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Abstract

Elastic properties and acoustic dissipation associated with the disorder-order ferroelectric
transition in a single crystal metal-organic framework (MOF), [NH4][Zn(HCOO);], have
been investigated using resonant ultrasound spectroscopy (RUS) in the temperature range
between 10 K and 300 K. The paraelectric to ferroelectric transition at around 192 K is
triggered by the disorder-order transition of ammonium cations within the structure and
changes of hydrogen bonding, accompanied by a structural phase transition from the non-

1



CrystEngComm

polar hexagonal space group P6322 to the polar hexagonal space group P6s. The elastic
moduli, which are proportional to the square of resonant frequencies, gradually decrease with
increasing temperature, and the rate of decrease changes markedly near the transition
temperature. The acoustic dissipation tends to gradually increase with increasing temperature,
but with a peak near the transition point. This pattern of behaviour can be understood by
analogy with phase transitions driven by hydrogen bonding coupled to lattice strain in the
mineral lawsonite [CaAl,Si,07(OH),-H,0]. The newly formed hydrogen bonds act as braces
to stiffen the structure, as opposed to the elastic softening which typically occurs at displacive
phase transitions. The acoustic loss mechanism involves dynamical disordering of hydrogen
atoms between symmetry related positions and coupling of their motion with local lattice

strain.

1. Introduction

Metal-organic frameworks (MOFs) are hot topics due to their hybrid inorganic-organic nature,
diverse and tuneable properties, and potential applications in catalysis, gas storage and
separation, magnetism and ferroelectricity.1 Multiferroic MOFs with at least two ordered
forms among ferroelasticity, ferroelectricity, and ferromagnetism are of particular interest,
and a few MOFs have been studied using X-ray diffraction (XRD), differential scanning
calorimetry (DSC), magnetic and dielectric measurements.” Elastic and anelastic properties of
MOFs have been investigated by nanoindentation, atomic force microscopy (AFM), Brillouin
scattering (BS), resonant ultrasound spectroscopy (RUS) and computer simulation.” In the
MOF family of [(CH3),NHz][M(HCOO);] (M = Fe, Co, Ni, Mn) with perovskite-like
structures, paraelectric—ferroelectric phase transitions occur between 160 K and 185 K (Fe:
160 K; Co: 165 K; Ni: 180 K, Mn: 185 K), which are triggered by order-disorder of the

alkylammonium cations located in the framework cavities, and a spin-canted
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antiferromagnetic ordering transition can occur below 40 K arising from the metal ions
within the framework skeletons.” *** In the MOF family of [NH4][M(HCOO);] (M = Mn, Fe,
Co, Ni, Zn, Mg), paraelectric to ferroelectric phase transitions accompanied by a structural
phase transition from the non-polar hexagonal space group P63;22 to the polar hexagonal
space group P63 occur between 191 and 255 K (Co: 191 K; Zn: 192 K; Ni: 199 K; Fe: 212 K;
Mn: 254 K, Mg: 255 K).*™ * These are triggered by disorder—order transitions of the
ammonium cations and their displacement within the framework channels. Weak magnetic
ordering (spin-canted antiferromagnetic ordering for the Mn, Co and Ni members, and
ferromagnetic ordering for the Fe member) occurs between 8 K and 30 K for the magnetic
members (Mn: 8.4 K; Fe: 9.4 K; Co: 9.8 K; Ni: 29.5 K) based on studies by single-crystal

3% 5 The focus of this work is to

XRD, DSC, magnetic and dielectric measurements.
investigate the elastic properties and acoustic dissipation related to phase transitions in
[NH4][Zn(HCOO)s] using RUS, which is a powerful tool for characterising strain relaxation

effects associated with ferroelectric and magnetic transitions but is rarely used in studies of

MOFs. e 3f

2. Experimental Details
2.1. Materials synthesis

Single-crystals of [NH4][Zn(HCOO);] (1) were prepared according to the method described
elsewhere in the literature.™® A 5 ml methanol solution of 0.4 M HCOOH and 0.8 M
HCOONH, was placed at the bottom of a glass tube, then 2 ml of methanol was added,
followed by carefully layering of a 5 ml methanol solution of 0.10 M Zn(ClO4),6H;0.

