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1 Introduction

Ammonium metal formates,
templated metal formates, exhibit a range of interesting physi-
cal properties upon cooling, such as ferroelectric behaviour,'
and with certain compositions,

In the family of ammonium metal
formates, [NH,][M"(HCOO);] (M = Mn, Fe, Co, Zn, Mg), a

magnetic ordering,* "

multiferroic properties.”™?

“ Laboratory of Crystallography, University of Bayreuth, D-95440 Bayreuth,

Structural distortions in the high-pressure polar
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The high-pressure behaviour of ammonium metal formates has been investigated using high-pressure sin-
gle-crystal X-ray diffraction on ammonium iron and nickel formates, and neutron powder diffraction on
ammonium zinc formate in the pressure range of 0-2.3 GPa. A structural phase transition in the pressure
range of 0.4-1.4 GPa, depending on the metal cation, is observed for all three ammonium metal formates.
The hexagonal-to-monoclinic high-pressure transition gives rise to characteristic sixfold twinning based on
the single-crystal diffraction data. Structure solution of the single-crystal data and refinement of the neu-
tron powder diffraction characterise the pressure-induced distortions of the metal formate frameworks.
The pressure dependence of the principal axes shows significantly larger anisotropic compressibilities in
the high-pressure monoclinic phase (K; = 48 TPa™, Kz = -7 TPa™}) compared to the ambient hexagonal
phase (K; = 16 TPa}, Ks = -2 TPa™}), and can be related to the symmetry-breaking distortions that cause
deformation of the honeycomb motifs in the metal formate framework. While high-pressure Raman
spectroscopy suggests that the ammonium cations remain dynamically disordered upon the phase transi-
tion, the pressure-induced distortions in the metal formate framework cause polar displacements in the
ammonium cations. The magnitude of polarisation in the high-pressure phase of ammonium zinc formate
was calculated based upon the offset of the ammonium cation relative to the anionic zinc formate frame-
work, showing an enhanced polarisation of Ps ~ 4 uC cm™ at the transition, which then decreases with in-
creasing pressure.

paraelectric-to-ferroelectric phase transition occurs between
191 K and 255 K upon cooling, which originates from a change
in dynamics of the ammonium cation."****® This order-dis-
order transition of NH," causes a structural phase transition
in [NH,][M(HCOO);] compounds, due to the changes in hydro-
gen bonding between N-H and oxygen of the formate linker."*
In contrast, ammonium nickel formate does not exhibit polar-
ity at low temperatures; instead, the ammonium cations be-
come statically disordered over two sites and the structure re-
mains in its non-polar space-group symmetry.® The comparable

as well as related -cation-
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variable-temperature vibrational spectroscopy measurements of
[NH,][Ni(HCOO);] with those of other [NH,][M(HCOO);] com-
pounds® suggest that [NH,][Ni(HCOO),] exhibits a dynamic-to-
static disorder transition of the NH,' groups. Across the
[AIM"(HCOO);] compounds, where A is a monovalent cation
and M = Mn, Fe, Co, Ni or Cu, magnetic ordering can be ob-
served upon cooling to below ~40 K. Their magnetic properties
arise from superexchange interactions within the M—formate-M
linkages, yielding antiferromagnetically ordered spins with
small canting (when M = Mn, Fe, Co, Ni), as found in
eg [NH,][M(HCOO);] and [(CH;),NH,][M(HCOO),].>**""22
The hydrogen-bonding interaction between the N-H of the
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A-site cation and the oxygen of the formate linker has been
shown to modify the magnetic superexchange pathway in
[(CH;),NH,][Fe(HCOO);] and may be important for exhibiting
magnetoelectric coupling.>*

