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Abstract: The A-site mixed-ammonium solid solutions of
metal-organic  perovskites [(NH,NH;).(CH;NH;),_.][Mn-
(HCOO);] (x=1.00-0.67) exhibit para- to ferroelectric diffuse
phase transitions with lowered transition temperatures from
x=1.00 to 0.67. These properties are due to the decreased
framework distortion and polarization in their low temperature
ferroelectric phases caused by the increased CH;NH;"
concentration.

The conventional electric and/or magnetic perovskite oxides
ABO;, such as ferroelectric BaTiO,, antiferroelectric
PbZrO,, and multiferroic BiFeOs,? are of great importance
in both fundamental science and technical application. The
introduction of mixed metals to A- and/or B-sites has been
widely used to control, modulate, or optimize the properties.
For instance, the solid solution PbZrO5-PbTiO; (PZT) with
mixed zirconium and titanium components at the B-site
shows exceptional piezoelectric properties,'® and the A-site
La-doped PZT (PLZT) ceramics are transparent and exhibit
interesting and useful electro-optic properties."”! For BaTiO,,
partially replacing the Baatoms by Sr could lower the
critical temperature (7¢) for application purposes.'! The
B-site mixed-metal perovskites of Pb(Fe,,Nb,;,)O; and
Pb(Fe,;W,;)O;, and the A-site lanthanide (Ln) doped
(LnCa)MnO; materials all exhibit multiferroic properties.?

Research on ammonium metal-formate frameworks
(AMFFs) has recently attracted much attention because this
class of metal-organic framework (MOF) materials exhibits
interesting phase transitions, magnetic, dielectric, ferroelec-
tric, and mechanic properties, and multiferroics,.* The
perovskite AMFFs [AH][M(HCOO);] or ABX; (where
A =monoammonium AH', B=metal ion M, and X=
HCOO") have been the primary compound types investiga-
ted.[#32:62.7e8.10-16] Thege systems have a 4'2-6° metal-formate
framework where the octahedral metal ions are linked by
anti-anti formate ligands and the AH" cations are located
within the cube-like cavities of the framework. Within these
systems, the B-site metal ions are divalent 3d metal ions,
Mg** ions, or mixed-metal ions," such as Mn>*/Zn>*, AI**/
Na', Fe**/Na", and Cr**/Na". For the A-site many ammonium
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species have been explored, such as NH,NH;*,"
CH3NH3+,[1 1] CH3CH2NH3+’[11a] (CH3)2NH2+,[HH‘ 12,13]
(CH,);NH,*,l" C(NH,);*,l"*! and C;N,H;".™ The use of
different ammonium species has led to a wide range of
dielectric, ferroelectric, mechanical, and dynamic properties
and phase transition patterns, depending on the size, shape,
and dynamics of the ammonium species and interactions
between the ammonium and the framework. The A-site
ammonium species thus acts as the key component of the
perovskite AMFFs, similar to the role of the B-site metal ions
in perovskite oxides. Therefore, it is important to investigate
the effect of introducing mixed-ammonium species on the
properties of the MOF-based perovskite materials. We herein
report the first A-site solid solution perovskite series
[(NH,NH;),(CH;NH;), _,][Mn(HCOO);] (x=1.00 to 0.67),
incorporating the two ammonium species NH,NH;* (Hyz)
and CH;NH;". [NH,NH;][Mn(HCOO);] (100Hyz) exhibits
a ferro- to paraelectric transition from low temperature (LT)
to high temperature (HT) at 7. =355 K,['” and the structure
changes from a polar phase at LT to a nonpolar phase at HT.
In contrast, [CH;NH;][Mn(HCOO);] (0Hyz) is nonpolar,™!
similar to the HT phase of 100Hyz, and shows no phase
transition. 100 Hyz differs from 0 Hyz by the difference of the
NH, and CH,ends of the two ammonium species.'” The
compounds, 92 Hyz, 85Hyz, 74 Hyz, and 67 Hyz (in which the
number indicates the molar Hyz% within the material)
display systematic changes in structure, phase-transition
behavior, and dielectric properties upon variation of the
Hyz %. Additionally, these compounds are weak ferromag-
nets and therefore may also be multiferroics./*>#1%122% Thig
series provides a new and interesting example in the currently
very active research field of MOF-based solid solutions.!"”

The A-site mixed-ammonium solid solution compounds
were prepared in methanol (see the experimental details in
the Supporting Information). The crystalline materials
showed homogeneous and uniform morphology (see Fig-
ure S1 in the Supporting Information) and the phase purity of
the bulk samples was confirmed by elemental analysis, IR
spectroscopy (Figure S2),['*'° and powder X-ray diffraction
(PXRD) employing the Le Bail fitting method!'”>*! (Fig-
ures S3 and S4). The compounds were thermally stable up to
400 K (Figure S5). The DSC experiments (Figure S6)
revealed that the phase transitions were reversible, and the
Tc values decreased from 355 K for 100 Hyz!""” to 301 K for
67Hyz (Figure 1, inset). Meanwhile, from 100 Hyz to 67 Hyz
the DSC peaks became flatter and more thermally dispersed
and the estimated AH, AS, and N values (where N is the ratio
of state numbers in different phases) for the transitions
decreased.
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Figure 1. Dielectric constant (¢') plotted against T for compounds
100 Hyz, 92 Hyz, 85Hyz, 74 Hyz, and 67 Hyz measured at 1 MHz.
Inset: the Tc (filled circles; taken from DSC measurements) and
T, values (open circles; peak temperature in plots of ¢ versus T)
plotted against Hyz %.

