs.[6b,8–13] The slightly distorted LT framework includes
three unique, neighboring cavities, labeled A, B, and C
(Figure 2e). At 93 K, in A and B the pnH2

2+–water parts are
ordered. In A the unique pnH2

2+ (labeled a) is extended, but
in B one (labeled b1) is extended, the other (labeled b2)
partially gauche. In C both pnH2

2+ and water have two major
orientations (occupancies 0.46, one pnH2

2+ extended and the
other partially gauche) and one minor (occupancy of 0.08,
pnH2

2+ partially extended), indicating the disorder of the part
in C, probably static, at 93 K. On warming, the major
orientations showed decreased occupancies so the minor
orientations increased (Figure S6b). Above 200 K, the middle
CH2–CH2–CH2 of b2 and one NH3 end of b1 in B started to
flip, and on further warming, the flipping motion of the
middle CH2–CH2–CH2 of a in A started (Figure 2 f). The
occupancies decrease for the major orientations of pnH2

2+

(and water in C) on warming implies the gradually enhance-
ment of the flipping motions, which finally leads to the phase
transition, and the three cavities become equivalent (Fig-
ure 2b). The stepwise freezing of the flipping motions of
pnH2

2+ and water is unique,[6b, 11] indicating a complicated
disorder–order transition for the ammonium and water
arising from the flexible character of the
pnH2

2+···H2O···pnH2
2+ assembly. It also contributes to the

LT thermal dispersion of DSC peaks.[9–11] Counting the site-
numbers of the particles of the pnH2

2+···H2O···pnH2
2+ assem-

blies in three cavities, 36 at 290 K and 18 at 93 K, the N value
is 2, significantly smaller than 3.9 by DSC. This should be due
to the possibility that there are more possible conformations
of pnH2

2+ in HT phase than the extended one modeled by the
structural analysis. In the lattice, the flipping motions of
pnH2

2+ and water and the enhancement, limited in the ab
plane, leads to an expansion (+ 0.3%) in the a direction but
a contraction (�0.2 %) in the c direction, indicating the
ammonium/water–framework coupled thermal expansion
behavior.[4, 11] The molecular and hydrogen-bonding geome-

Figure 2. The structures of 1. a) The topological view of the Mg-
formate framework at 290 K, spheres: Mg atoms, sticks: the anti–anti
HCOO bridges, one cavity is highlighted in red. b) The side view of
one cavity with the pnH2

2+···H2O···pnH2
2+ assembly, at 290 K. Topolog-

ical views of the framework at c) 93 K and d) 290 K, viewed along the
c-axis, with the unit cells in red boxes. The three neighboring cavities
A,B,C at e) 93 K and f) 270 K, showing the stepwise nature the order–
disorder transition of the pnH2

2+···H2O···pnH2
2+ part. Color scheme:

green for (412·63) Mg nodes; violet blue for (49·66) Mg nodes; red for O
of HCOO, cyan for O of H2O; gray/dark gray for C; purple for N; white
for H.

Figure 1. The OSCIs at 290 and 100 K for a crystal of 1, showing
a many-fold multiple unit cell. The parts inside the boxes were used in
Figure S5, to show the relationship between the LT and HT reciprocal
lattices, see text for details.
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tries for LT structures show more diversity (Table S2), owing
to the structural distortion at LT.

The temperature-dependent complex dielectric permit-
tivities (e’ and e’’) were investigated for the crystals (Figure 3).
At 1 MHz, the e’ values at 315 K are 37.0, 27.6,and 8.2 for aHT,
aLT and c directions, respectively. When cooling to around
275 K, the e’ traces slightly rise for aHT and aLT, but for c it goes
down slightly. Then they drop quickly, with the steep falls
around 270 K. The e’ values after the steep falls are 11.6 at
267 K (aHT), 8.5 at 264 K (aLT), and 6.4 at 270 K (c). Below
250 K they decrease slowly, to 6.2 at 112 K (aHT), 4.9 at
110 K (aLT), and 5.3 at 113 K (c). The e’’ vs T traces first
exhibit peaks around 270 K, then quickly fall, and below
260 K broad peaks are observed for aHT and aLT, but not for c.
The e’’ responses decrease further to small and featureless
values below 200 K. For lower frequencies, the e’/e’’ vs T
traces show the same features (data are not given).

The material features high e’ values at HT but low e’
values at LT, switched by the PE–AFE phase transition at
TC = 275 K, and strong anisotropy in the dielectric responses,
which are high in the ab plane but low in the c direction. At
HT, the pnH2

2+ cations and H2O molecules rotate or twist
between the preferred sites in the cavity. Such motions induce
dipoles or polarizations and their fluctuations, thus contribute
the high e’ but low e’’ values.[14, 16] The strong dielectric
anisotropy is due to the fact that the motions of pnH2

2+ and
H2O are around the c axis or mainly limited in the ab
plane.[3a,b] On cooling, the contraction of the lattice and the
increased hydrogen-bonding interactions will slow or damp
such motions, therefore the e’’ increases.[9, 11] After the phase
transition, the rotation motions of pnH2

2+ and H2O freeze, but
the pnH2

2+ cations and some H2O molecules still flip. Since
these flipping motions incorporate a lower number of polar
NH3 ends of pnH2

2+ and H2O molecules and have different
dynamics compared to the rotation or twist motions involving
all the NH3 groups and H2O molecules in the HT phase, the
dielectric responses thus significantly drop. On further cool-
ing, such flipping motions gradual freeze, in a stepwise
manner, leading to a further slow e’ decrease and broad low e’’
peaks.

In conclusion, the use of pnH2
2+ directed a rare 3D

binodal (412·63)(49·66)3 Mg-formate framework with long
cavities for accommodating pnH2

2+···H2O···pnH2
2+ assem-

blies. The material underwent a para-electric–antiferroelec-

tric phase transition at 275 K, and showed a surprising 36-fold
multiple unit cell, from a small high-temperature-phase cell of
approximately 1700 �3 to a large low-temperature-phase cell
of approximately 61000 �3. The phase transition was trig-
gered by the disorder–order transition of
pnH2

2+···H2O···pnH2
2+ parts, from the sixfold disordered

state of pnH2
2+ and H2O in the high-temperature phase to

the stepwise freezing of their motion in low-temperature
phase. The switchable dielectric behaviors from the high-
temperature high e’ value state to the low-temperature low e’
value one, and the significant dielectric anisotropy were
rationalized by the variable temperature structural study. This
work reveals the abundance of phase transitions and relevant
dielectric/ferroelectric/antiferroelectric properties of AMFFs.
Further studies will include 1) various flexible polyammoni-
ums could be introduced and a wide spectrum of dielectric/
ferroelectric/antiferroelectric properties, phase transitions,
and ammonium disorder–order alternation patterns will be
expected; 2) magnetic metal ions could be incorporated thus
new AMFF-based multiferroics could be created. These
researches will certainly enhance our understanding of the
multitude of properties and the subtle synergy of the
coexisting properties in MOFs.
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