Tuning of these physical properties in [A][M(HCOO);] com-
pounds has been achieved by variation of the chemical com-
positions of the A- and M-site cations, as well as doping upon
these sites, and finally through application of mechanical
strain. In particular, the variation of the divalent metal cation
has allowed the ferroelectric transition temperature (7¢) to be
modified in [(CH3),NH,][M(HCOO);] (ref. 8 and 24) and
[NH,][M(HCOO);].>'**® The trend in T¢ is thought to arise
from the variation in the hydrogen bonding strength that is
linked to the degree of covalency in the M-O bonding,">>*>°
as well as the mass and size of the M** cation.'® However,
the observed spontaneous polarisation (Pg) values for
[NH,][M"(HCOO);] (M = Mn, Fe, Co, Zn) measured between
0.97-2.2 uC ecm™? could not be correlated with the M>" cation
used (estimates of P; based upon the crystal structure resulted
in a much narrower range of values: 0.94-1.03 uC cm?).”
Computational studies have shown that changes in the electro-
negativity of the A-site cation can offer a route for tuning the
magnitude of electric polarisation.”” Doping upon the A-site
or M-site cations can give rise to a reduction in the 7 values
for the solid solutions [(NH3NH,),_.(NH;0H),][Zn(HCOO),],*®
[(NHLNH;),(CH;NH;); . [Mn(HCO0)5},* and [(CH;),NH,[M'(HCOO);]
doped with trivalent metal cations,*® which could arise due
to the changes in the degree of distortion present in the
metal formate framework. Finally, application of mechanical
strain has been shown, by density functional theory calcula-
tions, to allow ferroelectric polarisation values to be in-
creased substantially.**

In order to find other ways in which the transition temper-
ature and polarisation magnitudes can be varied in these
[A[M(HCOO);] compounds, we investigate the high-pressure
structural behaviour of [NH,][M(HCOO);]. Previous high-
pressure studies on [NH,][Zn(HCOO);] have shown the aniso-
tropic nature of its compressibility in the ambient hexagonal
phase and the occurrence of a phase transition at ~1.1 GPa
to a P2, monoclinic phase.***® Vibrational studies suggest
that the high-pressure phase consists of a distorted
[Zn(HCOO);] framework with disordered ammonium cat-
ions, although the crystal structure is not known.** Compres-
sional studies on a different polar [NH,][Cd(HCOO);] com-
pound (Pna2, symmetry) revealed that application of
pressure led to an increase in the second-harmonic genera-
tion intensity that can be related to an increase in the polar-
ity of the structure.*® In order to further investigate the high-
pressure behaviour of such [A][M(HCOO);] compounds and
determine the mechanism and evolution of possible
pressure-induced polarisation, we measured both high-
pressure neutron powder diffraction on [ND,][Zn(DCOO);]
and high-pressure single-crystal X-ray diffraction on
[NH,][Ni(HCOO);] and [NH,]|[Fe(HCOO);] in the pressure
range 0-2.3 GPa.
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2 Experimental details

In this study on the high-pressure behaviour of ammonium
metal formates, two types of experiments were conducted.
The first involved high-pressure neutron powder diffraction
measurements of [ND,|[Zn(DCOO);] using a V4 Paris-
Edinburgh press, and the second employed high-pressure
single-crystal X-ray diffraction of [NH,][Ni(HCOO);] and
[NH,][Fe(HCOO);] within diamond-anvil cells (DACs).

2.1 Synthesis of ammonium zinc formate

A deuterated polycrystalline sample of ammonium zinc for-
mate was synthesised by mixing ZnCl, (3.548 g, 26.03 mmol;
Aldrich, 99.999%) and DCOOND, (7.085 g, 104.112 mmol;
QMx, 98% D) with DCOOD (2.5 g, 52.06 mmol; QMx, 95%
w/w in D,0) in 520 mL of CH;0D (Sigma-Aldrich, 98% D).
The synthesis was performed under an inert atmosphere,
and was kept undisturbed for a week to allow polycrystals
to form. The microcrystalline powder formed was filtered and
washed with deuterated methanol. Initially, the product had
a considerable amount of zinc formate dihydrate impurity; a
pure sample of ammonium zinc formate was obtained by
mixing the as-synthesised powder with 1 g of DCOOND, in
methanol. It is thought that the deuterated methanol was not
completely anhydrous and contaminated the deuterated
sample with water and hydrogen. [ND,][Zn(DCOO);] was
dried in vacuo at 60 °C for 24 h prior to the neutron dif-
fraction experiment. Rietveld refinement of high-resolution
neutron powder diffraction on GEM at ISIS indicated that
the deuterium on the ammonium cations had exchanged
with hydrogen, giving the formula [ND, sH, 5][Zn(DCOO);]
[Fig. S41]. Due to the different scattering lengths of H
(-3.739 fm) and D (6.671 fm), the overall scattering of these
sites becomes near zero. Thus, for the Rietveld refinements of
the high-pressure neutron diffraction, the H and D positions on
the ammonium cation were removed from the structural model.