The temperature-dependent dielectric permittivity
parameters (¢’ and tand; where tand =¢"/¢’, ¢ =dielectric
constant, ¢ = dielectric loss) for compounds 100Hyz"" to
67Hyz are given in Figure 1 and Figure S7. At 1 MHz, the
peak temperature/e’ value/FWHM (FWHM = full width at
half maximum) are 364 K/28.0/9 K (100Hyz), 350 K/16.5/15 K
(92Hyz), 336 K/14.0/23 K (85Hyz), 325 K/11.0/30 K (74 Hyz),
and 287 K/10.2/80 K (67Hyz). The peak temperatures and
peak broadenings are comparable to the observations in DSC
runs (Figure S6). The dielectric peak broadening of 67 Hyz is
more significant. The diffuse dielectric behaviors and the
lowering of the T values with decreasing Hyz concentration
are very similar to the behavior observed in the A-site solid
solution oxides of BaTiO;-SrTiO; and Sr-Ba niobates.!!
Applying Curie-Weiss laws to the &' values recorded at
1 MHz on both HT and LT sides of the peak maximum
(Figure S8) afforded Cy/Cyrratios of 1.7 to 2.3 (where C is
the Curie constant), indicating that the phase transitions are
second-order ferro- to paraelectric in nature."®’*1% Addi-
tional small anomalies are detected around 360 K in the &
versus 1 traces for compounds 67 Hyz, 74 Hyz, 85Hyz, and
92Hyz at 1 MHz. On lowering the frequency (Figure S7)
these anomalies become more significant, with &’ values rising
to 3040 at 1 kHz, higher than the ¢ peak values at lower
temperature. However, the compound 100Hyz displays one
dielectric anomaly at all frequencies.!"”! For 100 Hyz to 67 Hyz,
the tand values are low until 350-360 K where they rise
quickly, and the values are much larger at lower frequencies.
Interestingly, the tand versus temperature trace for com-
pound 67 Hyz is somewhat frequency dependent.

The structures of all compounds in the series were
determined at six different temperatures (Figure 2;
Table S1, S2). The structures revealed that each compound
undergoes the same type of phase transition'”! but with
lowered T values from 100 Hyz to 67 Hyz, in good agreement
with the results obtained by DSC and dielectric measure-
ments. In contrast, compound 0 Hyz shows no phase transition
between 180 and 400 K, confirmed by the determination of
two structures at 350 K and 400 K and comparing them to the

www.angewandte.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

| — 9 X
o 1 Ul

#

2%

-

——=8(b) (c) (d)

Figure 2. The cavities at 290 K in a) 100 Hyz and b) 0Hyz and the
structures of 85 Hyz showing the c) LT phase and d) HT phases. Color
scheme: Mn=blue spheres, C/N atoms of the CH;/NH, ends of
ammonium=green, N of the NH; end of ammonium =red, H =white.
HCOO™ ligands are shown as blue sticks. The relationship between
the LT and HT conventional cells is a""~a"T, b"T~c"T and ¢~ —b"",
however in the text the LT lattice setting is always used.

reported structures'!!! at 180 K and 290 K and the DSC trace
(Figure S6). For compounds 67Hyz to 100Hyz, the LT
structures, in the polar space group Pna2,, are ferroelectric.
During the phase transition, the compounds change to HT
paraelectric phases in the nonpolar space group Pnma. The
transition is caused by the librational movement of the loosely
H-bonded NH,/CH, end of the NH,NH,;"/CH;NH;" ammo-
nium pendulum in the cavities of the framework and related
framework modulation and expansion (Figure 2; Figure S9).
Such librational movement or disorder gives rise to a mirror
plane within the structures, and the mirror plane is perpen-
dicular to the caxis and runs through the C atoms of the
HCOO' ligands extending in the c direction. The resulting
mirror symmetry leads to the formation of centrosymmetric
HT phases. 0Hyz'!l has the same symmetry (space group
Pnma at both LT and HT) as the HT phases of 67Hyz to
100 Hyz, with slightly larger lattice dimensions. The structure
of OHyz has larger b and c lattice constants but a smaller
a constant, and the CH;NH;" ion is located on the mirror
plane perpendicular to the c axis.