Colourless bipyramid-shaped crystals of 1 were harvested after a week.
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2.2. Single crystal X-ray diffraction

Crystal structure determination by single-crystal X-ray diffraction was performed on an
Oxford Diffraction Gemini E Ultra diffractometer using Mo radiation (A=0.71073 A,
operating at 50 kV and 40 mA). Full data sets were collected from 120 to 300 K at intervals
of 10 K. Data collection, cell determination and refinement and cell reduction were
performed using CrysAlisPro software.® The 120 and 300 K structures were solved using
direct methods and successive Fourier difference syntheses, and refined by full matrix least
squares procedure on F~ with anisotropic thermal parameters for all non-hydrogen atoms,
using the SHELXTL-PLUS’ package of programs via the X-Seed interface.® The hydrogen
atoms of the formate ligands were located by geometric calculations and refined using a
riding mode and isotropic displacement parameters constrained to be 1.2 times those of their
adjacent carbon atoms. The hydrogen atoms of the ammonium cations were located via
Fourier difference syntheses for both structures, and the disordered ammonium cations in the
300 K structure were treated using a two-fold disorder model. The full crystallographic data
and structure refinements at 120 and 300 K are summarized in Table S1. The cell parameters

from 120 to 300 K are listed in Table S2.

2.3. Resonant ultrasound spectroscopy (RUS)

The principle of the RUS technique is as follows.” A sample is held lightly between two
piezoelectric transducers. The first transducer is driven by a frequency synthesizer at constant
amplitude across a range of ultrasonic frequencies (0.1-2 MHz) which in turn causes the
sample to resonate at particular frequencies. The second transducer acts as a signal detector
which records the response of the sample in terms of its displacements. Peaks in the spectra
occur at the frequencies of normal modes of the sample. The resonance frequencies depend

on the elastic constants, density, shape and dimensions of the sample. For a sample with high
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structure symmetry and regular shape (most commonly a rectangular parallelepiped with
faces aligned with crystallographic axes), the elastic constants are determined by solving the
inverse problem numerically, and an iteration procedure is used to match the calculated
resonance frequencies with the measured spectra. For isotropic materials, there are two
independent elastic constants. For single crystals with hexagonal space group, there are five
independent elastic constants. The square of a given peak frequency is directly proportional
to the elastic constants associated with that normal mode.” RUS measurements were obtained
using a single crystal with irregular shape (~0.4 mm, 0.0003 g) in a helium flow cryostat
which has been described elsewhere.'® Data were collected with the sample chamber filled
with a few mbar of helium to allow heat exchange between sample and cryostat. The sample
was first cooled from 280 K to 10 K with data collection at intervals of 30 K, and then
warmed from 10 K to 120 K with intervals of 5 K, and from 120 K to 300 K with intervals of
2 K. 50000 data points were collected for each spectrum in the frequency range from 0.1 to
2.5 MHz. All spectra were transferred to the software package Igor Pro (WaveMetrics) for
analysis. Peak positions and the full widths at half maximum (FWHM) of the peaks were
determined for a selection of peaks by fitting with an asymmetric Lorentzian function. The
mechanical quality factor, O, was calculated using the relationship Q = f/Af, where fis the
peak frequency and Af'is the width of the peak at half its maximum height. The inverse of the

quality factor, 0", is a measure of acoustic dissipation (energy loss) in the sample.

3. Results

3.1. Structural analysis before and after the phase transition
The room temperature structure of framework 1 is in the hexagonal and non-polar space
group P6322 with aspox = 7.3090(3) and c3p0x = 8.1701(3) A, as reported previously.™

