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ABSTRACT: A 3D hybrid zinc formate framework,
[NH,][Zn(HCOO),], possessing an acs topology, shows
a high degree of mechanical anisotropy and negative linear
compressibility (NLC) along its ¢ axis. High-pressure
single-crystal X-ray diffraction studies and density func-
tional theory calculations indicate that contraction of the
Zn—0O bonds and tilting of the formate ligands with
increasing pressure induce changes in structure that result
in shrinkage of the a and b axes and the NLC effect along
c.

ost materials contract in all directions under increasing
hydrostatic pressure, with only a small number of
materials known to expand along a specific direction while
undergoing total volume reduction under these conditions.'
This unique mechanical effect, known as negative linear
compressibility (NLC), is remarkably rare but has potential
applications in high-pressure environments, such as optical
telecommunication lines and sensor systems. For example,
NLC materials can exhibit stretch densification along the NLC
orientation, a unique trait that is of importance in the
development of highly sensitive pressure detectors, robust
shock absorbing materials, and ‘smart’ body armor.>*
Baughman et al. summarized the possible mechanisms for
achieving NLC and identified several basic structural motifs
that are known to give rise to the phenomenon, such as ‘wine-
rack’ type connectivity.' However, only a handful of NLC
materials have been discovered thus far, the majority of which
are inorganic systems.”” The most well-known examples are
LaNbO,,* elemental Se,” and BAsO, with the a-cristobalite
structure.® Goodwin et al. ascribed the remarkably large NLC
effect (—5 TPa™") in the cyanide framework, Ag;[Co(CN);], to
the ‘wine-rack’ motif."”” Very recently, the strongest NLC effect
(=12 TPa™') was discovered in the related framework,
KMn[Ag(CN),];, in which the inclusion of extra-framework
counterions appears to frustrate the soft phonon modes
responsible for destroying NLC.” It has also recently been
demonstrated that small molecule organic systems can adopt
NLC behavior, such as the hydrogen-bonded ‘attice fence’
arrangement in methanol monohydrate, giving rise to NLC of
—3.8 TPa~'.? Direct observation of NLC in inorganic—organic
framework materials has not, to the best of our knowledge,
been reported to date. However, the linear compressibilities
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extracted from elastic constant tensors of some hybrid crystals,
for example, cesium biphthalate, have been shown to be
consistent with this rare phenomenon." Given the immense
structural and chemical diversity of hybrid frameworks,” ™! we
anticipate that NLC might be found in such systems. In the
present work, we use nanoindentation measurements, single-
crystal high-pressure X-ray diffraction studies, and density
functional theory (DFT) calculations to demonstrate and
explain the mechanism by which a 3D zinc formate framework,
[NH,][Zn(HCOO);] (1), exhibits significant mechanical
anisotropy and NLC along its ¢ axis, in the range of 0—1 GPa.

It was previously reported that 1 crystallizes under ambient
conditions in the chiral space group P6;22 and has a 3D anionic
framework structure with NH," cations situated within the 1D
channels formed along the ¢ axis (Figure 1a)."* There is only
one C—O bond and one Zn—0O bond in the asymmetric unit of
1 due to the symmetry of the system. The NH," cations are
connected to the anionic framework via N—H:--O hydrogen
bonds, with N--O distances of 2.973(2) A. Each ZnOjq
octahedron within the anionic framework is connected to six
neighboring zinc atoms in a trigonal prismatic mode by anti—
anti bridging HCOO™ ligands (Figure 1b,c), which gives rise to
a uninodal acs topology (4°-6°)."* Each metal node in the
(4°-6°) framework topology is thus involved within nine four-
membered and six six-membered Zn—OCHO-Zn—OCHO
rings.