Several changes can be detected upon variation of
temperature and CH;NH;* content, and these changes can
be closely related to the phase transitions (Figure 3; Figure S9
and S10). From 100Hyz to 67Hyz, the b and c lattice con-
stants and the cell volume expand but the a lattice parameter
shrinks, giving rise to larger framework cavities to accom-
modate the ammonium ions of larger average size. The cube-
like framework cavity (Figure 2a,b), which has Mn ions at the
apices, is not perfectly cubic. The lengths of Mn--Mn edges
are the same to within 1% (Table S2), so the distortion is
mainly induced by the Mn-Mn-Mn angles. For the LT
structures, the six faces of the cube-like cavity can be divided
into three pairs, specifically top and bottom (tb), front and
back (fb), and left and right (Ir). The faces are slightly slanted,
with two corner angles several degrees smaller than 90° and
the other two larger than 90°. These angles are also the cis
Mn-Mn-Mn angles within the 4'%6* framework (Figure 2c).
The higher the CH;NH;" content, the closer to 90° are the
cis angles. The trans Mn-Mn-Mn angle along the c axis is
around 170° because the Mn centers in the ¢ direction are not
linearly aligned. At higher CH;NH;" concentrations this
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Figure 3. The temperature dependence of the cis/trans Mn-Mn-Mn
angles and the dy value. The left/right pair of faces is denoted by Ir,
top/bottom by tb, and front/back by fb.

angle is closer to 180°. The other two trans Mn-Mn-Mn angles
are almost 180°. On warming, the Mn-Mn-Mn corner angles
of the tb and fb faces approach and finally reach 90° in the
HT phase (Figure 2d), but the Ir faces are still slanted with
angles measuring approximately 84/96°. Similarly, the trans
Mn-Mn-Mn angle along the c direction gradually increases
and finally reaches 180° in the HT phase. Another important
parameter in the LT structures is the distance (dy) of the
NH;* end of the cation deviating from the mirror plane which
arises in the HT structure and is perpendicular to the c axis.
The dy value is thus the separation of the positive (cation) and
negative (anionic framework) charges in the polar LT
structures and represents the polarization of the LT ferro-
electric phases.’*“?*<1% The d\ value decreases upon heating
and becomes zero after the phase transition. At higher
CH;NH;" content, the dy value is smaller. These structural
variations clearly indicate that the introduction of the
CH;NH;" cation at the A-site of 100Hyz decreases the
distortion of the framework and the polarization. Thus, the
more symmetric HT structure and the phase transition are
favored leading to lowered T, AS, N, and peak ¢ values with
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increased CH;NH;™ concentration. It is also noted that the
cell parameters, obtained from single-crystal and powder
diffractions (Figure S10), generally do not show linearity with
ammonium composition (and do not follow Vegard's
law!"*),indicating the complicated packing effect of
mixing the ammonium species in these solid-solution
materials.

Two other interesting features in the dielectric responses
for compounds 92 Hyz to 67 Hyz are the peak broadening for
the ¢ values, more significant for higher CH;NH;" content,
and the second peaks or shoulders around 360 K, more
prominent at lower frequencies. The peak broadening indi-
cates that the phase transitions are diffuse, as reported
previously in solid solution oxides.! It can be attributed to
composition disorder!™® or to the formation of clusters of the
same cations in the lattice, with the cluster size and
distribution depending on the ratio of the two cations,
according to percolation theory."”’ Therefore, each material
could be considered as a collection of microscopic regions
having conventional dielectric and phase-transition behaviors
but where the compositions vary from one to another. The
macroscopic behavior is an envelope of the behaviors of the
individual regions." The remarkable peak broadening for
67Hyz is probably due to the fact that the CH;NH;"
concentration is beyond the percolation limit of 31% for
the simple cubic lattice.'"™!”) The detected gradual PXRD
peak broadening (Figure S11) from 100Hyz to 67 Hyz also
suggested microscopic composition inhomogeneity.'”® For
the additional peaks or shoulders in the dielectric response,
the temperatures are in fact very close to the peak temper-
ature of 100Hyz, but they are all above the individual
Tcvalues. This is different from the conventional solid
solution oxide materials.'l A plausible explanation might be
the damped oscillation of the ammonium pendulum above
the T*' and should merit further investigation.

Finally, compounds 67Hyz to 92Hyz all display a long-
range ordering of weak ferromagnetism around 8 K (Fig-
ure S12), very close to 100Hyz'” and 0Hyz,""! and compa-
rable to other Mn-AMFFs.>'2*%15] These materials show both
ferroelectric and weak ferromagnetic orderings in the LT re-
gions, suggesting that they may be interesting compounds in
the study of MOF-based multiferroics.*8-10:12:20]

In conclusion, we have successfully synthesized A-site
solid perovskite solutions of composition [(NH,NH;).-
(CH3;NH;),_ ][Mn(HCOO);] (x=1.00-0.67). Introducing
CH;NH;" into [NH,NH;][Mn(HCOO);] can decrease the
framework distortion and the polarization of the LT phases
resulting in more diffuse phase transitions with decreased
T values, depending on the CH;NH;" concentration. This
work demonstrates that the strategy of A-site modification
can be successfully used in MOF-based perovskites, as in
conventional perovskite oxides, to manipulate the phase
transitions and related properties. It is anticipated that the
study of A-site mixed-ammonium systems may become
a popular research area, given the numerous possibilities to
combine different ammonium species, such as NH,NH;" and
CH,CH,NH;*, or CH;CH,NH;* and (CH;),NH,". This work
thus opens a new line of research into these MOF-based
materials.
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