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ABSTRACT: Vibrational properties and the temperature-
induced phase transition mechanism have been studied in

[NH,][Zn(HCOO);] and [ND,][Zn(DCOO);] metal organ-
ic frameworks by variable-temperature dielectric, IR, and
Raman measurements. DFT calculations allowed proposing
the detailed assignment of vibrational modes to respective
motions of atoms in the unit cell. Temperature-dependent

Raman Intensity

studies reveal a very weak isotopic effect on the phase

transition temperature and confirm that ordering of
ammonium cations plays a major role in the mechanism of

the phase transition. We also present high-pressure Raman
scattering studies on [ND,][Zn(DCOO),]. The results indicate the rigidity of the formate ions and strong compressibility of the
ZnOyg octahedra. They also reveal the onset of a pressure-induced phase transition at about 1.1 GPa. This transition has strong
first-order character, and it is associated with a large distortion of the metal formate framework. Our data indicate the presence of
at least two nonequivalent formate ions in the high-pressure structure with very different C—D bonds. The decompression

experiment shows that the transition is reversible.

B INTRODUCTION

Searching for new materials possessing both electric and
magnetic orders in the same phase has become a hot topic in
recent years since such materials can perform more than one
task or can be manipulated by several independent stimuli.'
Most common multiferroics are oxides." However, in recent
years a new emerging route for preparation of multiferroic
materials was proposed, ie., synthesis of metal—organic
frameworks (MOFs) containing magnetic ions.” Especially
attractive are MOFs with frameworks built up of MO
octahedra connected by the formate groups since the small
size of these groups allows synthesizing compounds with
relatively short distances between the magnetic ions, and thus
exhibiting magnetic order at low temperatures.”~” MOFs have
also attracted much interest due to its enormous potential for
applications in gas storage, catalysis, drug delivery, sensors,
electronic devices, light emitting devices, and as an anode in Li-
based batteries.®

Among metal formate frameworks templated by mono-
ammonium cations, most frequently realized frameworks have a
perovskite architecture of 4'*6> topology, in which the metal—
metal connections are via anti—anti formate.”~” Within this
class of compounds, electric order was reported for
dimethylammonium metal formates of formula [(CH;),NH,]-
[M(HCOO),] with M = Mg, Zn, Mn, Ni, Co, Fe.*”~'* It has
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also been theoretically predicted for guanidinium compounds
and [CH,CH,NH,][Mn[HCOO),]."”""* Recently, ferroelec-
tric properties were also reported for [NH,][M(HCOO),]
formates, possessing a chiral framework of 4°-6° topology.'®"”
It has been shown that they exhibit electric order at 191-255
K, associated with a decrease of symmetry from P6;22 to
P6,.'%"” The observation of the good dielectric hysteresis loop
below T, confirmed that the low temperature structure of these
materials is ferroelectric.'®

It has also been reported that [NH,][Zn(HCOO),] exhibits
negative linear compressibility and a pressure-induced phase
transition.'® The high-pressure phase at 1.35 GPa was found to
be monocdlinic, but details of the structure could not be
solved.'®

Although metal formate frameworks templated by mono-
ammonium cations have been extensively studied using X-ray
diffraction, dielectric, differential scanning calorimetry (DSC),
and magnetic measurements, only a few vibrational studies have
been reported. Assignment of some internal modes observed at
room temperature was proposed for [(CH,),NH,][Mn-
(HCOO);] by Wang et al. and later by Sanchez-Andujar et
al.>'" Sanchez-Andujar et al. also showed a Raman spectrum of

Received: May 8, 2014
Published: August 22, 2014

dx.doi.org/10.1021/ic501074x | Inorg. Chem. 2014, 53, 9615—9624


pubs.acs.org/IC

Inorganic Chemistry

[(CH;),NH,][Mn(HCOO),] measured at 75 K.'' However,
detailed temperature analysis of the vibrational spectra was not
offered. Recently, we have applied Raman and IR spectroscopic
methods to the study of order—disorder phase transitions in
[(CH,),NH,][M(HCOO),] with M = Zn, Fe, Ni, Mn and a
more detailed assignment was proposed, including lattice
modes and IR active modes.”” In the family of [NH,][M-
(HCOO);] compounds, partial assignment was proposed for
Mn, Co, and Ni compounds only for IR active internal
modes.'® A more detailed assignment and temperature
dependence of IR and Raman bands have recently been
reported by us for [NH,][Mg(HCOO);]."”

Studies of [NH,][M(HCOO);] crystals showed the
importance of the rotational dynamics of the NH," ions in
the temperature-induced phase transition mechanism.'®"”
However, a detailed mechanism of the phase transition is still
not fully understood. In order to interpret a phase transition
mechanism in crystals possessing extensive H-bonds, it is
important to study the influence of isotopic substitution on
phase transition temperature. It is also worth adding that
isotopic substitution greatly facilitates assignment of modes to
the respective motions of atoms in the unit cell. Furthermore,
vibrational spectroscopy may provide deeper insight into both
temperature- and pressure-induced phase transition mecha-
nisms since it is particularly suited to studies of H-bonds,
order—disorder, and displacive phase transitions.”***

