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ABSTRACT: Dense formate frameworks with a perovskite-like architecture exhibit multiferroic behavior and tunable
mechanical properties. In such materials, interactions between the protonated amine and the metal—formate cavity have a large
impact on the mechanical properties. We use complementary single-crystal X-ray diffraction and 'H solid state nuclear magnetic
resonance spectroscopy to investigate amine—cavity interactions in [NH;NH,]Zn(HCOO),. The results suggest that these
interactions can be described as salt bridges similar to those in proteins and artificially synthesized helical polymers, where ionic
interactions and hydrogen bonds are present at the same time. Nanoindentation and high-pressure single-crystal X-ray diffraction
were used to study the mechanical properties of [NH;NH,]Zn(HCOO);, yielding elastic moduli of Eyy;, = 26.5 GPa and E,;, =
24.6 GPa and a bulk modulus of K = 19 GPa. The mechanical properties suggest that, despite the relatively low packing density
of [NH;NH,]Zn(HCOO),, the amine—cavity interactions strengthen the framework significantly in comparison with related

materials.

Bl INTRODUCTION

An understanding of crystal chemistry is the key in the design
of materials with specific physical properties. Over the past
decade, the development of analysis techniques and computa-
tional methods have helped in tackling this challenge and have
provided insights into fascinating scientific phenomena and
processes.' > For purely inorganic materials, there are guide-
lines to explain the stability and formation of certain structural
features.”” In organic—inorganic hybrids, however, the range of
different chemical interactions and bonds makes crystal
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engineering a more complex challenge.” Crystal packing and
binding energies often compete with entropic effects, and other
factors such as density and synthetic conditions take on
increased importance.” For instance, hydrogen bonds (HBs)
that are absent in classic inorganic materials have been shown
to be responsible for interesting phenomena such as poly-
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morphism and glassy phase transitions in hybrid materials.'”"!

The energy of HBs usually lies in the range of 5—145 kJ mol™,
and therefore, many materials show a crystal structure in which
the number of possible HBs is maximized."”

Under these circumstances, it is not surprising that in the
family of hybrid perovskites with the general formula AmBX;,
hydrogen bonding interactions play an important role."*~" In
such frameworks, a divalent metal B*" and an (organic) ion X~
form a pseudocubic BX;~ (ReOjs-like) cavity while an organic
cation Am", typically a protonated amine, is located within this
cavity for charge balance.'®” In the family of formate
perovskites, AmB(HCOO),,"*™*" the protonated amine Am*
interacts with the metal—formate cavity through both HBs and
ionic interactions, with the strengths of these interactions
depending upon the molecular structure, size, and symmetry of
the protonated amine. Furthermore, the protonated amine is
responsible for fascinating ferroelectric-to-paraelectric phase
transitions with tunable phase transition temperatures.'* Panels
a and b of Figure 1 show a schematic of the structure of
[NH;NH,]Zn(HCOO); with a focus on the pseudocubic unit
cell and HBs.”!

Figure 1. Schematic of the pseudocubic perovskite building block of
[NH;NH,]Zn(HCOO); (a) and the asymmetric unit cell (b). Light
green and blue dashed lines in panel a correspond to hydrogen
bonding interactions between the hydrazinium ion and the metal—
formate framework. In panel b, hydrogen bonding interactions have
been omitted for the sake of clarity. (c) Electron localization function
(ELF) of [NH,NH,)]Zn(HCOO), with an isosurface level f = 0.88
along the c-axis. In simple terms, the ELF provides a method for
mapping the electron pair probability in direct space, thus allowing an
analysis of the types of chemical bonding in a chemically intuitive way.
In the figure, red spheres correspond to oxygen, gray spheres to zinc,
brown spheres to carbon, blue spheres to nitrogen, and white spheres
to hydrogen atoms.