2.2 Synthesis of ammonium iron and nickel formate

For the synthesis of [NH,][Fe(HCOO);] and [NH,][Ni(HCOO);]
single crystals, slow diffusion of the metal salt and ammo-
nium formate was performed within a Schlenk tube. Dried
methanolic solutions of formic acid (3.2 mmol) and ammo-
nium formate (6.4 mmol) were placed at the bottom of the
Schlenk tube. To this solution, a dried methanolic solution
of iron or nickel chloride (0.1 mmol) was carefully pipetted.
The mixture was left undisturbed for approximately one week
under an inert argon atmosphere for the formation of single
crystals. After crystallisation, the sample was filtered, washed
with dried methanol, dried in air and stored in a Schlenk
tube under an argon atmosphere. The [NH,][Fe(HCOO);] com-
pound would oxidise if left in air, and by keeping both com-
pounds under argon, the reaction pathway to metal formate
dihydrates over time is prevented.

This journal is © The Royal Society of Chemistry 2016
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2.3 Variable-pressure neutron powder diffraction

The neutron diffraction measurements were carried out using
the PEARL instrument at the ISIS neutron spallation source.*”
A powdered sample of [N(D/H),][Zn(DCOO);], prepared as de-
scribed above, was loaded into a TiZr gasket together with a
Pb pellet and Fluorinert (1:1 mixture of FC84/FC87)*° as the
pressure-transmitting medium. The gasket was positioned
within a zirconia-toughened alumina anvil. The sample was
compressed in 0.2-0.3 GPa steps up to the maximum pres-
sure of 2.3 GPa, and then decompressed in ~0.3 GPa steps
back to ambient conditions. Pressures were calculated using
the third-order Birch-Murnaghan equation of state for Pb
(Vo = 121.27 A%, B, = 42.05 GPa, B' = 5.71).””*® Neutron
scattering data were collected over the d-spacing range
0.9 < d < 4.1 A. Rietveld refinements were performed using
the Topas Academic v4.1 refinement package [Fig. $5-571],*°
and distance and angle restraints on the formate ligand and
distance restraints within the ZnO, coordination polyhedra
were applied. From these fits, the unit cell parameters and
atomic positions were determined.

2.4 Variable-pressure single-crystal X-ray diffraction

High-pressure single-crystal ~ X-ray  diffraction  on
[NH,4][Ni(HCOO);] was measured at the ID09A beamline of
the European Synchrotron Radiation Facility, Grenoble up to
2.30 GPa using monochromatic X-ray radiation (1 = 0.41168 A).
Upon the first compression, single-crystal diffraction was
measured at 0.93, 1.28, 1.84, and 2.30 GPa, after which dif-
fraction was measured at 1.45, 1.25, and 1.18 GPa upon de-
compression. A second compression was performed at pres-
sures of 1.26, 1.50, and 1.98 GPa. Diffraction patterns were
collected with a Mar555 flat panel detector using steps of
0.5° oscillations over a total w scan range of 80° around the
vertical axis. The pressures were measured using the ruby
fluorescence method before and after each diffraction mea-
surement.’>*! The average of both pressure values was used
and the variance was employed to calculate errors associated
with the pressure measurement. High-pressure single-crystal
X-ray diffraction on [NH,][Fe(HCOO);] was measured at the
beamline P02.2 of PETRAIII, DESY, Hamburg at 0.86 GPa
using monochromatic X-ray radiation (1 = 0.2903 A).*? Argon
was used for both [NH,][Ni(HCOO);] and [NH,][Fe(HCOO);] as
the pressure-transmitting medium (PTM) as it provides an in-
ert atmosphere and does not penetrate into the cavities of
the [NH,][M(HCOO);] structures, unlike neon.** Lattice pa-
rameter determination and integration of the reflection
intensities were performed using the CrysAlisPro software.**
The 2.30 GPa and 0.86 GPa pressure points of the high-
pressure phases of [NH,]|[Ni(HCOO);] and [NH,][Fe(HCOO)s],
respectively, were solved using Superflip in JANA2006 and
subsequent difference Fourier calculations.”> For these re-
finements, six data sets were used from each of the twin do-
mains that were integrated using CrysAlisPro, and twinning
matrices were given to relate all six domains (see the ESIf).
The hydrogen atoms of the formate ligands were located by