In this work, we report the synthesis of [NH,][Zn-
(HCOO),] and not previously reported [ND,][Zn(DCOO);]
and their dielectric properties. We also report a differential
scanning calorimetric (DSC) study of the deuterated sample
and DFT calculations for both compounds in order to better
understand the vibrational properties of this class of
compounds. Having discussed the assignments of modes, we
then report temperature-dependent Raman scattering and
infrared (IR) studies of [NH,][Zn(HCOO),] and [ND,][Zn-
(DCOO), in order to obtain information on the microscopic
mechanism of the temperature-induced structural phase
transition occurring in these compounds. In the last part of
the work, we report a high-pressure Raman scattering study of
[ND,][Zn(DCOO);] to probe pressure-induced structural
changes in this material. We would like to emphasize that
Raman studies under pressure have not yet been reported for
any member of the metal formates templated by an organic
cation. The highest pressure reached in our experiment for
[ND,][Zn(DCOO),], 5.31 GPa, is significantly higher than the
1.35 GPa pressure reached in the reported X-ray diffraction
experiment on [NH,] [Zn(HCOO)3].18

B EXPERIMENTAL SECTION

Synthesis. ZnCl, (98%, Fluka), ammonium-d, deuteroxide
solution (25 wt %, 99 atom % D, methanol-d, (99.96 atom % D,
Aldrich), formic acid-d, (95 wt % in D,0, Aldrich), [NH,][HCOO]
(99%, Fluka), methanol (99.8%, Aldrich), and formic acid (98%,
Fluka) were commercially available and used without further
purification. [ND,][Zn(DCOOQ),] was obtained by a slow diffusion
method. First, 12.8 mmol of formic acid-d, was added dropwise to 20
mmol of ammonium-d, deuteroxide solution. The mixture was dried at
70 °C, and the obtained white powder of [ND,][DCOO;] was
dissolved in16 mL of methanol-d, solution containing 7 mmol of
formic acid-d,. This solution was placed at the bottom of a glass tube
(9 mm inner diameter). Into this solution, 16 mL of methanol-d,
solution containing 1.6 mmol of ZnCl, were gently added. The tube
was sealed and kept undisturbed. Colorless crystals were harvested
after 5 days. The yield is about 65% based on the starting zinc salt. The
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product was washed by methanol-d, and dried at 60 °C. Synthesis of
[NH,][Zn(HCOO);] was performed in a similar way with the
difference that the solution placed at the bottom of a glass tube
contained 16 mL of methanol, 12.8 mmol of [NH,][HCOO], and
12.8 mmol of formic acid. Colorless crystals were harvested after 10
days. The yield is about 70% based on the starting zinc salt. The
product was washed by methanol and dried at 60 °C.

Powder X-ray Diffraction. XRD pattern was obtained on an
X’Pert PRO X-ray diffraction system equipped with a PIXcel ultrafast
line detector, focusing mirror, and Soller slits for CuKa, radiation (4 =
1.54056 A).

DSC. The DSC measurements of [ND,][Zn(DCOO),] were
performed on a DSC-7 instrument (PerkinElmer) under a nitrogen
atmosphere with two cycles using 7.33 mg of a powdered sample. The
temperature range was 100—350 K, and the cooling and heating rates
were 15 °C/min.

Dielectric Properties. The complex dielectric permittivity was
measured at a frequency range from 10° to 10° Hz using a broad-band
impedance Alpha analyzer with an Active Sample Cell (Novocontrol).
The measurements were performed every 1 K in the 110—373 K range
on pellets made of well-dried samples. The pellets had a diameter of 6
mm and a thickness of 0.6 mm, and they were placed between gold
electrodes with diameter of 6 mm. The temperature was changed by
the flow of vaporized liquid nitrogen heated and controlled by a self-
made heating system. The temperature stability was about +0.2 K.

Raman and IR Studies. Temperature-dependent Raman spectra
were measured using a Bruker FT 100/S spectrometer with YAG:Nd
laser excitation (1064 nm) and a helium-flow Oxford cryostat.
Temperature dependent IR spectra were measured on a Biorad 575C
spectrometer using a helium-flow Oxford cryostat. In the 3800—400
cm™' range, a Fluoroluble (Nujol) suspension was used for
[NH,][Zn(HCOO),] ([ND,][Zn(DCOO),]) whereas for the S00—
S0 cm™ range the samples were in an Apiezon N suspension. The
spectral resolution was 2 cm™.

The high pressure Raman spectra were recorded using a microscope
attached to a triple-grating spectrometer Jobin Yvon T64000 on an
about 10 ym thick platelet of the [ND,][Zn(DCOO),] single crystal
through backscattering geometry. The 514.5 nm line of an argon laser
was used as excitation, and the spectrometer slits were set for a
resolution of 2 cm™'. No analyzer was used in the high-pressure
experiment. In order to reach high pressures, the samples were loaded
into a diamond anvil cell from EasyLab with diamond of 0.35 mm of
culets. A stainless steel gasket with a thickness of 200 pm was
preindented to SO ym, and a 100 pm hole was drilled in the center of
the indentation by using an electric discharge machine from EasyLab.
The Nujol served as the pressure transmitting media. Pressures were
measured based on the shifts of the ruby R1 and R2 fluorescence lines.

Computational Methods. Theoretical studies have been
performed for two models of the investigated systems at zero K: the
NH," (ND,*) cation in the dimeric complex unit (model 1) and the
monomeric [Zn(HCOO)4]* ([Zn(DCOO)4]*") unit (model 2) (see
Figures S1 and S2, Supporting Information). The three-parameter
hybrid B3LYP density functional method has been used with the 6-
31G(d,p) basis set for all atoms of the ligands.”® The 6-31G(d,p) basis
set was chosen since it allows performing good quality calculations of
vibrational properties in a reasonable time. In particular, this basis set
was very often used for the calculations of vibrational spectra of many
anionic species, including formates.** Furthermore, DFT calculations
of vibrational properties for an isolated formate ion using five different
levels of basis sets showed that although using the larger basis sets
improved the results, the rms error decreased less than 3% when the 6-
311++G(2d,p) basis set was used instead of the 6-31G(d,p) one.®®
Some other papers also showed that the increased size of the basis set
did not affect the assignment of modes due to weak changes in the
calculated wavenumbers.”® Thus, the choice of the 6-31G(d,p) basis
set is a good compromise between the quality of DFT calculations and
computational time.