The mechanical response of a framework is sensitive to the
relative strengths of all kinds of chemical bonding. Within
formate frameworks, [C(NH,);]Mn(HCOO), [C(NH,); =
guan] is the stiffest framework reported to date,” with an
elastic modulus of ~26 GPa. Other AmB(HCOO), formates,
such as [C3;N;Hg]Mn(HCOO); (C;N;Hg = azet) and
[(CH;),NH,]Mn(HCOO), [(CH,;),NH, = DMA], show
smaller elastic moduli of 12 and 19 GPa, respectively, which
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has been ascribed to them having fewer HBs between the
pronated amines and the metal—formate cavities.**

In nanoindentation experiments, the zinc analogue, [DMA]-
Zn(HCOO);, shows mechanical properties similar to those of
[DMA]Mn(HCOO),,** which was ascribed to the absence of
ligand field stabilization energy in both compounds. On the
other hand, infrared results point to a stronger Zn—formate
bond that could lead to greater stiffness of the Zn-based
framework.”* This is consistent with results from Brillouin
scattering on [NH,]M(HCOO); (M = Mn®* and Zn*") and a
recently published study on the thermally responsive behavior
of formate frameworks, which both indicate greater stiffness for
the Zn** frameworks.””*® Currently, this discrepancy is
explained by the fact that in the case of nanoindentation
experiments, a uniaxial force is applied to the crystal whereas
temperature variation applies an isotropic external stimulus.
Notwithstanding the correlation between the elastic moduli and
the number of HBs, the effective strength of the individual
hydrogen bonds is also important. At the same time, there are
ionic monopolar interactions between the amine cation and the
ReOj-like cavity whose strengths mainly depend on the
amine--O distances.

Despite the prominent role of the protonated amines,
experimental studies that focus on amine—cavity interactions in
such frameworks, e.g., by neutron diffraction and infrared (IR)
spectroscopy, are still quite limited.””*”*° In single-crystal X-
ray diffraction (SCXRD), which is the common technique for
determining structure, the hydrogen positions are refined in the
so-called “riding model” with fixed C—H and N—H bond
Ieng‘chs.31 On the other hand, nuclear magnetic resonance
(NMR) spectroscopy is emerging as a technique that can probe
the precise local structure of framework materials.”” ™" For
instance, Xu et al.** used '"H NMR to distinguish between the
subtly different local environments of the formate hydrogen
atoms in Mg;(HCOO),.

In this work, we obtain the accurate positions of hydrogen
atoms in [NH;NH,]Zn(HCOO); by a combined approach of
experiment and calculations based on density functional theory
(DFT). Initially, the structure is determined using SCXRD and
then refined on the basis of '"H MAS NMR spectroscopy data.
The mechanical properties of [NH;NH,]Zn(HCOO)j, are then
determined experimentally by nanoindentation and high-
pressure SCXRD and linked to the underlying structure of
[NH,NH,]Zn(HCOO), where the nature of the amine—cavity
interactions play a major role.

B RESULTS AND DISCUSSION

Chemical Bonding in [NH3;NH,]Zn(HCOO);. Single-
crystal X-ray diffraction on [NH;NH,]Zn(HCOO),; was
performed at room temperature. The structure, bond lengths,
and angles are in agreement with the structure reported by Gao
et al*' (see SI-Figure 1, SI-Table 1, and SI-Table 2 of the
Supporting Information). [NH;NH,]Zn(HCOO); crystallizes
in a perovskite-like framework in space group Pna2; with the
following unit cell dimensions: a = 8.66793(10) A, b =
7.74839(8) A, and ¢ = 11.54775(13) A. On the basis of the
structure obtained by SCXRD, several different bonding
interactions can be identified: (i) covalent bonds within the
formate linker, (ii) coordination bonds between the partially
negatively charged oxygen and the divalent metal, (iii) ionic
interactions between the ReOj-like metal—formate cavity and
the protonated amine, and (iv) hydrogen bonding interactions
between hydrogen atoms of the protonated amine and the
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oxygen formate atoms. One way to analyze the chemical
bonding from a more fundamental point of view is the
calculation of the electron localization function (ELF) shown in
Figure 1c, which was obtained by DFT calculations based on an
extended representation of the electron density including the
semicore state of Zn.**"**

