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physical properties, which arise from dif-
ferent physical channels and can be easily 
tuned in a controlled manner in terms 
of different trigger mechanisms, could 
give extra freedom and flexibility for the 
design of switcher devices. Obviously, 
this idea is much beneficial to meet the 
requirement of the rapid development in 
device technology, but challenging to be 
implemented.[7]

The spin crossover (SCO) materials 
that flip between the high spin (HS) and 
low spin (LS) state when subjected to 
a physical or chemical stimulus is one 
of the most known bistable systems.[8,9] 
Referring to the literature, there also exist 
two types of bistability in analogy with 

SCO. One is switchable dielectric constant between the high-
dielectric and low-dielectric state, revealed recently in several 
molecular materials. For example, Jain et al. discovered switch-
able dielectric constant as a function of temperature in metal 
formates with perovskite structure.[10,11] Further studies indi-
cate the dipolar reorientation makes a major contribution to 
the transition between different dielectric states.[12,13] This con-
clusion then suggests the metal-organic frameworks (MOFs) 
with mobile guest molecules around the rigid cavities to be a 
promising candidate for switchable dielectric materials,[14,15] 
in which the guests can be viewed as electric dipole moments. 
Importantly, the molecular-based nature of MOF materials 
not only makes it easy to regulate the structure and dielectric 
behavior, but also can engraft other physical properties into the 
systems, which has been rarely reported.

The other bistable system is magnetization reversal, which is 
defined as a crossover of dc magnetization from a positive value 
to a negative value as a function of temperature.[16] The mag-
netization reversal has technological applications in the area 
of magnetic storage devices, in which two allowed states (posi-
tive and negative) of magnetization are needed, but has not yet 
been paid enough consolidated attention in the literature.[17] 
More importantly, the negative magnetization under posi-
tive applied field provides potential magnetic field to drive the 
switching of magnetization. To date, most existing switchable 
materials are thermo switches, wherein the temperature serves 
as the driving force to flip the two states. In other words, one 
has to heat or cool the sample across the critical temperature 
(TC) to propel the system back toward its original state.[17] In 
fact, the responsive materials triggered by other stimuli, such 

Multiple switchable physical properties have been demonstrated in one 
single niccolite structural metal–organic framework, [(CH3CH2)2NH2]
[FeIIIFeII(HCOO)6] (1), including (i) a reversible ferroelastic phase transition 
triggered by freezing the disordered (CH3CH2)2NH2

+ cations, (ii) a thermally 
switchable dielectric constant transition accompanied by phase transition, and 
(iii) thermal and positive magnetic field driven magnetic poles reversal  
at low temperatures, attributed to different responses of the magnetization of 
FeII and FeIII sublattices to external stimuli. More interestingly, the exchange 
anisotropy between the two sublattices can also give rise to tunable positive 
and negative exchange bias fields. Straightforwardly, such diverse demonstra-
tions of bistability in one single material (depending on the specific tuning way) 
will provide extra freedom and flexibility for the design of switcher devices.

Metal–Organic Frameworks

Functional materials featuring sudden change of their physical 
and/or chemical properties in response to temperature fluc-
tuation, pressure variation, light, electric/magnetic field, and 
other external stimuli have attracted great attention over the 
past decade.[1–3] Typically, their responsive dynamics involves 
two distinct states (i.e., bistability) with regard to color, mag-
netization, electrical resistance, electrical polarization, or other 
physical properties, giving rise to potential advantages in the 
applications of sensors, displays, switches, and especially digital 
memory devices at a digital age.[4–7] In a sense, developing the 
materials simultaneously showing multiple types of switchable 
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as light, magnetic or electric fields, may be more convenient in 
use, especially in the application of quickly writing information, 
but have been less reported by far.[18–21]