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

geometric calculations and refined using a riding model with
isotropic displacement parameters constrained to be 1.2
times those of their adjacent carbon atoms. Isotropic thermal
parameters were used for the C, O, and N atoms, while aniso-
tropic thermal parameters were employed for the Ni or Fe
atoms. The hydrogen atoms of the ammonium cation could
not be located in the difference Fourier maps and so were
not included in the refinements. The structure refinement
details are given in Tables S3-S11.}

3 Results and discussion

Ammonium metal formates, abbreviated here to AMF, are
composed of octahedral M>* cations that coordinate to for-
mate linkers forming a three-dimensional anionic network.
The [M(HCOO);]” network is charge-balanced by ammonium
cations that are located within the c-axis channels and inter-
act with the host framework via weak hydrogen bonding."”
Ambient AMF compounds crystallise in the acs topology with
the hexagonal space group P6;22, while their low-temperature
ferroelectric phases (when M = Mn, Fe, Co, Zn, Mg) adopt a
threefold superstructure with the polar space group P6;.1"”

The variable-pressure diffraction measurements on AMF
compounds show the occurrence of a phase transition at p <
0.86(3) GPa for AFeF, 1.22(2) < p < 1.44(2) GPa for AZnF, and
1.28(9) < p < 1.45(3) GPa for ANiF that involves characteristic
sixfold twinning based on the single-crystal data and the
splitting of the powder diffraction peaks for AZnF that is con-
sistent with a change of symmetry from hexagonal to either
C-centred orthorhombic or monoclinic [Fig. 1 and 2]. The
high-pressure phases, termed AMF-II, could be indexed to ei-
ther an orthorhombic €222, cell (a = 6.356(3) A, b = 13.02(5) A,
¢ = 8.0668(16) A for ANiF at 2.30 GPa) or a monoclinic P2, cell
as shown in Table 1, consistent with ref. 32. Both the P2, and
C222, cells are subgroups of the ambient phase symmetry
P6522, although due to the broad diffraction spots from the
single crystals, it is not possible to distinguish whether the
monoclinic or orthorhombic cells fit best. However, the repro-
ducible sixfold twinning upon recompression of ANiF [Fig. 1]
and from several tested crystals suggests that the monoclinic
cell is formed upon the transition, as sixfold twinning from an
orthorhombic cell could only occur from the crystal breaking
into two domains. The relationship between the unit cell pa-
rameters of the ambient P6;22 and high-pressure P2, phases
is given by:

We note that the symmetry-breaking lattice distortions
and the formation of twin domains in the pressure-induced

I Low-temperature single-crystal X-ray diffraction measurements were performed
on ANiF (ESL; Fig. S1).

CrystEngComm, 2016, 18, 8849-8857 | 8851
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Fig. 1 Selected reflections from the hk5* and hk2* reciprocal space
reconstructions of ANiF to highlight the splitting of the ambient
hexagonal phase into monoclinic domains and the diffuse scattering
formed upon decompression. The high-pressure phase is observed
from 1.45 GPa onwards, and only at 2.30 GPa, upon the first compres-
sion run, is the HP-phase observed without the presence of the ambi-
ent phase.
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Fig. 2 Selected variable-pressure neutron powder diffraction Rietveld
fits of AZnF upon compression. Experimental data are given as points,
the fitted profile as a solid red line, and the difference (data - fit) as a
blue line. The hkl tick marks in grey, green, and orange represent the
AZnF or AZnF-Il models, lead, and alumina, respectively.

transition of AMF suggest that their high-pressure phases
may be ferroelastic.*®

The formation of six twin domains can be observed
from the splitting of the ambient phase peaks into five dis-
tinguishable peaks (six peaks are formed but due to the
peak overlap, only five are clearly observed) [Fig. 1 and 3;
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Table 1 Unit cell parameters for the high-pressure phases of AMF-II,
where the average of the six integrated twin domains was taken for
AFeF-Il and ANiF-Il, while Rietveld refinement was used to determine the
parameters for AZnF-I|