For the Zn atom the LanL2DZ effective core potential with the
concomitant valence basis set was applied.>” The Zn(II) complexes are
the closed-shell systems. Therefore, all calculations were based on a
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restricted mechanism; however, for clarity, R will be omitted from the
RB3LYP abbreviation, in the remaining text. For the monomeric
species, [Zn(HCOO)¢]*" and [Zn(DCOO)4]*", full geometry
optimizations were followed by the calculations of vibrational
frequencies as well as infrared and Raman scattering activities (Sg).
The theoretical Raman intensities (Iz) were obtained from the
calculated Sy values using the laser excitation frequency 9398.5 cm™
(1064 nm, Nd: YAG laser).”® For [NH,][Zn(HCOO)],”” and
[ND,][Zn(DCOO)4],”", a partial geometry optimization has been
performed. The geometry of the NH," and ND," cations was fully
optimized, in the frame of the two connected zinc complexes whereas
the geometrical parameters of two bonded Zn(II) complexes were
taken from literature data.'® The calculated frequencies of the NH,*
and ND," cations in this model were real, which confirmed the stable
structure. All computations were carried out with the Gaussian 09 set
of programs.”® It is worth adding that we have not taken into account
in our DFT calculations the dispersion interactions. It is well-known
that incomplete treatment of dispersive interactions may significantly
affect the accuracy of DFT calculations for those systems, for which
dispersive interactions are significant, for instance, in biological
systems and weakly bound molecular complexes.’® Since using
dispersion correction influences the calculated structural parameters,
it also affects the calculated vibrational frequencies. For instance, DFT
studies of TiO, anatase and ammonium perchlorate showed that, in
comparison with standard DFT, the disperison correction led to shifts
of nearly all frequencies toward higher values.>! However, the v}, 1,,
and v, modes of NH," ions showed an opposite behavior. Although
the dispersion correction improved the agreement between the
theoretical and experimental data for ammonium perchlorate, the
improvement was small and all modes were calculated within 5% of
experiment irrespective of the choice of pseudopotentials or the
dispersion correction scheme.>' Since as in the case of ammonium
perchlorate the compounds studied here are also ionic materials, a
dispersion correction is expected to have a weak effect on the
calculated vibrational frequencies.

B RESULTS AND DISCUSSION

Powder X-ray Diffraction and Thermal Properties. The
experimental powder XRD patterns measured for the [NH,]-
[Zn(HCOO);] and [ND,][Zn(DCOO),] crystals are in very
good agreement with the calculated ones based on the single-
crystal structure of [NH,][Zn(HCOO);] reported by Xu et al.
(Figure S3, Supporting Information)."® This result confirms the
phase purity of the bulk samples.

The DSC measurements of [ND,][Zn(DCOO);] show an
anomaly at approximately 191 K upon heating and 190 K upon
cooling (Figure S4). The shape of this anomaly is very similar
to that observed for other [NH,][M(HCOO),] formates with
M = Mn, Co, Fe, Ni, Zn, and Mg,lé’17 suggesting a second-
order, reversible phase transition. The associated changes in
enthalpy AH and entropy AS are ~0.67 kJ mol™! and ~3.51 ]
mol™ K™, respectively. These values are slightly larger than the
~0.2—0.5 k] mol™" (<2 J mol™ K™') values reported for other
[NH,][M(HCOO);] compounds.'®"” It is important to
mention that for [NH,][Zn(HCOO),] the phase transition
was reported to be 192 K in the heating mode.'® As can be
noticed, the isotope effect for this compound is very small. A
very weak isotope effect was previously reported also for
dimethylammonium analogues, that is, [(CH;),NH,][Co-
(HCOO);] and its perdeutero analogue [(CD;),ND,][Co-
(DCOO),], and [(CH,),ND,][M(HCOO),] with M = Mn,
Ni.>"? Thus, the new important information derived from the
DSC studies of the deuterated sample is that, as in the case of
the family of dimethylammonium metal formates, also in the
family of ammonium metal formates the movement of the
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proton (deuteron) along the N—H--O (N—D---O) bonds can
be excluded as the microscopic origin of the phase transition.

Dielectric Properties. Figure 1 shows the temperature
dependence of the real component ¢’ of the dielectric constant
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Figure 1. Temperature-dependent traces of the real part of the
dielectric permittivity, ', for powdered (a) [ND,][Zn(DCOO),] and
(b) [NH,][Zn(HCOO),] at 0.13, 1.4, 9, 95, and 1000 kHz.

