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Temperature-Induced Irreversible Phase Transition From Perovskite to
Diamond But Pressure-Driven Back-Transition in an Ammonium

Copper Formate

Ran Shang, Sa Chen, Bing-Wu Wang, Zhe-Ming Wang,* and Song Gao*

Abstract: The compound [CH;CH,NH;][Cu(HCOO);]
undergoes a phase transition at 357 K, from a perovskite to
a diamond structure, by heating. The backward transition can
be driven by pressure at room temperature but not cooling
under ambient or lower pressure. The rearrangement of one
long copper—formate bond, the switch of bridging-chelating
mode of the formate, the alternation of N—H---O H-bonds, and
the flipping of ethylammonium are involved in the transition.
The strong N—H---O H-bonding probably locks the metastable
diamond phase. The two phases display magnetic and electric
orderings of different characters.

Apart from their very abundant chemistry,! metal-organic
frameworks (MOFs) have displayed a rich variety of phase
transitions, critical phenomena, and related properties, paral-
lel to conventional materials.”) The structural, magnetic,
electric phase transitions, negative thermal expansion, neg-
ative compressibility, amorphization, and framework dynam-
ics, under a change of temperature/pressure, have aroused
great interest.”*] MOFs thus stand to potentially revolution-
ize solid-state chemistry and physics.*! In this context,
ammonium metal formate frameworks (AMFFs) are promis-
ing,” ! because the combination of ammonium, metal ion,
and formate can provide a wide variety of phase transitions
via the state alteration of ammonium/formate, and the
coupled framework modulation, as well as abundant mag-
netic, electric, and mechanical properties.”'”! Several mag-
netic AMFFs showed coexistence or synergy of magnetic and
electric orderings.'!! The [NH,NH,/CH,NH;][Mn(HCOO),]
solid solutions display phase transitions modulated by A-site
ammonium composition.!””! Negative thermal expansion/neg-
ative compressibility have been reported in [NH,][M-
(HCOO);], [NH,NH;][M(HCOO);], and [CH3;NH;][M-
(HCOO),].Ma4 1B [tmenH,]|[Er(HCOO),], (tmenH,*" =
[(CH,),NH(CH,),NH(CH,),]*") undergoes a pressure (P)-
induced, reversible phase transformation with the Er—formate
bond rearrangement." P-induced phase transitions were
evidenced for [ND,|[Zn(HCOO);] and [(CH,);NH,][Mn-
(HCOO)] by spectroscopic studies.'”! Herein, we report

[*] R. Shang, S. Chen, Prof. B.-W. Wang, 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

(@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201510024.

Angew. Chem. Int. Ed. 2016, 55, 2097 —2100

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a new Cu AMFE" [CH,CH,NH;][Cu(HCOO),] (1). It
undergoes a phase transition at the transition temperature
(T¢) of 357 K, from the polar, achiral, low temperature, and
high density (LTHD) perovskite to the non-polar, chiral,
high-temperature and low-density (HTLD) diamond on
heating. Under ambient pressure or lower, the reverse
transition could not happen on cooling down to 2 K, but can
be induced by compression. The rearrangement of one long
copper—formate bond relating to the switch of bridging-
chelating modes of the formate, the alternation of N—H--O
H-bonds, and the flipping of ethylammonium occur during the
transition. The strong N—H--O H-bonds probably lock the
metastable HTLD phase below 7. The two phases show
magnetic and electric orderings of different characters in LT
region.

The green-blue LTHD crystals of 1 were prepared by
a solution method, and the blue HTLD phase was obtained by
thermal treatment of LTHD (Experimental Details and
Figure S1 in the Supporting Information). In the TGA-DSC
runs (Supporting Information, Figure S2), an endothermic
peak at 83°C without weight loss indicated a transition, and
the material was thermally stable up to 100°C. The DSC runs
(Figure 1) revealed an irreversible transition under ambient
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Figure 1. The DSC traces of 1.

pressure, because LTHD showed an endothermic peak at
357 K in the first heating, but no anomaly in the subsequent
cooling-heating cycle, and no anomaly for HTLD. The
prominent AH and AS of 4.9 kJmol' and 14 Jmol 'K
indicated a probable first-order transition.P>!®!1d The
phase purity was confirmed by powder X-ray diffraction
(PXRD; Supporting Information, Figure S3a). The variable-
temperature PXRD confirmed the phase transition (Support-
ing Information, Figure S3b), and the backward transition did
not happen down to 2 K under the ambient or lower pressure
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(Supporting Information, Figure S3c). The HTLD phase was
stable at room temperature for long time. However, when the
HTLD samples were pressed (0.1~1.8 GPa), the P-driven
backward transition to LTHD occurred (Supporting Infor-
mation, Figure S3d). Once the pressed sample was heated, it
changed to HTLD again. Therefore, the LTHD can transfer
to HTLD by heating, while the reverse transition can only be
realized by pressing. Compound 1 is a very rare example
showing a T-induced irreversible transition but P-driven
backward one, which to the best of our knowledge has never
observed before for MOFs. "]