AMF-II
Fe Zn Ni
P (GPa) 0.86(3) 1.45(2) 2.30(3)
(A) 6.668(6) 6.6594(10) 6.306(13)
b (A) 8.298(4) 8.1702(12) 8.0599(14)
c(A) 7.393(6) 7.3118(11) 7.250(13)
B () 116.64(11) 116.85(2) 115.6(2)
V(A% 365.6(5) 354.94(11) 332.3(8)

see Fig. S2t for the diffraction pattern of AFeF-II|. The rela-
tionships between the twin domains follow the lost rota-
tional symmetry upon the hexagonal-to-monoclinic transi-
tion.*” In particular, the first three of the six twin domains
are related by successive 120° rotations in the ac-plane (cor-
responding to the ab-plane in the hexagonal setting), and
each of these three domains then forms another twin do-
main by 180° rotation about the monoclinic g-axes (or
c-axes) [Fig. 3].*® The matrices relating the six monoclinic
twin domains are given in the ESLf

High-pressure Raman spectroscopy measurements have
also shown evidence of the phase transition in AFeF, AZnF
(ref. 33), and ANiF through the splitting of vibrational
modes associated with the formate groups.*> Based upon
the onset of the Raman peak splitting upon compression,
the transition pressures are observed at 0.38(3) < p <
0.44(6) GPa for AFeF, 0.99(3) < p < 1.19(3) GPa for AZnF,*’
and 1.29(3) < p < 1.37(3) GPa for ANJF [Fig. S11{]. While
the AFeF and ANiF transitions determined from Raman
spectroscopy and diffraction are in agreement, the p range
determined for the transition point of AZnF is slightly
higher in the high-pressure diffraction experiment compared
to that in the Raman spectroscopy (the lower p bound is
~0.23(3) GPa higher). We attribute this small difference to
the use of a powder sample in the case of the diffraction ex-
periment, while a single crystal was employed for the Raman
measurement in ref. 33. Thus, based upon the high-pressure
Raman spectroscopy performed on single crystals of AFeF,
AZnF, and ANiF, the transition pressures (Fe < Zn < Ni) fol-
low the inverse trend to the cation size, i.e. the larger metal
cation exhibits the lowest transition pressure. The relation-
ship of cation size and the degree of framework flexibility in
similar [A][M(HCOO);] compounds has also been shown to
be directly correlated.” We note that the deuteration of the
AZnF compound is not likely to affect the transition pres-
sure significantly given that a vibrational study on both
[NH,][Zn(HCOO);] and [ND,][Zn(DCOO);] showed very similar
values of calculated IR and Raman wavenumbers for the vi-
brational modes associated with the Zn-formate-Zn link-
ages, such as the stretching modes of the Zn-O bonds and
the translational and librational modes of the formate
ions.*

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ce01891b

Open Access Article. Published on 19 October 2016. Downloaded on 5/20/2026 7:03:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrysttngComm

In the case of the variable-pressure diffraction behaviour
of ANiF, the coexistence of the high-pressure monoclinic
phase and the ambient hexagonal phase can be observed at
the pressure points 1.45-1.98 GPa; at the highest pressure
point measured (2.30 GPa), however, the diffraction pattern
arises mainly from ANIF-II [Fig. 1]. This coexistence of ambi-
ent and high-pressure phases was not observed for AFeF-II,
where the sample was maintained at 0.86 GPa for a week be-
fore the diffraction measurement (see the ESIT), nor in the
high-pressure neutron powder diffraction measurements
(~1-2 h per pressure point). Thus, it suggests that a certain
equilibration time is needed for the transition to be fully
completed. Upon decompression of ANiF-II, the ambient
phase diffraction spots return, indicating the reversibility of
the transition, although diffuse scattering streaks remain
along the previous positions of the ANiF-II diffraction [Fig. 1].

Considering next the neutron powder diffraction, the am-
bient P6;22 model could be fitted to the diffraction pattern,
although due to unsuccessful deuteration of the ammonium
cation, the H or D positions of the ammonium cation were
not included in our Rietveld refinements (see synthesis sec-
tion and Fig. S41). The P6;22 model could be refined up to
1.22 GPa, however in the pressure range 0.95-1.22 GPa, a
broadening of the peak at the d-spacing of ~2.4 A is observed
[Fig. 2]. This broadened peak could only be partially fitted
using the P6;22 model, and could indicate the onset of the
structural transition. At 1.44 GPa, there is a clear change in
the diffraction pattern which can be refined using the P2,
model. ISODISTORT was used to produce a starting model
with the atomic positions of the previous pressure point
transformed into P2, symmetry.”® The P2, structure could be
used to refine the data up to 2.3 GPa, after which the sample
was decompressed and the reversibility of the transition was
confirmed (Fig. S77).