of powdered [ND,][Zn(DCOO);] and [NH,][Zn(HCOO),].
Broad dielectric anomalies, corresponding to the phase
transitions, are clearly seen for both compounds. Former
studies of [NH,][Zn(HCOO);] showed the presence of a
strong and narrow dielectric anomaly at 191 K under applied
electric field E||c for a single crystal but a much weaker and
broader anomaly with the maximum shifted toward lower
temperatures for the powdered sample.'® This anomaly was
attributed to the onset of a ferroelectric order in the low
temperature phase, and the ferroelectricity of [NH,][Zn-
(HCOO),] was confirmed by the presence of a very clear
dielectric hysteresis loop.'”'® Our broad anomalies are very
similar to that reported previously for powdered [NH,][Zn-
(HCOO),]. Figure 1 shows that the dielectric anomaly for
[ND,][Zn(DCOO);] shifts by only 3 K toward lower
temperature in comparison with [NH,][Zn(HCOO);]. Former
dielectric data on [NH,][Zn(HCOO),] have not provided
information on the relaxation phenomena in this crystal. Our
data show that the dielectric loss tan & shifts to higher
temperatures with increasing temperatures (Figure SS). This
shift in peak position of tan J can be attributed to rotational
motions of NH,* (ND,") cation in the cavities of the
framework. The frequency dependent tan J was examined for
an Arrhenius type behavior, 7 = 7, X exp(E,/ksT), where E, is
the activation energy barrier between two thermodynamically
equivalent sites for NH,* (ND,") reorientational motion. Insets
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Figure 2. Detail of the Raman spectra results corresponding to the spectral ranges 2800—3200, 1350—1420, and 80—300 cm™' for
[NH,][Zn(HCOO);] (a, b, and c) and spectral ranges 2100—2300, 1320—1400, and 80—300 cm™"' for [ND,][Zn(DCOO);] (d, e, and f).

in Figures S5 show that the dielectric relaxation observed below
T. obeys the Arrhenius law, with 7, = 1.58 X 107'* s and E,/k;
= 1.83 X 10* K = 0.16 eV for [ND,][Zn(DCOO),] and 7, =
121 X 107" s and E,/ky = 1.92 X 10°* K = 0.17 eV for
[NH,][Zn(HCOO),]. The obtained values of the activation
energies are significantly smaller than the 0.28 eV value
reported for [NH,] [Mg(HCOO)3].17 This result indicates
significantly weaker bonding of the ammonium cations to the
zinc formate framework compared to the magnesium formate
framework.

Vibrational Studies - Selection Rules, DFT Calcula-
tions and Assignment of Modes. The vibrational spectra of
[NH,][Zn(HCOO);] and [ND,][Zn(DCOO);] can be
regarded as composed of internal vibrations of the ammonium
and formate ions, and the lattice vibrations. Table SI,
Supporting Information, shows the correlation between the
optical modes in the P6;22 and P6; structures. Since the NH,"
(ND,*) cations are disordered in the P6;22 phase, we do not
present distribution of the internal modes of these ions among
the irreducible representations for this structure. The calculated
wavenubers for the above-described models as well as
experimental wavenumbers for [NH,][Zn(HCOO),] and
[ND,][Zn(DCOO);] are presented in Tables S2 and S3,
Supporting Information.

Let us now discuss the assignments of modes. The N—H and
N-D stretching vibrations (v, and v;) of free molecules were
reported to appear in the region 3300—3500 and 2400—2600
cm™', respectively (the frequency isotopic ratio v(N—H)/
v(N-D) is close to 1.41).>* The formation of H-bonds should
result in significant changes, that is, a shift of the stretching
modes to lower frequencies, an increase in the intensity and
width of the corresponding vibrational bands, and a decrease of
the isotopic ratio.”® The bending modes v, and v, of the
ammonium cation were located near 1600—1720 and 1390—
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1460 cm™ (1100—1300 and 1050—1150 cm™') for NH,*
(ND4+), respectively.33 Our experimental room temperature
data show the N—H (N—D) stretching modes in the region
2847—-3337 cm™! (2154—2483 cm™!) (see Table S3); i.e., some
of these bands have wavenumbers close to the free ammonium
cations, but others are shifted toward lower frequencies even by
400—500 cm™" (in respect to the stretching frequencies of N—
H and N—D bonds not involved in the formation of H-bonds).
The wavenumber isotopic ratio is about 1.32—1.34. The
observed shifts and value of the isotopic ratio indicate that the
ammonium cations form medium strength H-bonds with the
anionic framework. Tables S2 and S3 show that the calculated
frequencies of the ammonium cation are in quite good
agreement with the experimental values. It is worth noting
that although assignment of the stretching modes is
straightforward, assignment of the bending modes of the
ND," cations is more difficult since the frequency ranges where
these modes are observed may overlap. Our DFT calculations
show, however, that in the present case the energy gap between
the the v, and v, modes should be about 50 cm™ (see Table
S2). Moreover, DFT calculations predict that the intensity of
the IR bands corresponding to the r, modes should be
significantly smaller than the intensity of the v, bands (Table
S2). Thus, DFT calculations allow us to propose a more precise
assignment of the bending modes of the deuerated ammonium
cation.

Regarding the internal modes of the HCOO™ ions, our DFT
calculations show that these modes should appear near 2811—
2826 cm™ (v;), 1685—1735 cm™ (v,), 1405—1413 cm™ (vs),
1363—1369 cm™ (v,), 1064—1074 cm™ (), and 764—768
em™ (13). The v}, Vs, Uy, Vg and v5 calculated modes are in
very good agreement with the experimental spectra that show
the bands near 2887-2891, 1380—1382, 1368—1371, 1075,
and 803—809 cm™, respectively. The calculated values for the
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v, mode are, however, overestimated since the corresponding
bands are observed near 1567—1576 cm™'. Deuteration is
expected to have a strong impact on the vy, 5, and v modes of
the HCOO™ ions since these modes correspond to the C—H
stretching, C—H in-plane bending mode, and C—H out-of-
plane bending modes, respectively.”>** Assignment of the v,
modes of the DCOO™ ion is straightforward, but DFT
calculations are very useful in assigning the v5 and vg modes.
As can be noticed, the experimental (theoretical) data are
consistent with the expected downshift of modes after
deuteration; that is, the v, v, and v4 modes are observed
(calculated) at 2189, 1021—1024, and 913—914 cm™" (2065—
2078, 1034—1036, and 916—922 cm™"). It is worth mentioning
that deuteration also leads to a downshift of the v, mode by
nearly 30 cm™ and the v; mode by 8 cm™ (see Table S3). This
result indicates that although they correspond to vibrations of
the C—O bonds, the C—H vibrations contribute weakly to
these modes.