Bridging formate ligands connect octahedral Zn(Il) ions in an anti-anti mode fashion, and
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each Zn(Il) ion is linked to six neighbouring Zn(II) ions. As a result, the 3D anionic
frameworks [Zn(HCOO); ], have a (412-63) topology with 1D hexagonal channels along the
c-axis occupied by NH;" cations (Fig. la, b). The NH," is equally disordered between two
positions (coloured in grey and black in Fig. 1a), and hydrogen-bonded to the six HCOO™
ligands in the framework via N—HeesO bonds with NeseO distances of 2.971(3) A and N—
Hee+O angles of 160(1)° (Fig. la-b, Table S3). In the low-temperature structure (120 K), the
NH," cation becomes ordered, which changes the hydrogen-bonds between the NH," and
[Zn(HCOO);] framework substantially. Specifically, each NH," in this phase is only
hydrogen-bonded to three HCOO™ ligands via N—He**O bonds with NeeeO distances of
2.829(3) to 2.866(3) A and N—Hs++O angles of 166(2) to 176(2)° (Fig. lc-d, Table S3). The
ordering of the NH;" cations and consequent changes of hydrogen bonding break the
symmetry and induce a paraelectric (non-polar, P6322) to ferroelectric (polar, P63) phase

transition. The low temperature phase has cell parameters of a2k =

Paraelectric phase Ferroelectric phase

%
\*’
-~
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Fig. 1 Crystal structure of framework [NH4][Zn(HCOO)s], 1. (a) and (c): the conformations
of disordered and ordered NH,  cations in the paraelectric and ferroelectric phases,
respectively (the equally disordered ammonium at two positions is illustrated in white and
black colours for the paraclectric structure); (b) and (d): paraelectric and ferroelectric
structures of framework 1 viewed along the ¢ axis at 300 K and 120 K, respectively. Note:
there are three crystallographically independent NH,4" cations in the 120 K structure, but the
other two are not illustrated in (b) and (d) for clarity. Colour scheme: Zn(II), green or teal; O,
red; C, grey; N, blue; H, white and black. N—He++O bonds are represented as dashed purple

lines. Hydrogen atoms of formate ligands are omitted for clarity.

12.5946(4) and ¢ 20k = 8.2087(3) A, corresponding to a unit cell V3azpox * V3azo0k * C300k.°
According to the group-subgroup relations, the low temperature phase is an improper
ferroelectric. Variable temperature single-crystal X-ray diffraction (SCXRD) measurements,
from 120 to 300 K, show that the para- to ferroelectric phase transition is marked by a nearly
continuous and non-linear change in the a-parameter between 180 and 190 K after the low
temperature a-parameter has been divided by \3 for comparison (Fig. 2). This is consistent

with the previous DSC and heat capacity measurements which show an anomaly at ~192 K.
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Fig. 2 Lattice parameters of 1 obtained from single-crystal X-ray diffraction at intervals of 10
K from 120 K to 300 K. The dotted line is placed at the transition temperature of 192 K. For

comparison, the low temperature a-parameter has been divided by 3.

3.2. RUS studies

RUS results are shown in Fig. 3 and are internally consistent between cooling and heating.
Selected spectra from the single crystal collected during a warming sequence from 10 K to
300 K are illustrated in Fig. 3a and clearly show a change in the trend of peak frequencies
near the transition temperature of 192 K. Note that the y-axis is actually amplitude in volts,
from the detector transducer, but the spectra have been offset in proportion to the temperature

at which they were collected and then axis labeled as temperature.

Data for /* and Q" obtained from fitting selected peaks are shown in Fig. 3b-c. All the
resonance peaks have the same form of elastic softening (reducing values of fz) with
increasing temperature, with a marked change in the rate near the expected transition
temperature of 192 K (Fig. 3b). With increasing temperature, Q"' gradually increases and also
shows anomalies near 192 K. 0" from the resonance frequency at 0.544 MHz has a peak, and

then increases with increasing temperature. Q"' from the resonance frequency near 0.988
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MHz has a peak near 192 K, with lower values below and above this. For the resonance
frequency at 1.013 MHz, a step appears near 192 K. Each of these resonances corresponds to
a different combination of elastic constants and it seems that the loss pattern differs slightly
according to which combination is involved. The apparent anomalies at low temperatures

below 50 K for the resonance frequency near 0.544 MHz are due to noise in the data.
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Fig. 3 (a) Stack of RUS spectra as a function of frequency for 1 between 10 K and 300 K (the
spectrum at 192 K, i.e. the ferroelectric phase transition temperature, is shown in black and
other spectra in red). (b) Temperature dependencies of /* from fitting of selected resonance
peaks. (c) Temperature dependencies of Q™' from fitting of selected resonance peaks. The

vertical broken line represents the transition temperature and is shown at 192 K.