The pressure-dependent evolution of the unit cell volumes
for the ambient and high-pressure phases of ANiF and AZnF
is shown in Fig. 4. pascal was used to calculate the corre-
sponding Birch-Murnaghan equations of state.”® The
pressure-dependent volume evolution of the first compres-
sion and decompression runs of the ambient ANiF phase
could be fitted with a second-order Birch-Murnaghan equa-
tion of state (B-M EOS) up to 1.5 GPa, giving a bulk modulus
of B, = 26.0(12) GPa. A third-order B-M EOS fit to the AZnF
phase gave a bulk modulus of 39.2(15) GPa and its pressure
derivative B' = -5.1(16); a second-order B-M EOS fit resulted
in By = 31.9(5) GPa as reported in ref. 32 [Fig. S8f]. The
limited number of pressure points in the low-pressure region
of ANIF prevents a discussion on differences between the
bulk moduli of ANiF and AZnF. In general, the B, values ob-
served in AMF are similar to those obtained for guanidinium
copper carbonate (B, = 36.1(6) GPa),”*> and the cubic zinc cya-
nide (B, = 36.9(22) GPa),”* all of which are considered as
non-porous framework structures (or with closed porosity in
the case of AMF)** with comparable bulk moduli to certain
zeolites.”® The negative B’ for AZnF indicates that the mate-
rial becomes softer upon further compression, which may be

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Schematic representation of the diffraction pattern created
from six monoclinic twins with g = 116° and * 7% strain on the a and ¢
lattice parameters as observed in ANiF-1l at 2.3 GPa. The coloured dots
correspond to individual groups of reflections from the six twin
domains. Two-coloured circles symbolise overlapping reflections. The
three monoclinic cells indicated in solid lines (I, Ill, and V) are rotated
around a threefold axis parallel to the monoclinic b*-axis, while the
monoclinic cells with dotted lines are obtained by a rotation of 180°
around the a*-axes. The corresponding hexagonal cell is shown in
black where the monoclinic c-axis is replaced by the hexagonal b-axis.
Below the schematic diffraction, the hk5* reciprocal space reconstruc-
tion of ANiF-Il at 2.3 GPa is shown.

due to the approach of the phase transition.>® For the mono-
clinic AZnF-1I phase, a third-order B-M EOS fit taking into ac-
count the existence of a nonzero critical pressure p. resulted
in a much lower bulk modulus of B, = 14.0(7) GPa, with its
pressure derivative B’ = 19(3), indicating that the high-
pressure phase is initially very soft but becomes harder with
increasing pressure (B' > 4).>” For the pressure points at 1.45
and 1.8 GPa for ANiF, the reduction in volume upon the
phase transition from the ambient to the high-pressure
phases is ~1.5%, suggesting that the phase transition is first
order in nature. The small discontinuity in volume could ex-
plain the coexistence of the phases over several pressure
points for ANiF. By using the B-M EOS fit for AZnF, the
change in volume upon the transition at 1.44 GPa could be
estimated to be 2.0%.
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Fig. 4 The relative changes in the unit-cell volume of the ambient
(blue) and high-pressure phases (red) of ANiF (filled circles) and AZnF
(empty circles). A second-order B-M EOS is fitted to ambient ANiF, a
third-order B-M EOS is fitted to AZnF and a modified version of the
third-order B-M EOS is fitted to the AZnF-Il phase using pascal.>