An assignment of lattice modes was proposed previously for
many formates and compounds containing ammonium
cations.*®**° Thus, translational and librational modes of
NH," (ND,") cations were located in the 160—270 and
300—480 cm~' (140-250 and 310—380 cm™) region,
respectively.>*> Translations and librations of the formate
ions were usually observed below 250 cm™.3® As can be
noticed, some modes may appear in broad frequency ranges.
Moreover, vibrational modes my couple to each other and
precise assignment of lattice modes through comparison of
vibrational spectra of different compounds is difficult. Our DFT
calculations allow us to propose a more detailed assignment of
the lattice modes. For instance, they show that the most intense
IR bands correspond mainly to translations of the Zn** cations.
They also allow distinguishment between librational and
translational modes of the formate units and show that the
most intense Raman bands can be attributed mainly to
librational motions of the formate units (see Table S3). It is
also worth noting that our DFT calculations predict well that
the librational modes of the ammonium ions should be
observed at higher frequencies than the translational modes.

Temperature-Dependent Raman and IR Studies, and
Mechanism of the Temperature-Induced Phase Transition.
Temperature-dependent Raman and IR spectra are presented
in Figures 2 and S6—S11. In order to better observe the
temperature dependent changes in vibrational spectra, we also
present plots of frequencies and full width at the half-maximum
(fwhm) values for a number of structural units (Figures 3, 4,
and S12—S14).

Figure S12 shows weak anomalies near T, for [NH,][Zn-
(HCOO),], that is, a change in the slope of wavenumbers vs
temperature for the v, and v5 modes of the HCOO™ ion, and
splitting for the v, and v4 modes. Clear splitting is also observed
for the coupled T'(HCOO™) and T'(Zn**) mode (see Figure
S14a). This behavior points to distortion of the metal formate
framework due to the ferroelectric phase transition. It is worth
noting that according to the X-ray diffraction data there is only
one unique HCOO™ ion in the high-temperatrure phase but
three distinct ions in the low temperature phase.14 Thus, the
observed splitting reflects the appearance of nonequivalent
HCOO™ ions. Interestingly, we observe very clear splitting for
the v4 mode, which corresponds to the C—H out-of-plane
bending mode. This behavior suggests the presence of different
C—H bonds in the low-temperature phase although the
reported X-ray diffraction data showed the same C—H bond
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Figure 3. Temperature dependence of the v, mode of NH," for (a)
[NH,][Zn(HCOO),] and (b) [ND,][Zn(DCOO),]. The vertical
lines indicate the temperature at which [NH,][Zn(HCOO),] or
[ND,][Zn(DCOO);] undergoes the phase transition.

lengths for all three crystallographically nonequivalent HCOO™
ions.'® This discrepancy between the Raman and X-ray
diffraction data is due to the inaccuracy of X-ray diffraction
on the position of hydrogen atoms, and it shows that
vibrational spectroscopy is a very valuable method for studies
of C—H bonds. It is worth noting that the observed splitting is
about two times smaller than that reported for [NH,][Mg-
(HCOO),]."” This behavior indicates that the distortion of the
metal formate framework due to the ferroelectric transition is
much smaller for [NH,][Zn(HCOO),] when compared to
[NH,][Mg(HCOO);].

Figures S13 and S14 show that clear anomalies near T, are
also observed for [ND,][Zn(DCOO),]. However, we cannot
observe any clear splitting for the v, mode and splitting of the
translational mode near 245 cm™" is significantly smaller when
compared to [NH,][Zn(HCOO),]. This result suggests that
the deuterated sample exhibits a smaller distortion of the
framework during the phase transition.

Let us now discuss the temperature dependence of the
ammonium cation vibrational modes. Figure S6 shows that
upon cooling the narrow (broad) IR bands above 3300 cm™
(in the 2800—3200 cm™' range) shift to higher and lower
wavenumbers, respectively. This behavior is accompanied by
significant changes in intensities, narrowing and splitting of the
NH,* bands (see Figures 2, 3, S10, and S11). The temperature
dependence of the NH," modes of [NH,][Zn(HCOO),] is
very similar to that observed for the Mg analogue and can be
attributed to the increased strength of the H-bonds."” However,
the observed shifts upon cooling are more pronounced for the
Zn compound, suggesting more significant changes in strength
of the H-bonds upon cooling in this compound. Raman and IR
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Figure 4. Temperature dependence of fwhm of (a) the 2891 cm™ (full circles) and 2189 cm™ (open circles) Raman bands corresponding to the
v1(XCOO™) mode, (b) 1371 cm™" (full circles) and 1342 cm™ (open circles) Raman bands corresponding to the 2,(XCOO™) mode, (c) the 244
(full circles) and 245 cm™ (open circles) Raman bands corresponding to the coupled T'(XCOO™) and T'(Zn**) modes, and (d) the 1440 (closed
circles) and 1084 cm™" (open circles) IR bands corresponding to the v,(NX,*) mode. The solid lines in (d) are fits of the data to eq 1. The dash dot
and dash lines represent contribution due to anharmonicity and reorientational processes, respectively.

bands of [ND,][Zn(DCOO);] also exhibit significant shifts,
narrowing, and splitting that can be attributed to a change in
the H-bond strength upon cooling (see Figures 2, 3, S7, and
S11).