The single-crystal structures were determined for LTHD
(93-340 K) and HTLD (100-360 K; Figure 2; Supporting
Information, Figure S4, Tables S1, S2). The LTHD perovskite
phase is in the polar, achiral space group Pna2,. It has an
anionic copper formate framework of 4'%-6* topology, with the

+T
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LTHD, perovskite, Pna2, HTLD, diamond, P2,2,2,

Figure 2. The structures of 1. Upper: topological views of the frame-
works, with cavities highlighted in red. Lower: one ammonium in the
framework cavity. The black thin lines are long Cu—O bonds and green
lines N—H---O H-bonds labeled A, B, and C. Note the switching of A
and C (see text). Cu violet-blue, O red, C green/black for switched/un-
switched formate, H white, N cyan, and violet-blue/red sticks for
formate bridges in upper views.

CH,CH,NH;" in the cube-like cavity. The Cu*' ions are
connected by anti-anti formates. The CuOg is a 442
elongated octahedron, with four short basal Cu—O bonds of
1.960-2.017 A, and two long apical ones of 2.366 and 2.450 A
at 93 K (the molecular geometries discussed are all at 93 K for
LTHD and 100 K for HTLD). The short basal Cu—O bonds
form Cu—formate zigzag chains linked by long apical Cu—O
bonds,"! and the chain runs along c. In the chain, the
neighboring CuO, squares are tilted 31°, the Cu---Cu distance
is 5.731 A and the Cu-Cu-Cu angle 167.7°. The inter-chain Cu-
OCHO-Cu linkages, in ab diagonals, are 6.021 and 6.160 A.lIn
the cavity, the CH;CH,NH;" cation lies approximately on the
longest body diagonal, and the NH;" end forms three short
N—H:--O H-bonds to the framework. The cavity volume!'”*! of
62 A3, matches the vdW size 64 A® of the cation.' From 93
to 340 K the structure showed slight changes in inter-atomic
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distances, cavity volume and cell dimensions, and slight cell
contraction from 320 to 340 K (Supporting Information,
Figure S5).

The transition irreversibility upon cooling allowed the
HTLD structure determined down to 100 K. The HTLD
phase is in the non-polar, chiral space group P2,2,2,. The
HTLD cellis 10 % larger than the LTHD one, thus the density
10% reduced (Supporting Information, Table S1), with a-
expansion 10%, b-expansion 2%, but c-contraction 2%
(Supporting Information, Figure S5). Therefore, the thermal
expansion is significantly anisotropic.”) The most prominent
structure alternation is that the framework changed from
LTHD perovskite to HTLD diamond, by a bond rearrange-
ment involving one long apical Cu—O bond. During the
transition, this Cu—O bond (Cu—O2 2366 A in LTHD)
broken, the formate rotated 180°, and the dangling O end
retraced to bind to the Cu, forming a longer Cu—O bond (Cu—
01 2.713 A in HTLD). The bridging formate thus became
chelating. Therefore, half number of the edges, in ab
diagonals, of the LTHD perovskite framework broke, result-
ing in the HTLD diamond framework of 6° topology. The
Cu’" is better described as a square pyramid, with four short
basal Cu—O bonds of 1.954-2.007 A (the same basal Cu—O
ones in LTHD) and one apical Cu—O bond of 2.262 A (from
the other long apical Cu—O 2.450 A in LTHD). The copper—
formate zigzag chains remain. In the chain the neighboring
CuO, squares are tilted 44°. The intra-chain Cu---Cu distance
is 5.654 A, and the Cu-Cu-Cu angle 161.4°, both smaller than
that in LTHD. The still existing inter-chain Cu-OCHO-Cu
edge is 5.843 A, but 7.247 A for the broken ones. Such
alternations led to the positive thermal expansion along a and
b but negative along c, and the copper—formate zigzag chain
acts like a spring.**! On the other hand, the observed P-
driven backward transition implies the positive or normal
compressibility along @ and b, but negative along c.”) The
HTLD diamondoid cavity combines two LTHD cavities, and
the cations of half number have their CH; parts flipping to the
opposite (Supporting Information, Figure S6). In HTLD the
cavity space for one cation is 80 A®, 18 A’ larger than that in
LTHD. On heating the structure remains unchanged, and
slight cell contraction occurs from 320 to 360 K. However, the
thermal motion of CH;CH, part of the cation enhances more
significantly than that in LTHD, given the larger cavity
volume in HTLD. The change from bridging to chelating
formate has been reported in [tmenH,][Er(HCOO),], by
pressing," but for 1 this occurs in opposite, chelating to
bridging. Significant changes in bond lengths or angles under
high pressure were usually observed in MOFs,>>818] how.-
ever, P-induced bond rearrangement is still scarce./®>5 1]