Compared with the extensively studied perovskite structural 
metal formates, some of which exhibit interesting switchable 
dielectric,[10,11] switchable polarization,[22] and multiferroic 
properties,[23,24] the most important feature of metal formates 
with niccolite structure is that it may contain iron in two 
valence states, which would give rise to more complex and fas-
cinating magnetic properties than those in the perovskites.[25,26] 
In this regard, a N-type of ferrimagnetism accompanied by 
order–disorder transitions were revealed in a mixed valence 
complex [(CH3)2NH2][FeIIIFeII(HCOO)6].[25–29] Very recently, 
another interesting example of mixed valence iron formates 
was reported by Mączka et al.,[30] that is, [(CH3CH2)2NH2]
[FeIIIFeII(HCOO)6] (1), which exhibited intriguing crystal-
lographic, magnetic and dielectric behaviors. Going beyond 
this pioneering work, we herein successfully solved the single 
crystal structure of 1 at low-temperature phase (LTP) and dis-
covered a ferroelastic phase transition in this complex. More 
importantly, the positive magnetic field regulated magnetic 
poles switching and tunable exchange bias were first detected 
in 1. Thus, this fascinating compound demonstrates a very rare 
example of integrating multiple switchable physical properties 
in one system, including reversible ferroelastic phase transi-
tion, switchable dielectric constant transition, thermally and 
positive magnetic field regulated magnetic poles switching and 
tunable exchange bias (Scheme 1).
The purity of the crystalline sample of 1 was analyzed by 
infrared radiation (IR) and X-ray powder diffraction (XPRD) 
(Figures S1 and S2, Supporting Information). Further, a revers-
ible thermal phase transition involving the reorientation of 
the diethylamine (DEA) cations was confirmed by the dif-
ferential scanning calorimetry (DSC) (Figure S3, Supporting 
Information) and variable-temperature single-crystal X-ray 
diffraction studies. At 293 K, that is, high-temperature phase 
(HTP), 1 crystallizes in the trigonal space group 31cP  with 
the parameter sets of aHTP = 8.4563(12) Å, cHTP = 13.789(3) Å, 
and VHTP = 854.0(2) Å3 (Table S1, Supporting Information). A 
common structural feature of 1 is that its anionic cages formed 
by FeIIHCOO−FeIII units accommodate the DEA cations for 
charge balance (Figure 1a,b), where the valence states of the 
involved iron ions located at the (412 • 63) and (49 • 66) nodes of 
the niccolite framework[26] were identified based on the bond 
lengths: FeIIIO = 2.0107(15) Å and FeIIO = 2.1350(16) Å 
(Table S2, Supporting Information). At 113 K (LTP), 1 crystal-
lizes in the triclinic space group 1P , where aLTP = 8.2974(17) Å, 

bLTP = 8.4878(17)Å, cLTP = 13.482(3) Å, and VLTP = 835.5(3). These 
lattice parameters are very similar to those reported by Mączka 
et al., which were solved by using powder diffraction technique 
and suggested a 1P  or P1 symmetry at LTP.[30] Significantly, the 
present data give a clear evidence for the centrosymmetric 1P  
structure at LTP. The reciprocal cells at HTP and LTP follow 
the relations of aLTP ≈ aHTP, bLTP ≈ aHTP +bHTP, cLTP ≈ cHTP, and 
VLTP ≈ VHTP (Figure 1c). The trivalent FeIII sites at LTP can be 
classified as two crystallographically independent ions (denoted 
as Fe2 and Fe3 hereafter), while the coordinated geometry of 
the divalent FeII ions, Fe1, exhibits a slight distortion (Table S2, 
Supporting Information).

Notably, the molecular symmetry of the DEA cation is very 
different from that of the star molecule, DMA. As known, the 
DMA cation belongs to C2v point group consisting of four sym-
metry elements [E, C2, σv(1), σv(2)] (Figure 2), while the DEA 
cation has two conformations: for model I, DEA belongs to C2v 
point group and thus has the same symmetry elements as those 
of DMA; for model II, DEA belongs to C1 point group and thus 
has only one symmetry element (E). At HTP, the DEA cations 
have a pseudo D3 symmetry, sharply differing from the pseudo 
D3h symmetric of DMA (NH2(CH3)2) cations in isostructural 
complexes.[25–29] When the dynamic rotations of the guest DEA 
cations are frozen, the pseudo symmetry is then broken that in 
turn triggers a phase transition from HTP to LTP. At LTP, the 
DEA cations adopt the model II conformation, leading to a low 
symmetry space group 1P , rather than that of DMA in 3cR ,[27] 
since the symmetry of the cation could not be lower than that 
of the located Wyckoff sites. Thus, besides the impact of metal 

Adv. Mater. 2017, 29, 1606966

Scheme 1.  Exchange bias and four different types of bistability in response to magnetic and dielectric modulation coexisting in 1.

Figure 1.  a,b) View of the positions of the disorder and order 
[NH2(CH2CH3)2] molecules in the cell of 1 at HTP and LTP; c) Topological 
views of the framework along the c-axis with the unit cells in HTP (pink 
box) and LTP (green box).
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ions in niccolite structural metal formates,[27,31,32] the symmetry 
of the cation itself should also be taken into account in the total 
decrease of the symmetry elements during the phase transi-
tion. In 1, along with the phase transition from 31cP  to 1P , the 
total number of the symmetry elements of the crystallographic 
point group decreases from 12 (E, 2C3, 3C2, i, 2S6, 3σv) to 2 
(E, i) (Figure S4, Supporting Information), suggesting a ferroe-
lastic phase transition with an Aizu notation of 3mF1.[33] And 
the maximal non-isomorphic subgroups of paraelastic phase of 
1 at HTP are 3m, 32, 3, 2/m, respectively, while the groups 3  
and 2/m comprise the one in ferroelastic phase at LTP (1).