In order to obtain further information on the mechanism of
the phase transition, we proceed now to the discussion of the
temperature dependence of fwhm values for selected modes.
Figure 4 shows that the v, and v, bands of the formate ion are
significantly narrower for the deuterated sample. This behavior
can be attributed to the reduced mean amplitude of the
vibration of D atoms when compared to H atoms. The fwhm of
these modes exhibits a significant increase above 150 K, i.e.,
about 40 K below T.. An even more pronounced increase in
fwhm upon heating occurs for the lattice bands near 245 cm™
and the 1,(NX,") bands (see Figure 4). As discussed
previously, such a pronounced increase in fwhm indicates
that the phase transition in the studied compounds has an
order—disorder character and is associated with the rotational
dynamics of the ammonium cations.”” In such a case, the
temperature dependence of fwhm can be approximated by

FWHM = A + BT + C exp(—E,/kT) 1)
where E, is the activation energy, k is the Boltzmann constant,
and T is the temperature.”’ The value of the first term depends
on structural and compositional defects. The linear term BT
represents the influence of phonon—phonon anharmonic
interactions, and the last term gives information on thermally
activated reorientational processes. Figure 4d shows that the
temperature dependence of fwhm values of the 1,(NX,*)
modes can be well approximated by eq 1 with the activation
energy E, equal to 86 meV for [NH,] [Zn(HCOO);] and 93
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meV for [ND,][Zn(DCOO),]. The reorientational processes
in [NH,][Zn(HCOO);] and [ND,][Zn(DCOO),] start to
contribute to the observed fwhm at a significantly lower
temperature (above 100 K) than in the Mg analogue (140 K)."”
Moreover, the estimated E, ~ 86 meV of [NH,][Zn(HCOO),]
is significantly smaller than the 103 meV value found for
[NH,][Mg(HCOO),]."” The smaller value of E, and the
above-discussed temperature suggest weaker binding of the
NH," cation in the [NH,][Zn(HCOO),] structure. This
conclusion corroborates with a lower phase transition temper-
ature into the disordered phase for the Zn compound (191 K),
when compared to the Mg compound (255 K)." It is
interesting to note that E, increases upon deuteration. A similar
effect was also observed for the dimethylammonium ana-
logues." It is known that if the potential curve for the motion
of ND," equals that of NH,", the activation energy for the
reorientation is expected to increase by the deuteration due to
the increase of the moment of inertia.>” Thus, the observed
increase of E, for [ND,][Zn(DCOO),] is consistent with the
increase of the moment of inertia for ND," ions and weak
change of the potential curve for the motion of ammonium
cation. This suggests that the interaction between the
ammonium cations and anionic framework are weakly affected
by the deuteration. Figure 4 also shows that the deuteration has
a negligible effect on phonon—phonon anharmonic inter-
actions.

High Pressure Raman Scattering Study of [ND,[Zn-
(DCOQ);], and Mechanism of the Pressure-Induced Phase
Transition. The pressure-dependent Raman spectra are
presented in Figure S15, but the overall changes in the
Raman spectra can be better followed by analyzing the
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wavenumber (@) vs pressure (P) plot shown in Figure S.
Figure S shows that the pressure dependence of all vibrational

22407 T T T T T T T T T T

(a) | 1
2220 : E
2200+ m N

2180 1 ]
21604 ' -
1032 4

b)
1028 1 53/ —o-®;
1024

1

(]

. 1
<1020 f

1

1

§ 1016

r

-

o

=

N
1

Jdo 4
-
N
w
44
a

815_- T II T T T T T T T _.
810
805

¥
sool_.,,/"'L .
I
T 1 T

Wavenumber (

795

280 4T T T T T T T T T T T3
240 ] pp—p P> d g

200 .
160 .
120 ! o—0—o—0 .
80 ]
v T T N T N T
0 1 2 3 4 5

Pressure (GPa)

Figure 5. Wavenumber vs pressure plots of the Raman modes
observed in [ND,][Zn(DCOO),] crystal for compression experiment.
The vertical lines indicate the pressures at which [ND,][Zn-
(DCOO);] undergoes phase transitions. The solid lines are linear
fits on the data to w(P) = w, + aP.

modes, except for the 1.19—1.72 GPa range for the high
wavenumber modes, can be well described using a linear
function w(P) = @, + aP. The results for pressure coefficients
(a = dw/dP) and wavenumber intercepts at zero pressure (@),
obtained from fitting of the experimental data through the least-
squares method, are listed in Table 1. Table 1 also summarizes
the mode Griineisen parameters y; = By/®;0w;/0P, where B, is
the bulk modulus. The mode Griineisen parameters have been

Table 1. Raman Wavenumbers @, for the Two Phases of
[ND,][Zn(DCOO);] along with Pressure Coefficients
Obtained from the Linear Fits on the Data to @(P) = w, +
aP

ambient pressure phase high-pressure phase

wy (em™)  a (em™ GPa™) y wy (cm™)  a (em™ GPa™)
2191.9 2.54 0.038 2170.7 13.01
21329 12.16
1026.5 1.47 0.047 1012.9 2.87
10154 —0.78
798.0 4.42 0.18 802.9 —2.94
809.4 1.79
246.0 8.25 1.1 242.0 8.96
173.8 10.26 1.94 192.0 6.71
156.2 -2.79 —0.59 142.0 8.19
135.8 1.44 0.35 134.9 4.92
68.2 =515 —2.48 98.2 1.71
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calculated using By = 32.8 GPa obtained from high-pressure X-
ray diffraction studies.'®