Nanoindentation measurements were performed using a
sharp Berkovich tip (radius ~100 nm) in the continuous
stiffness measurement (CSM) mode. The indenter axes were
aligned normal to the {002} and {010} orientations of
framework 1. Representative P—h curves obtained on both
facets are shown in Figure 2, and the average values of the
elastic moduli (E) and the hardness (H) normal to {002} and
{010}, extracted from the P—h curves, were calculated over
depths of 200—1000 nm in order to minimize the imperfection
of the Berkovich tip."* Though the loading during indentation
is not perfectly uniaxial and the stress field generated
underneath the indenter is nonuniform, indentation can be
used to probe the mechanical properties of single crystals since
the measured modulus is strongly dependent on the elastic
response along the indenter axis and is weakly affected by the
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Figure 1. (a) Framework structure of [NH,][Zn(HCOO),], 1, with
ammonium cations situated in the channels, viewed along the b axis at
ambient pressure. (b) The acs topology of framework 1 in which one
four-membered and one six-membered Zn—OCHO—Zn—OCHO ring
are illustrated in pink and green, respectively, where the balls and
sticks represent the Zn atoms and formate ligands. (c) The trigonal
prismatic connecting environment of zinc metal nodes in framework 1
(note that the coordination geometry of ZnOg unit is octahedral). (d)
The schematic compression behavior in response to an increase in
pressure, showing the effect on the Zn—Zn connectivity; the Zn—Zn—
Zn angle, 6, within the four-membered rings is illustrated. Color
scheme: Zn(II), blue; O, red; C, gray; N, purple; H, light gray. N—
H:--O bonds are represented as dotted green lines. Hydrogen atoms of
formate groups are omitted for clarity.
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Figure 2. Representative P—h curves for 1 with {002} and {010}
orientated facets measured by a Berkovich tip. Inset: elastic moduli of
1 as a function of indentation depth, wherein each error bar represents
the standard deviation from 20 indents.

transverse directions.">'® The average elastic moduli normal to
the orthogonal facets were found to be Ey; = 34.4(9) GPa
and Ey0 = 18.2(2) GPa, which reveals the intrinsic elastic
anisotropy of framework 1 with Eg/Efp0p & 1.9. The
Young’s moduli are broadly similar to those of the dense
cation—anion type formates, for example, E = 19.0 GPa for
[(CH;),NH,][Zn(HCOO),]."” It can be seen that the ¢
orientation is relatively stiff compared with the a and b
orientations, reflecting the structural anisotropy of the
hexagonal framework. Based on the nanoindentation data, we

hypothesized that, under hydrostatic compression, the frame-
work would be highly compressible along the a and b axes but
hardly compressible along c.

High-pressure single-crystal X-—ray diffraction data were
collected from ambient pressures to 0.94 GPa at room
temperature on a Ag source version of the XIPHOS
diffractometer (Tables S1 and S2, Supporting Information
(SI)). Pressure was applied using a diamond anvil cell, with
paraffin oil as a hydrostatic transmitting medium and ruby
fluorescence for pressure calibration.'®'? The evolution of the
change in unit cell volume of 1 as a function of pressure is
shown in Figure 3. The volume decreases with increasing
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Figure 3. Evolution of the changes of unit cell volume as a function of
hydrostatic pressure (experimental data as solid black squares;
computational results as open black squares; error bars are smaller
than the squares).

pressure, as expected, and the measured percentage of
shrinkage is ~3.0% per GPa in the studied pressure range.
The bulk modulus of 1 was estimated by using a second-order
Birch—Murnaghan equation of state (EoS), giving a value for
K, of 32.8(16) GPa (Figure SI, SI1).°"** This value is
significantly higher than those found for several zeolitic
imidazolate frameworks>>~>’ but comparable with values for
the hybrid frameworks HKUST-1** and the dense hybrid
[Cu(CO3)Z][(CH6N3)2].29