In the context of this work, the most important features
visible in the ELF are the maxima located at the oxygen atoms,
highlighted in Figure 1c, which correspond to oxygen lone pairs
that are crucial for amine—cavity interactions. For a discussion
of other features visible in the ELF, see the Supporting
Information. The lone pairs are centers of negative charge and
interact with protonated amine through (i) purely ionic
interactions, R'—HN*---OR,, and (ii) hydrogen bonds, R'—
NH:--OR,. Via examination of the structure obtained from
SCXRD, in [NH;NH,]Zn(HCOO);, the protonated nitrogen
has six oxygen neighbors close in space, at distances of 2.890 A
(02), 2.923 A (06), 2.941 A (04), 2971 A (05), 3.027 A
(03), and 3.126 A (O1). In [DMA]Zn(HCOO),, only three
nearest neighbors are present at distances between 2.834 and
3.309 A. In the guanidinium analogue, the stiffest member of
the formate family investigated to date,”* an analysis of ionic
interactions is more challenging because of the charge
distribution in the guanidinium cation over four atoms.
However, similar to [NH;NH,]Zn(HCOO),, [guan]Mn-
(HCOO),] has six short N---O distances between 2.953 and
2.991 A, which together with the guanidinium cation allow for
six strong HBs at the same time. The ionic interactions, on the
other hand, seem to be weakened for the guanidinium formates
because of the reduced charge at the nitrogen atoms. Therefore,
in [NH;NH,]Zn(HCOO)s,, the ionic interactions between the
nitrogen atom and the cavity seem to be stronger than in
comparable formate frameworks.

Positions of Hydrogen Atoms Quantified by SCXRD,
'H NMR, and First-Principles Calculations. The 'H magic
angle spinning (MAS) NMR spectrum of [NH;NH,]Zn-
(HCOO), was recorded with an MAS rate of 60 kHz at room
temperature, leading to an estimated sample temperature of
~320 K due to frictional heating. The spectrum reveals three
main signals (Figure 2a). The resolution of the NMR spectrum
is strongly dependent on the MAS spinning frequency (SI-
Figure 3), such that a fast MAS rate of 60 kHz was required to
resolve the three proton sites. On the basis of the chemical
shifts of the resonances, as well as a two-dimensional
heteronuclear correlation (HETCOR) experiment (SI-Figure
4), which reveals a correlation between the *C and 'H nuclei
of the formate groups (as these are close in space), we assign
the signals at 6 'H 8.3 ppm to the formate hydrogen atoms,
those at § "H = 9.2 ppm to the NH; group hydrogens, and the
signals at 6 'H = 4.0 ppm to NH, group hydrogens. The
integrated intensities of 1:1.05:0.61 are in good agreement with
the expected ratio of 1:1:0.67.

To explore these results more thoroughly, "H NMR chemical
shifts were calculated using first-principles DFT calculations in
CASTEP.” Initially, the chemical shifts were calculated from
the structure determined from SCXRD, but here the agreement
between the calculated and experimental shifts is very poor (see
Table 1 and the simulated spectrum in Figure 2b). In particular,
the calculated chemical shifts of the NH; and NH, groups are
significantly smaller than the experimental values, indicating
that the positions of the hydrogen atoms are inaccurate in the
structure determined by SCXRD. The geometry of the
structure was then optimized in CASTEP while constraining
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Figure 2. Experimental (a) and simulated '"H MAS NMR spectra for
[NH;NH,]Zn(HCOO);. Spectra were simulated for the NMR
parameters calculated for both the SCXRD structure (b) and the
structure obtained from geometry optimization in CASTEP (c). For
the simulations on the optimized structure, an additional simulation is
shown using the averaged NH; and NH, shifts, representing the rapid
rotation of the NH; and NH, groups (d). Here, 400 Hz line
broadening was added to the NH; and NH, resonances. In all other
cases, the simulated line broadening was 200 Hz.

Table 1. Experimental and Calculated "H Chemical Shifts of
[NH,NH,]Zn(HCOO),"

6 'H (ppm)
HCOO- NH,' NH,
calculated (SCXRD) 6.1 2.9 -1.0
calculated (optimized) 89 10.1 4.9
experimental 83 9.2 4.0

“Calculated values are given for the SCXRD structure, as well as for
the structure obtained from geometry optimization in CASTEP.

the space group and the lattice parameters. The chemical shifts
calculated for the optimized structure show much better
agreement with the experimental values (Table 1 and Figure
2c), with the average values agreeing within 1 ppm. In contrast
to the calculated NMR parameters (at 0 K, with no dynamic
effects included), distinct resonances are not experimentally
observed for the individual hydrogen atoms in the NH, and
NH; groups (Figure 2). This suggests that there is rapid
rotation of the NH; and NH, groups, resulting in an averaging
of the chemical shifts. Note here that it is not possible to
distinguish between rotation of the whole molecule and
separate rotations of the NH; and NH, groups. Indeed, the
experimental spectrum was well reproduced by simulating
spectra using the average NH; and NH, shifts, with line
broadening added (Figure 3d). On the basis of the calculated
NMR parameters, and assuming coalescence of the resonances
due to rotation, we estimate a lower limit for the frequency of
rotation of these groups of 700 Hz.