The relative pressure-dependent variations in the principal
axes of the compressibility tensor of ANiF and AZnF are given
in Fig. 5.°' Both structures exhibit a very similar pressure-
dependent behaviour. The most striking feature is the in-
crease in compressibility of the AMF-II phases compared to
their ambient structures. The ambient phase compressibility
and anisotropic variation in a- and c-axes have already been
detailed in ref. 32 to arise from framework angle variation,
known as a ‘hinging’ mechanism. Here, we obtain similar
values of compressibility (K) for AZnF at K, = 15.9(9) TPa™*
and K, = —2.0(3) TPa " along the a- and c-axes, respectively.
For the AMF-II phases, however, the anisotropy between the
principal axes x; and x; which are mostly along the a- and
c-axes, respectively, is much greater, while the compressibil-
ity along the b-axis is almost zero [Fig. 5]. In particular, the
principal axis compressibilities for AZnF-II were calculated
to be K; = 47.9(17) TPa™* (along the principal axis direction
0.9984a — 0.0559c), K; = 0.0(9) TPa™*, K; = -6.93(18) TPa™*
(along the principal axis direction 0.4048a + 0.9144c) using
pascal.’® We note that the enhancement of compressibility
upon the symmetry-breaking transition of AMF resembles
the increase in flexibility observed in the ferroelastic transi-
tions of copper(i) tricyanomethanide and azetidinium man-
ganese formate upon cooling.*®>°

The compression of the principal axes in the AMF-II
phases can be understood by the structural distortions that
occur. While the ab-plane of the hexagonal AMF structures
shows isotropic compression, the AMF-II phases exhibit dis-
tortions in the hexagonal motifs that give rise to the aniso-
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Fig. 5 Relative changes in the principal axes of ANiF (filled circles) and
AZnF (open circles) as a function of pressure, as calculated by pascal.>*
The principal axes are related to the monoclinic axes by x; = 0.9992a -
0.0405¢, x, = -b, and x3 = -0.4732a - 0.8809c for ANiF-ll, and x; =
0.9984a - 0.0559c¢, x, = b, and x3 = 0.4048a + 0.9144c for AZnF-Il.

tropic compressibility observed in this same plane [Fig. 6].
Deformation of the hexagonal (or honeycomb) structure has
already been identified as a geometric motif that can allow
negative linear compressibility due to the changes in the an-
gles forming the hexagon.’®®°™®> Indeed, we observe large
variation in the formate-connected M---M---M framework an-
gles associated with this distortion [Fig. S3f]. The hinging
mechanism in the hexagonal ac-plane that gave rise to nega-
tive linear compressibility along the c-axis is now cancelled
out by bond compression in the monoclinic AMF-II phase,
giving rise to the observed zero compressibility along the
b-axis [Fig. 5].%

As the P2; symmetry of the high-pressure phase is po-
lar, any polarisation that may arise due to the off-centre
position of the ammonium cations relative to the anionic
metal formate framework could be estimated based upon
the crystal structure, as was performed for the low-
temperature ferroelectric phases of [NH4][M"(HCOO);] with
M = Mn, Fe, Co, or Zn.”> Due to the high sensitivity of
the N scattering with neutron diffraction, we used the
Rietveld-refined structures from AZnF-II to determine any
polar displacements in the ammonium cation. The ambi-
ent P6;22 phase and the P2; high-pressure phases of
AZnF were compared using the Bilbao Crystallographic
Server using the structure relations application to mini-
mise the differences between equivalent atoms (excluding
D atoms).®*® By comparing the N positions of the P6;22
and P2, phases, taking into account the origin offset cal-
culated by the Bilbao Crystallographic Server, the polar

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Crystal structures at 1.3 GPa and 2.3 GPa that show the
ambient and high-pressure phases of ANiF, respectively. NiOg coordi-
nation environments are represented by polyhedra, N atoms are in
blue, C in black, and O in red, and H atoms have been omitted. The
black arrows in the ANiF-II structure indicate the distortion of the hex-
agonal motifs (in dotted black lines) and are closely related to the di-
rections of the principal axes x; and xs.
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displacements along the monoclinic b-axis could be calcu-
lated. Using these displacements, the spontaneous
polarisation could be determined using eqn (2):

P, = mAyQe/V, (2)