Figure S1S5 shows that, on applying pressure, the spectra
remain qualitatively the same up to 0.99 GPa. Figure S and
Table 1 show that, in this pressure range, wavenumbers of the
majority of modes increase. However, the modes at 68 and 156
cm™' exhibit a negative pressure dependence. Especially
pronounced softening is noticed for the 68 cm™ band that
can be attributed to librational motions of the HCOO™ ions
and for which the coefficient @ is —5.15 cm™!/GPa.
Pronounced softening of modes under pressure reveals that
anharmonicity becomes important, and it is an indication of
some crystal instability.*® Inspection of Table 1 also shows that
the mode Griineisen parameters of the 2192 and 1026 cm™
modes (C—D stretching and bending mode of the DCOO~
ions, respectively) are very small. A larger value is found for the
798 cm™' mode (O—C—O bending), but the largest values are
observed for the lattice modes. The obtained Griineisen
parameters indicate, therefore, that under applied pressure the
C—D and C—O bonds of the DCOO™ ions shorten weakly but
significant shortening occurs for the Zn—O bonds. In other
words, the observed behavior indicates rigidity of the formate
ion and large compressibility of ZnOg4 octahedra.

When the pressure reaches 1.19 GPa, the Raman spectrum
changes drastically. The most characteristic changes are (i)
discontinuous wavenumber shifts, (i) very clear changes in the
slope of wavenumbers vs pressure, (iii) splitting of the internal
modes into doublets, and (iv) a change in the intensity of many
bands (Figures S and S15). The observed modifications of the
Raman spectra indicate that a first-order phase transition takes
place in [ND,][Zn(DCOO),;] near about 1.1 GPa. The
observed splitting of internal modes points to the lower
symmetry of the high-pressure phase. This conclusion is in
agreement with the postulated monoclinic distortion of the
structure on the basis of X-ray diffraction results.'® It is
important to mention that the phase transition in [NH,][Zn-
(HCOO),] occurred somewhere between 0.94 and 1.35 GPa.'®
Our results showing phase transition for the deuterated
analogue near 1.1. GPa indicate, therefore, the weak effect of
deuteration on the phase transition pressure. We would also
like to emphasize that the structure of the high-pressure phase
could not be solved due to the limited number of reflections
and, therefore, structural details of the high pressure phase are
not known."® Our Raman data give, however, new interesting
information on the pressure-induced structural changes. (1)
The structure of the high-pressure phase is different from that
observed at ambient pressure and low temperatures. In
particular, in the low-temperature structure the distortion of
the metal formate framework is weak and the ammonium
cations are ordered. The very large splitting of the DCOO™
internal modes and large width of Raman bands indicate that
the metal formate framework is very strongly distorted in the
high-pressure phase whereas the ammonium cations remain
disordered. Splitting of the internal modes into doublets
indicates the presence of at least two nonequivalent DCOO™
ions in the high-pressure phase with significantly different C—D
and C—O bond lengths. (2) The splitting of the 1026 and 798
cm™" increases upon further compression. This result indicates
that the metal formate framework distortion becomes larger
when pressure increases beyond 1.19 GPa. However, the
spectra remain qualitatively similar, suggesting that no other
phase transition occurs in this material up to 5.31 GPa. (3) It is
interesting to note that the bands corresponding to the C—D
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stretching and bending vibrations exhibit a shift toward lower
wavenumbers at the phase transition. Such behavior indicates
that the C—D bond lengths increase in the high-pressure phase.
The origin of this behavior is not clear, but it points to
significant rearrangements of the formate units in the high-
pressure phase. (4) Our data show that upon an increase of
pressure beyond 1.19 GPa, the bands become broader and very
few broad bands can be observed at 5.31 GPa. Such behavior
suggests that pressure induces amorphization of the studied
sample. (S) As we have already mentioned, wavenumbers of the
internal modes exhibit departure from the linear dependence of
wavenumbers vs pressure at 1.19 and 1.72 GPa. Interestingly,
the 2170 and 1022 cm™ components (at 1.19 GPa) exhibit
softening when the pressure increases to 1.72 GPa and
hardening above 2 GPa (see Figure S). This behavior might
indicate the presence of another subtle structural phase
transition near 2 GPa, but confirmation of this transition
would require additional studies using other experimental
methods. (6) It is worth noting that the pressure coeficients «
are still large for many modes of the high-pressure phase. This
result indicates that the high-pressure phase is still strongly
compressible. However, this high pressure phase which is stable
above 1.1 GPa does not show any negative pressure
dependence of the lattice modes, confirming the high stability
of this structure.