The changes in N—H--O H-bonds (Figure 2; Supporting
Information, Table S2) are interesting, and probably relate to
the apparent T-irreversibility of the transition. The N—H--O
H-bonds labeled A and B in Figure 2 are relevant to the long
Cu—O bonds with/without bond rearrangement. They
changed from the modest (A)/strong (B) (N--O 2.829/
2.778 A, N—H--O 166.3/172.5°) to the strong (A)/modest
(B) (N--O 2.715/2.935 A, N-H--O 174.1/157.6°) on heating.
The former switched from one formate to another, both
involved in Cu—O bond rearrangement. The later did not
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switch. The third (labeled C) switched between two O atoms
of the formate involving short Cu—O bonds. These observa-
tions implied that the strong N—H:--O H-bonds could prohibit
the Cu—O bond rearrangement, thus dynamically locked the
metastable HTLD below 7' resulting in the transition
irreversibility down to 2 K under ambient or lower pressure.
Since the LTHD phase is denser thus thermodynamically
stable®”! below T, it is expected that the dynamic locking of
the less dense and thermodynamically metastable HTLD
could be overcome by pressing,” as what has been observed.

The two phases are spin-canted antiferromagnets of
different characters (Figure 3 a; Supporting Information, Fig-
ure S7, Table S3). As both consist of copper—formate chains
linked by the secondary Cu—O bonds, the y vs T data showed
broad maxima around 50 K caused by strong intra-chain
antiferromagnetic coupling,'® Below 10 K the traces rose up
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Figure 3. a) Plots of % vs Tunder 2 kOe for the two phases. Black lines
show the best fittings (see text). Inset: the ZFC/FC plots under 20 Oe.

b) & /tand vs T traces at 1 MHz for the two phases.
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quickly. The Curie and Weiss constants are 0.553 cm® Kmol ™/
—71.0K and 0.498 cm®*Kmol !/—67.7K for LTHD and
HTLD, respectively (Supporting Information, Figure S7a).
The zero-field-cooling and field-cooling (ZFC/FC) runs (Fig-
ure 3a, inset), the isothermal magnetizations (Supporting
Information, Figure S7b), and the ac susceptibilities (Sup-
porting Information, Figure S7¢) confirmed the spin-canted
antiferromagnetic orderings. The Néel temperatures (7y) are
3.7K (LTHD) and 2.1 K (HTLD). The intra- and inter-chain
couplings J and j in cm !, and g factors, are —46.3(1), —6.2(2)
and 2.386(3) for LTHD, and —54.22(4), —4.50(5) and 2.2892-
(6) for HTLD, respectively, by simulating the HT suscepti-
bilities with Bonner-Fisher chain model and mean-field
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correction counting for the inter-chain interaction.”?
From LTHD to HTLD, the Cu*" changes from octahedron
to square pyramid, its magnetic anisotropy reduces,”! leading
to the smaller g factor, thus smaller susceptibilities and
spontaneous magnetizations, and softer magnetism for
HTLD. The shorter inter-chain Cu—O bonds result in the
larger J, and the reduced inter-chain linkages and the lower
density contribute the smaller j, and lower Ty, of HTLD.

The dielectric traces at 1| MHz are shown in Figure 3b. At
room temperature the dielectric constant ¢’ values were 5.5
and 52 for LTHD and HTLD, respectively (Supporting
Information, Table S3). On heating, the ¢ of LTHD increased
slowly to 6.4 around 360 K, then quickly rose to a maximum of
9.8 around 370 K, after that it went down. For HTLD, the &’
value increased slowly to 6.2 around 370 K and above 370 K
rose more significantly, but above 380 K the response should
be effected by the thermal decomposition. The loss tand at
1 MHz showed the similar behaviors. For lower frequencies
(Supporting Information, Figure S8), the dielectric responses
display similar features though enhanced. Clearly, the dielec-
tric anomaly for LTHD is due to the phase transition. The
LTHD phase is polar and ferroelectric.''“*! When approach-
ing T, the polarization reversal and the domain-wall motion
contribute the gradually increased dielectric responses, more
significant at lower frequencies.”” The nucleation of the
HTLD phase within the LTHD matrix increases the contri-
bution of domain-wall motion thus further dielectric en-
hancement. When the phase transition finishes, the dielectric
responses drops because the HTLD phase is non-polar or
antiferroelectric,'® and the local thermal motion of the
cations contribute low responses. Both phases showed low
and featureless ¢'/tand on cooling from 300 K (Supporting
Information, Figure S9).

In conclusion, the Cu-AMFF 1 undergoes a rare phase
transition from a polar, achiral LTHD perovskite to a non-
polar, chiral HTLD diamond on heating, but the reverse
transition can only be induced by pressure. The transition is
accompanied by the rearrangement of one long axial Cu—O
bond together with the switch of bridging-chelating modes of
the related formate, the changes in N—H--O H-bonds, and the
flipping of ammonium. The strong N—H:-O H-bonds prob-
ably prohibit the Cu—O bond rearrangement, thus dynam-
ically lock the metastable HTLD phase on cooling. Both
phases showed coexistence of electric and magnetic orderings
in LT region, they thus should be of further interesting for
MOF-based multiferroics. This work demonstrates the very
wide variety in phase transition and relevant properties of
MOFs.
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