4. Discussion

The elastic anomalies and acoustic dissipation near 192 K in [NH4][Zn(HCOO)s] are closely
related to the paraelectric to ferroelectric transition. This is accompanied by the change from
the non-polar hexagonal space group P6322 to the polar hexagonal space group P63, which is
triggered by the disorder-order transition of ammonium cations within the structure and the
changes of hydrogen bonding.Sb’ > Analogous transitions driven by hydrogen bonding
coupled to lattice distortions occur in the mineral lawsonite [CaA12$i207(OH)2'HZO],IO’ i

and these provide the model by which the behaviour of [NH4][Zn(HCOO);] can be

understood. In lawsonite, changes in hydrogen bonding are accompanied by changes in space
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group at ~270 and ~150 K, and the lowest temperature structure is ferroelectric. It always
follows that if there are changes in lattice strain accompanying a phase transition their
influence will be seen clearly in changes in the elastic constants.'”” For most displacive
transitions, however, the effect of coupling between strain and the driving order parameter is
softening of the elastic constants with falling temperature. This is due to the fact that an
applied stress would induce a strain, in accordance with Hooke’s law, and then, because the
strain is coupled with the order parameter there is an additional relaxation of the order
parameter. In [NH4][Zn(HCOO);] and lawsonite, the trend is of stiffening rather than
softening with falling temperature through the transition points, indicating that the order
parameter does not relax on the timescale of the measurements. It is therefore probably more
appropriate to think of the hydrogen bonding as adding more or less rigid braces to the

structure, which cause the elastic stiffening.

In lawsonite, the amount of elastic stiffening due to the transition at transition temperature 7,
~270 K, in excess of what would occur if there were no phase transition, scales with the
square of the order parameter, ¢, and is non-linear because the transition is close to tricritical
in character, i.e. ¢* is proportional to (7, — 7)."° The pattern in Fig. 3b is closely similar,
though there is also a precursor stiffening effect as the temperature reduces towards ~192 K.
The paraelectric—ferroelectric transition in [NH4][Zn(HCOO);] is also close to tricritical,
which is reflected in a continuous and non-linear change in the lattice parameters through the
transition temperature (as shown in Fig. 2). A symmetry change from space group P6322 to

space group P63 also occurs in the mineral kaliophilite (KA1SiO4) and is close to tricritical."

The pattern of acoustic loss in lawsonite involves relatively low values of O™ below T, ~ 270

K, a peak just below T, and then increasing values above T..'° The pattern of acoustic loss in

11
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[NH4][Zn(HCOO);] is closely similar, with 7, ~ 192 K. The loss mechanism must involve
coupling of the hydrogen bonding with local lattice strains but occurring dynamically on a
time scale that is not too far from the time scale of mechanical resonances observed by RUS,
i.e. ~10° seconds. At T'< Ty, the relaxation time for hopping of hydrogen atoms between their
symmetry related positions in the ordered structure must be substantially longer than this, as
reflected also in the elastic stiffening behaviour. As T is approaching 7. from both above and
below the relaxation time tends to towards ~10° seconds since there is a marked peak in the
acoustic loss. At T > T, the loss mechanism is presumably then related to dynamical
disordering both of the hydrogen positions and of lattice distortions in the fully disordered

structure.

5. Conclusions

RUS studies of [NH4][Zn(HCOO);] have shown elastic anomalies and acoustic dissipation
near 192 K, which are induced by the ferroelectric transition triggered by the disorder-order
transition of ammonium cations within the structure and the changes of hydrogen bonding.
Increases in the elastic constants below the transition point indicate that hydrogen bonds act
as braces, giving more rigidity to the structure, in contrast with displacive phase transitions
which typically give rise to softening. Dynamical disordering of the hydrogen positions and
coupling with the lattice strain is responsible for significant acoustic loss, which is greater

above the transition point than below.
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