In order to gain more insight into the mechanism of the
phase transition, we have also performed Raman studies of the
[ND,][Zn(DCOO);] crystal during the decompression. Figure
S15a shows that, upon releasing pressure, splitting of the
v,(DCOO™) and v5(DCOO™) bands near 1200 and 1030 cm™
disappears and the bands after decompression are observed at
the same frequencies as the corresponding bands of the initial
phase before compression. The lattice bands also return to their
initial frequencies (see Figures S15c and S16), thus indicating
the reversibility of the process. However, the spectrum is less
intense, Raman bands are broader, and there are some changes
in relative intensities of the Raman bands. Such behavior is
often observed in the high pressure studies of single crystals
strongly undergoing first-order phase transitions due to
reorientation of a sample during the decompression experiment
and creation of domains and/or defects.>®°

Let us now discuss the mechanism of the pressure-induced
phase transition. Our results show that application of pressure
leads to tilts of the rigid DCOO™ ions and significant
shortening of Zn—O distances. This behavior is consistent
with the X-ray diffraction studies performed for [NH,][Zn-
(HCOO),]; that is, these studies revealed no significant
changes in the C—O bond lengths or O—C—O bond angles
and a small decrease in the Zn—O bond lengths from ambient
pressure to 0.94 GPa."® It is worth noting that experimental and
theoretical studies revealed significant compressibility of the
metal—oxygen polyhedra and rigidity of the organic ligands also
for many other MOFs.*>*! It has also been reported that most
MOFs respond to pressure by rotating metal polyhedra.*'
Thus, the mechanism of the pressure-induced phase transition
can be rationalized as follows. Application of pressure leads to
tilts of the rigid DCOO™ ions, significant shortening of Zn—0O
distances, and rotation of the ZnOg4 octahedra. This in turn
leads to an increase in repulsive forces between the oxygen
atoms. To relieve this repulsion, the rigid formate units
experience abrupt reorientations near 1.1 GPa, which leads to
loss of the 6-fold symmetry axis and significant distortion of the
ZnOg4 octahedra. Recent studies of [tmenH,][Er(HCOO),]
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(tmenH,** N,N,N’,N’-tetramethylethylenediammonium)
showed that the tmenH,*" cation does not play a significant
role in the phase transformation, but this transformation is
associated with major modification in the erbium—oxygen
polyhedra.*' In other words, the pressure-induced bond
rearrangement occurs, which is accompanied by a 10% unit
cell volume change and significant decrease in the compressi-
bility of the two phases.*' Our data for [ND,][Zn(DCOO);]
also revealed significant distortion of the metal formate
framework and smaller compressibility of the high-pressure
phase. X-ray diffraction data for the nondeuterated sample
show, however, that the phase transformation is not
accompanied by any significant decrease of the unit cell
volume."® The structural modification under pressure is
therefore weaker for the studied here [ND,][Zn(DCOO),]
compound when compared to [tmenH,][Er(HCOO),]. This
behavior can be most likely correlated with significantly larger
flexibility of the latter compound, as evidenced by the smaller
value of the isothermal bulk modulus for [tmenH,][Er-
(HCOO),] (13.8 GPa) when compared to ammonium zinc
formate (32.8 GPa).'>*!

Bl CONCLUSIONS

We have presented for the first time DFT calculations of
vibrational properties for the isolated clusters: the NH,*
(ND,") cation in the dimeric complex unit (model 1) and
the monomeric [Zn(HCOO)]* ([Zn(DCOO)(]*") unit
(model 2) that allowed precise assignment of modes of the
studied compounds. Our temperature-dependent studies show
a very weak effect of deuteration on the phase transition
temperature and very pronounced broadening of bands related
to vibrations of the ammonium cations. Thus, our results prove
that the movement of proton (deuteron) along N—H--O (N—
D--O) bonds can be excluded as the microscopic origin of the
temperature-induced phase transition, and this transition is
governed by the rotational dynamics of NH,* (ND,") ions.
Since a similar weak isotopic effect was also reported for
dimethylammonium analogues, crystallizing in a different 426>
topology, it is clear that the topology of the metal formate
framework has a weak effect on the phase transition mechanism
in this class of MOFs and the major role is played by the
protonated amine cations located in the cavities of the
framework. It is worth noting that the [K][Mn(HCOO),]
compound has recently been discovered, which is isomorphous
at room temperature to [NH,][M(HCOO),] compounds.**
However, this potassium compound does present neither
ferroelectric phase transition nor disorder. Hence, the
substitution of isotropic K* ion by a tetrahedral NH,* ion
drastically modifies the structural and dynamic behavior. This
result is yet another confirmation that H-bonds and ordering of
the ammonium ions play an essential role in the mechanism of
the phase transition and thus multiferroic behavior of this
family of compound at low temperatures. Interestingly, this
result indicates a way to modulate the ferroelectric transition
temperature and ferroelectric properties by partially replacing
the NH,* cations with K* cations.

In addition to the temperature-dependent studies, which
provided a deeper understanding of the temperature-induced
phase transition, we also present pressure dependence of
Raman spectra for a representative member of this family of
compounds, [ND,][Zn(DCOO);]. The major finding of this
high pressure study is that [ND,][Zn(DCOO),] exhibits a

pressure-induced strongly first-order structural phase transition
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near 1.1 GPa, associated mainly with very strong distortion of
the metal formate framework. In particular, Raman scattering
studies reveal the presence of crystallographically nonequivalent
formate ions in the high-pressure phase, with significantly
different C—D bond lengths. Thus, in contrast to the
temperature-induced phase transition, which has an order—
disorder character, the pressure-induced transition is not related
to ordering of ammonium cations but a strong distortion of the
anionic framework. Although the structural distortion is large,
the metal formate framework of the high-pressure phase still
has similar connectivity of the structural units as the parent
phase and the original hexagonal structure is retained after
decompression.
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Figures S1—S15: Powder X-ray diffraction, DSC traces for
[ND,][Zn(DCOO),], imaginary part of the dielectric constant,
optimized structure for the NH,* (ND,") cation and
[Zn(HCOO)4]* ([Zn(DCOO)4]*"), IR and Raman spectra
at different temperatures, temperature dependence of band-
widths and wavenumbers, Raman spectra of [ND,][Zn-
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correlation diagram showing the correspondence between the
optical modes in the P6;22 and P6; structures of [NH,][Zn-
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