On the basis of the geometry-optimized structure of
[NH;NH,]Zn(HCOO),;, N—H--O distances can be deter-
mined and, in turn, the strengths of the HBs can be evaluated.
In Table 2, final N—H and N—H---O bond lengths and angles
of the optimized crystal structure are given. The distances
obtained for the N—H--O bond lengths of the NH; group,
1.780—1.739 A, are considered to be moderate to strong HBs in
the literature.'” The large N—H:--O bond angles of 161.33—
169.09° are in agreement with this. The HBs at the NH, group
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Figure 3. Elastic moduli (a) and hardnesses (b) as a function of
indentation depth along [001] (blue) and [110] (green) in
[NH,;NH,]Zn(HCOO);. The elastic moduli are similar to those of
[guan]Mn(HCOO),, the stiffest formate framework reported so far.”*
For the corresponding load—displacement curve, see SI-Figure 5. In
panels ¢ and d, the evolution of lattice parameters and volume with
pressure of [NH;NH,]Zn(HCOO); is shown. The black fitting curve
in panel d corresponds to a third-order Burch—Murnaghan fit leading
to a bulk modulus of K = 19 + 2 GPa.

Table 2. N—H and N—H**O Bond Lengths and Angles in the
Optimized Structure of [NH,NH,|Zn(HCOO),

N—H (A) N-H--O (A)/angle (deg)
NH, 1.058 1.780/167.65
1.055 1.874/161.33
1.053 1.817/169.09
NH, 1.035 2.195/139.88
1.037 2.023/148.12

are weaker, indicated by longer N—H--O distances and smaller
angles of 139.88° and 148.12°. Therefore, all five hydrogen
atoms are involved in HBs. Taken together with the ionic
interactions discussed earlier, amine—cavity interactions of the
NH; group and the metal—formate cavity can be compared to
salt bridges in proteins and artificially synthesized helical
polymers.*’ In general, salt bridges play an important role in
determining the three-dimensional structure of various
materials. For instance, in proteins, entropically unfavorable
conformations can be stabilized, emphasizing the energy gain
involved in this interaction.

Elastic Moduli, Hardness, and Bulk Modulus of
[NH3NH;]1Zn(HCOO);. The mechanical properties of
[NH;NH,]Zn(HCOO); single crystals were studied using
nanoindentation and high-pressure SCXRD (see Figure 3).
Nanoindentation experiments were performed along [001] and
[110] [NH;NH,]Zn(HCOO); single crystals with a size of ~1
mm (see the methods of the Supporting Information for
details). The elastic moduli were found to be Eyy = 26.5 GPa
and E;)y = 24.5 GPa, which means it is comparable to the
stiffest [guan]Mn(HCOO); perovskite-like framework to date,
Eyo = 28.6 GPa and Ej;; = 24.5 GPa. The hardnesses Hyy =
1.36 GPa and H,( = 1.24 GPa also reflect the high stiffness of
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the framework [for [guan]Mn(HCOO);, Hyyo = 1.25 GPa and
Hyo; = 1.18 GPa]. The macroscopic hardness of a material is
generally characterized by strong intermolecular bonds, thus
confirming the stiff nature of the framework suggested by
strong amine—cavity interactions.