where m is the site multiplicity, Ay is the displacement (in A)
of the N atom along the b-axis in comparison to the P6;22
phase, Q is the ionic charge of the ammonium cation, e is
the electric charge, and V is the volume of the unit cell. We
note that this calculation of Py represents a simplified esti-
mate of polarisation. Fig. 7 shows the evolution of the
polarisation with pressure of AZnF, where an enhancement
of polarisation, up to 4 uC cm™>, is observed upon the phase
transition to AZnF-II. It is worth pointing out that the polar
displacement of the ammonium cation (0.44 A at 1.45 GPa) is
similar in magnitude to what is observed in AZnF upon
cooling to its ferroelectric phase (-0.36 A, -0.38 A, +0.40 A for
the three symmetry-independent NH," cations at 110 K, with
m = 2).> However, as the low-temperature structure exhibits
NH," displacements in opposite directions, it leads to 2 x
-0.34 A polar displacements per unit cell, while the high-
pressure AZnF-II exhibits 2 x 0.44 A polar displacements per
unit cell. As the unit cell volume of the low-temperature
phase is approximately three times larger than the high-
pressure phase volume (1126.18(5) A®> and 354.94(11) A%, re-
spectively), the polarisation is consequently three times lower
in the low-temperature AZnF compound compared to the
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Fig. 7 Pressure dependence of the calculated polarisation in AZnF
using egn (2). Solid circles indicate data acquired upon compression,
and open circles represent data measured upon decompression.

high-pressure  AZnF-II volume
considerations).

The mechanism of the ammonium cation polar displace-
ments can be related to the anisotropic distortions of the cav-
ity in which the ammonium cations are found and thus the
distances in neighbouring oxygen atoms of the formate
linkers. We observe that a polar arrangement in the ammo-
nium cation allows for a greater number of shorter N---O dis-
tances compared to a non-polar arrangement (Fig. S9t).
Thus, the polar displacements of the ammonium cations are
due to a combination of the distortion in the metal formate
framework, creating an anisotropic environment for the am-
monium cation, and the weak host-guest interactions that fa-
vour a position within the cavity with a greater number of
shorter N---O distances. Upon increasing pressure, however,
the magnitude of polarisation in the AZnF-1I phase decreases.
This behaviour is related to the greater packing efficiency
which can be achieved with a non-polar arrangement of the
ammonium cations. In particular, the calculated void space
of the zinc formate network without the presence of the am-
monium cation was evaluated as a function of pressure, and
shows a reduction and a shift towards a non-polar arrange-
ment upon compression (Fig. S107).

In the high-pressure phases of AMF-II, we could not locate
the hydrogen positions of the ammonium cation, and conse-
quently, it is not possible to distinguish whether they remain
dynamically disordered after the transition. However, the
high-pressure Raman spectra of both ANiF-II and AFeF-1I do
not show any evidence of NH," ordering (Fig. S117), in agree-
ment with a high-pressure IR and Raman study on
[ND,][Zn(DCOO);].>* This means that while the ordering of
NH," upon cooling causes small structural distortions in the
metal formate framework, the distortion of the framework it-
self at ambient temperature and high pressure is not

phase (based upon
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sufficient to cease the dynamic disorder of the ammonium
cations in the pressure range studied.

4 Conclusions

In summary, we have determined the high-pressure mono-
clinic phases of ANiF-II and AFeF-II by taking into account all
the diffraction data arising from the six twin domains, and
have refined the same structural model for the high-pressure
neutron data of AZnF-II. These models show a distorted
metal formate structure, particularly in the framework angles
between formate-connected metal coordination. The transi-
tion pressures for the ammonium metal formates seem to
follow the inverse trend to the cation size, highlighting that
the degree of framework flexibility may be a factor for deter-
mining the onset of the metal formate distortion.

The principal axis compressibilities of the ANiF-II and
AZnF-1I phases revealed much greater anisotropy than those
of the ambient AMF phases, which arises in the plane of the
hexagonal motifs. The distortion of these hexagons gives rise
to negative linear compressibility (-7 TPa™*) along one direc-
tion and large compressibility along the perpendicular one
(48 TPa™'). Finally, we show a different mechanism for
achieving structural polarisation in the ammonium metal for-
mate family that is dependent on distortions in the metal for-
mate framework. Larger polarisation values could be
expected by both (i) maintaining sufficient space to accom-
modate polar displacements of the A-site cations and (ii) in-
creasing the interaction strength between the A-site cation
and the metal formate, so that the distortion of the metal for-
mate induces a greater A-site cation displacement. This
mechanism of polarisation has also important implications
for the magnetic ordering of these compounds because the
M-formate-M linkages are much more readily affected upon
the pressure-induced distortion. In order to achieve similar
polar distortions under ambient conditions, synthesis strate-
gies using mixed ligands with slightly different geometries
such as HCOO™ and CO;>” may give rise to distorted frame-
work structures that could host polar displacements in the
A-site cation.
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