Variable-temperature (VT) dielectric spectra were measured 
on the single crystal of 1 in the temperature range of 175–270 K 
(Figure 3), in which the electric field was perpendicular to the 
c-direction. The results clearly reveal that the high-dielectric 
state exists in paraelastic phase, while the low-dielectric state 
in ferroelastic phase, which should be attributed to the static-
motional transitions of the polar DEA cations in the crystal, 

suggesting the occurrence of an order–disorder phase transi-
tion between LTP and HTP.[12] The plots of ε′ versus T reveal an 
obvious hysteresis between the cooling and heating processes 
at about 227–240 K. The peak range of ε′ agrees with that of 
the DSC measurement. The DSC peak temperatures in cooling 
and heating processes are about 234 and 240 K, respectively, 
being slightly smaller than that of 237 and 242 K reported by 
Maczka et al.,[30] which is due to the discrepancy in the heating/
cooling rates. Also, all these plots show little frequency depend-
ence in the measured frequency range of 5K−1M Hz, indi-
cating that the polar motions are much faster than 1 MHz 
(Figure S5, Supporting Information). Evidently, the dielectric 
data measured from the single crystal sample of 1 are steeper 
than that from the powder samples (Figure S5b, Supporting 
Information) as well as that reported by Maczka et al.[30] This 
phenomenon should be ascribed to the freezing of the DEA 
cations around the c-direction at HTP, which could give rise to 
an anisotropic dielectric behavior.[12–15]

Variable-temperature magnetic susceptibility, zero field 
cooling magnetization, and field cooling magnetization 
(Figure 4 and Figures S6–S8, Supporting Information) reveal 
the N-type ferrimagnet nature of 1 with TN and Tcomp (com-
pensation temperature) being about 38 and 20 K. To be noted, 
the TN and Tcomp values are very similar to those reported by 
Maczka et al.[30] The compensation effect should be due to the 
fact that the sublattice with smaller saturation magnetization 
initially orders more rapidly than that with larger saturation 
magnetization. Meanwhile, a very large negative magnetiza-
tion was also found below 20 K under a low applied field, which 
is very rare for molecular-based magnets.[34–36] In 1, the mag-
netization of the FeII sublattices under the applied field orders 
faster than that of the FeIII ion and the single-ion anisotropy 
arising from the spin–orbit coupling makes the orientation of 
the FeII moments exert on the larger molecular field when the 
temperature lowers below TC. Thus, under a small applied field, 
the barrier due to the anisotropy effect is sufficient to hinder 
the occurrence of magnetization reversal, which consequently 
leads to a negative magnetization below Tcomp. So, whenever the 
applied field is strong enough to compensate this anisotropy 
effect, the magnetization will then decrease from the maximum 
upon cooling, along with a reorientation of the magnetizations 
of the two sublattices, but without magnetic pole reversal. It is 
worth noting that negative magnetization was also found in a 
mixed valence formate with CH3CH2NH3

+ cations, which, how-
ever, exhibited no obvious structure transition.[30]

More importantly, a manifestation of the bipolar switching 
of the magnetization of 1 at 16 K when varying the magni-
tude of the positive applied field was given in Figure 5a. In 
this experiment, the samples were initially cooled across 
TN to 16 K upon an external magnetic field of 100 Oe with 
M = −130 emu mol−1. An initial positive magnetization of  
100 emu mol−1 can be gained by increasing H to 3000 Oe at 
a fixed temperature, and the bipolar switching can be realized 
by subsequently alternating H between 100 and 3000 Oe. This 
then suggests that after a field cooling with a negative magneti-
zation below Tcomp, the moment of the FeII sublattice is frozen, 
while the orientation of the FeIII moments depends closely on 
the antiferromagnetic (AF) interactions between the two sub-
lattices and the strength of the applied field (Figure 5b). So, if 
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Figure 2.  a) Conformation and symmetry elements of the DMA cation; 
b,c) Conformation and symmetry elements of the DEA cation for model I 
and for model II; d) Proposed rotation models for the DEA at HTP.