Because of their similar mechanical properties, it is worth
comparing compounds [NH;NH,]Zn(HCOO); and [guan]-
Mn(HCOO);. Neither framework has a contribution from
ligand field stabilization energy, though different ionic sizes of
the metal ions suggest different bond characteristics and
strengths.”’ Furthermore, the influence of physical density on
the mechanical properties seems to be important only when
comparing different types of hybrid materials, e.g., highly
porous MOFs (p ~ 0.9—1.5 g cm™; E < 10 GPa) and dense
MOFs (p > 2 g cm™; E > 10 GPa). At the same time, the
influence of relative packing density on the stiffness of the
frameworks, indicated by different tolerance factors (TFs),
appears to be negligible when the divalent metal is varied.”
This is expected as the TF concept has to be seen as a
guideline, and small distortions of the framework, for instance,
octahedral tilting due to varying metal radii, are not considered
in TFs. On the other hand, changing the protonated amine has
a large impact and must be considered in our discussion. We
therefore identify three main factors influencing the stiffness:
(i) the amine—cavity interactions, (ii) the relative packing
density, and (iii) variation of stiffness related to the different
metal—formate bond strengths. With regard to the metal—
formate bond strength, so far only minor differences in the
hardness of Zn- and Mn-based compounds have been detected
in nanoindentation experiments. These point to a slightly
stronger Zn—formate bond,”* which is in agreement with the
results of IR experiments. Differences in the elastic moduli have
not been observed so far. On the other hand, the relative
packing densities as given by the TFs indicate a more densely
packed framework for [guan]Mn(HCOO); (TFuNmjz0 =

0.839, and TF(gunjyin = 0.955), which would lead to a stiffer
[guan]Mn(HCOO); network.*” On the basis of these
considerations, we believe that amine—cavity interactions in
[NH;NH,]Zn(HCOO); seem to be equal if not stronger than
in [guan]Mn(HCOO),, which confirms the salt bridge-like
behavior discussed above.

To complete the characterization of the mechanical proper-
ties, high-pressure SCXRD was performed using synchrotron
radiation [A = 0.6889 A (Figure 3c,d)]. The experiment was
performed in a diamond anvil cell setup using Fluorinert70
(FC-70) as the pressure-transmitting medium. Although the
data sets were not sufficient for structure refinement, lattice
parameters up to a pressure of 4 GPa could be extracted.
During indexing, no evidence of a pressure-induced phase
transition was observed and the dependency of lattice
parameters and volume on pressure is shown in panels ¢ and
d of Figure 3. By using a third-order Birch—Murnaghan
equation of state,””** a bulk modulus of K = 19 + 2 GPa was
obtained. This value is consistent with experimental values
obtained for other formate and dense hybrid frameworks, such
as the dense ferroelectric [NH,]Zn(HCOO); (K = 32.8
GPa);"’ note that [NH,]Zn(HCOO); crystallizes in a chiral
structure with [NH,]" in hexagonal channels, and not in a
perovskite-like framework.

DOI: 10.1021/acs.chemmater.5b04143
Chem. Mater. 2016, 28, 312—-317


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04143/suppl_file/cm5b04143_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04143/suppl_file/cm5b04143_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b04143

Chemistry of Materials

B CONCLUSIONS

In conclusion, we have presented a thorough analysis of the
chemical bonding in the AmBX; formate metal—organic
framework [NH;NH,]Zn(HCOO); and linked our findings
to the mechanical properties determined by nanoindentation
and high-pressure SCXRD. The insights gained in this work are
important not only from a fundamental point of view but also
for further studies regarding the tuning of the ferroelectric
properties of formate frameworks in general. By combining
complementary SCXRD and 'H MAS NMR with computa-
tional studies, we precisely determined the locations of the
hydrogen atoms. We found that lone pairs located at oxygen
atoms in the metal—formate cavity atoms are involved in salt
bridge-like interactions with the NH; group of [NH;NH,]*
with both ionic and hydrogen bonding interactions present.
The NH, group forms a further two HBs, leading to five
moderate to strong HBs in [NH;NH,]Zn(HCOO),. The
strong amine—cavity interactions result in a stiff lattice with
elastic moduli of Eyy; = 26.5 GPa and E;;, = 24.6 GPa,
hardnesses of Hyy;, = 1.36 GPa and H,;, = 1.24 GPa, and a bulk
modulus of K = 19 GPa. The salt bridge-like interactions found
for the NH; group seem to be unique in [NH;NH,]*
highlighting the influence of molecular structure and size on the
strength of amine—cavity interactions. Our study gives an
experimental attempt to understand amine—cavity interactions
on a molecular level and underlines the importance of using
complementary experimental techniques to reveal structure—
property relationships on a molecular scale.
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