Figure 3.  Temperature dependence of the real part of dielectric constant 
of single crystal of 1 at 1 MHz.
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the strength of the applied field was sufficiently large compared 
to the AF interactions, the reorientation of the FeIII moments 
could take place, which would cause the whole magnetization 
to flip from negative to positive. And when the applied field 
decreases to a small value, the AF interactions and the ani-
sotropy of the FeII sublattice would then cause the magnetiza-
tion to revert back to the initial negative value. Evidently, the 
bipolar switching of magnetization can be achieved in such 
a way by just varying the magnitude of the positive applied 
field. Importantly, such a field magnitude variation induces 
the magnetization cycles between negative and positive values, 
that is, a reversible bipolar switching, without any observable 
decay in magnitude. The magnetic bistability, which refers to 
the sudden reorientations of the spin fol-
lowing the change of the applied field, has 
been extensively studied in spin-frustration 
systems.[37,38] However, a reversible bipolar 
switching realized by simply regulating the 
strength of positive field is very rare in the 
literature[18,39] despite several materials show 
the similar temperature-dependent mag-
netization reversal.[17,34–36] Significantly, the 
observed magnetic pole reversal behavior of 
this complex demonstrates its feasibility in 
the applications of magnetic data storage and 
switches, that is, the thermo-magnetic switch 
and volatile magnetic memories. Further, 
the field-driven magnetic polar reversal is 
obviously more convenient than the thermo-
magnetic switches, because the latter has to 
heat or cool the sample across TC to propel 
the system back to its original state to accom-
plish the reversal between two magnetic 
states.

The freezing of the FeII spins is also con-
firmed by the magnetization hysteresis 
behavior between −4000 and 5500 Oe at 16 K 
(Figure 5c). The magnetic loop is asymmetric 
and shifts toward positive field axis, indicative 
of the presence of another magnetic field (Hi) 
in addition to the applied one (Ha). This is a 

typical exchange bias phenomenon and occurred under a bias 
field of HEB = 1828 Oe (HEB = (H+ + H−)/2), in which H+ and 
H− are the field values corresponding to M = 0 at the ascending 
and descending branches of the hysteresis loop, respectively. 
Moreover, the magnetic moment (µi) of the FeII spins respon-
sible for the internal magnetic field (Hi) and reversal of µi does 
not occur for Ha ≤ 5500 Oe at T = 16 K, while the reversal of 
µi at 16 K can take place only under large Ha (e.g., Ha = 5 T). 
The hysteresis loops were also recorded under the FC condition 
(with 0.01 and 1 T) between −5 and 5 T at 16 K. It is clear to see 
that these loops are symmetric, which indicates the reversal of 
the FeII spins under large fields (Figure 5d and Figure S9a, Sup-
porting Information).

Further, from Figure S9b (Supporting Information), we 
find that the FeII spins refreeze gradually under the increasing 
demagnetization fields, where the magnetizations of the 
demagnetization process increase in the case of large starting 
demagnetization fields. Evidently, the field for the reversal of 
the magnetic pole is temperature dependent: after a 1000 Oe 
field cooling (at 5 K), the switching of the negative magnetiza-
tion to positive one requires a positive field value of 6000 Oe. 
With the field as such strength, the FeII spins could also flip, 
however, the magnetization would not change to be negative 
again when the field decreased to the initial value (Figure S10, 
Supporting Information). It is worth noticing that another mag-
netic moment (µi) containing high anisotropy was generated at 
2 K during a field cooling process under a larger applied filed. 
At 2 K, the hysteresis loops were recorded under FC condition 
with the external fields of 0.01, 0.1, 1, and −1 T. It was observed 
that with the small cooling fields, that is, 0.01 and 0.1 T, the 
loop is symmetric (Figure S11, Supporting Information) and 
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Figure 4.  Field-cooled (FC) magnetization for 1 at different applied fields. 
Inset: The FC magnetization with applied fields of 0.1 and 1 T at 2-45 K.

Figure 5.  a) Bipolar switching of magnetization for 1 at 16 K under 100 and 3000 Oe flipped 
magnetic field; b) Schematic representation of the response of the FeII and FeIII moments under 
applied varying field at 16 K; c) M–H loops recorded at 16 K for 1 after a 100 Oe field cooling 
with a field variation between −4000 and 5500 Oe; d) Enlarged part of M–H loops recorded at 
2 and 16 K for 1 after different cooling fields with a field variation between −5 and 5 T.
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with larger cooling field of 1 T, the coercivity of the ascending 
branches decreases (Figure 5d and Figure S11, Supporting 
Information), while that of the descending branches is almost 
coincident with the one cooled under the field of 0.01 or 
0.1 T. Under the cooling condition of −1 T, the coercivity of 
the descending branches decreases, implying the loop shifts 
opposed to the applied field upon cooling. Since the bias field 
in 1 is negative, which is different from the DMA-templated 
complex,[26] the origin of µi generated upon high cooling field at 
2 K need to be further explored.

In summary, we have demonstrated the reversible disorder–
order ferroelastic phase transition in a niccolite structural 
MOF, [(CH3CH2)2NH2][FeIIIFeII(HCOO)6] (1). The impact of 
the symmetry of guests on the phase transition was discussed. 
The switchable dielectric constant due to the drastic changes of 
the motion of DEA cations was revealed in 1. Magnetic studies 
indicated a thermal and positive magnetic field driven magnetic 
poles reversal and the tunable exchange bias in 1. The highly 
reversible bipolar switching of magnetization is distinct from 
the nonreversible rotation of ferro/ferrimagnetic domains 
by applying external magnetic fields. The presence of two or 
more distinct switchable physical natures, for example, dielec-
tric constant and magnetization polarization, in one crystalline 
complex is of peculiar significance for the applications of high 
density information storage and multiple logic gates. In addi-
tion, the potential couplings between structures, mechanics, 
exchange bias, magnetic and dielectric properties in the new 
phase transition material in quest for multiferroics are worth 
further investigation.

Experimental Section
Materials and Methods: All chemicals were reagent grade and used 

as purchased without further purification. The XRPD spectra were 
recorded on a Rigaku D/Max-2500 diffractometer at 40 kV, 100 mA 
for a Cu-target tube and a graphite monochromator. IR spectra were 
measured in the range of 400–4000 cm−1 on a Tensor 27 OPUS FT-IR 
spectrometer using KBr pellets (Bruker, German). Elemental analyses 
(C, H, N) were performed on a Perkin-Elmer 240C analyzer. Simulation 
of the XRPD spectrum was carried out by the single-crystal data and 
diffraction-crystal module of the Mercury (Hg) program (available free 
of charge at http://www.iucr.org). DSC measurements were performed 
on a NETZSCH Analyzing under nitrogen at atmospheric pressure with 
a heating/cooling rate of 10 K min−1. Dielectric constant was measured 
with a Tonghui TH2828A impedance analyzer over the frequency range 
of 500 Hz to 1 MHz at a heating/cooling rate of ≈5 K min−1 from 
120 to 270 K. Magnetic susceptibility was measured by a Quantum 
Design MPMS superconducting quantum interference device (SQUID). 
Diamagnetic corrections were estimated by using Pascal constants 
and background corrections by experimental measurement on sample 
holders.

X-Ray Crystallography: The crystal structure data in the high-
temperature phase were first collected using the Rigaku SCX-mini 
diffractometer at 293 (2) K with MoKα radiation (λ = 0.71073 Å) by ω 
scan mode. And later in low-temperature phase at 113(2) K the Rigaku 
MSC was used. The program CrystalClear[40] was used for the integration 
of the diffraction profiles. The structure was solved by direct method 
using the SHELXS program of the SHELXTL package and refined 
by full-matrix least-squares methods with SHELXL (semiempirical 
absorption corrections were applied by using the SADABS program).[41] 
The nonhydrogen atoms were located in successive difference Fourier 
syntheses and refined with anisotropic thermal parameters on F2. All 

hydrogen atoms were generated theoretically at the specific atoms 
and refined isotropically with fixed thermal factors. The corresponding 
structural data are summarized in Table S1 (Supporting Information), 
with selected bond lengths and angles given in Table S2 (Supporting 
Information). CCDC numbers are 1475874–1475875 for 1 at high and 
low temperature.

Synthesis of 1: The block crystals of compound 1 were synthesized 
by solvothermal reaction of FeCl3 ·6H2O (2.5 mmol) in mixed solution 
containing water, formate acid, and N,N-diethylformamide 10 mL with 
a volume ratio of about 0.5:1:1. The mixture was sealed in a Teflon-
lined stainless steel vessel, heated at 140 °C for 2 d under autogenous 
pressure, and then cooled to room temperature in 36 h. Black hexagonal 
prism like crystals of 1 with size of about 0.5 × 0.5 × 1 to 2 × 2 × 4 mm3 
were harvested in about ≈40% yield based on FeCl3·6H2O. Elemental 
analysis (%) calcd for 1, C10H18NFe2O12 (455.94): C 26.34, H 3.98,  
N 3.07%; found for 1: C 26.46, H 3.72, N 3.21%.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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