Analysis of the variation of the individual lattice parameters
with pressure, shown in Figure 4, reveals the major finding of
this work. The empirical fitting | = I, + A(p — p.)"” gives the
linear compressibility along a as 15.8(9) TPa™', showing that
the a and b axes are highly compressible as hypothesized® (see
Figure 4). However, the ¢ axis shows a rare example of NLC
with a coefficient of —1.8(8) TPa™'. Though previous reports
have shown that ZIF-8** HKUST-1,*® and metal—organic
framework (MOF)-5>" can exhibit volumetric expansion at
small initial pressures, in these cases the phenomenon results
from an uptake of pressure-transmitting fluids into the MOF
cavities and cannot be ascribed to an intrinsic NLC effect of a
closed system.>” The NLC value of —1.8 TPa™" for framework
1 is comparable with values for BAsO4,4 elemental Se,’
Ag;[Co(CN)4],® and methanol monohydrate,® but about four
times smaller than that of I(Mn[Ag(CN)2]3.7 The ratios of the
axial compressibilities to the volume compressibilities are f3,/fBy
= 0.52 and B./By = —0.06."* A ratio of 0.33 is expected for
isotropic materials.

The structural changes of 1 as a function of pressure are quite
subtle in the studied range of 0—0.94 GPa. DFT calculations
were therefore performed in order to better understand the
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Figure 4. Evolution of the a and ¢ axes as a function of hydrostatic
pressure. The blue (a axis) and red (c axis) solid lines represent linear
compressibilities obtained from an empirical fit I = I, + A(p — p.)"
described in ref 30. Experimental data are shown, with error bars, as
blue circles and red squares.

effect of pressure on the framework. The starting model for the
computational study was the structure of [NH,][Zn(HCOO),]
at ambient pressure. The computational study gives a bulk
modulus of 38.1 GPa and the percentage shrinkage of ~2.6%
per GPa within the range of 0—1 GPa, which is consistent with
the experimental results (Figures 3 and S1, SI). As seen from
Table S2, SI, there are no significant changes in the C—O bond
lengths or O—C—O angles of the formate ligands from the
experimental and computational data, which reflects the rigidity
of the ligand due to the sp® hybridization; ligand rigidity is also
observed in MOE-5 and [Cu(CO,),][(CH{N,),]>”*" Sim-
ilarly, the O—Zn—0O angles within the ZnOg octahedra do not
vary significantly (Table S2, SI), though a rather small decrease
in the Zn—0O bond lengths, from 2.103(2) to 2.089(2) A from
ambient pressure to 0.94 GPa experimentally, is observed
(Figures S and S2, SI). Similar changes in the Zn—O bond
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Figure S. Evolution of the Zn—O distance (black squares with error
bars) and € (black circles) as a function of hydrostatic pressure.

distance upon hydrostatic compression were observed
previously in a zinc phosphate phosphonoacetate hydrate,
ZnPA, and MOF-5.3"% Though the Zn—0 bond distances and
lattice parameters obtained from our optimized computational
model are slightly longer (on average, approximately 0.03 A)
than the experimental values in the range from ambient
pressures to 1 GPa, the trends of all structural changes are
consistent with the experimental data (Figures S2—S4, SI). The
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computed model was subjected to hydrostatic pressures as high
as 4 GPa, where the subtle trends of structural changes
observed in the 0—1 GPa range are intensified and become
clearer (Figure S1 and Table S4, SI). Following the structural
changes observed both experimentally and computationally, the
NLC mechanism of framework 1 can be rationalized as follows.
As seen in Figure S, the Zn—O bond length decreases upon
hydrostatic compression. In addition, tilting of the rigid formate
ligands, occurring simultaneously with the Zn—O bond
shortening, increases the angle 6 facing the ¢ axis from
88.14(1) to 89.11(1)° with increasing pressure (Figure SS, SI)
and thus is directly responsible for the increase in the ¢ axes.
The ammonium cations are hydrogen bonded to the anionic
framework and thus follow the structural changes of the
framework to maintain optimal hydrogen bonding. Since each
metal node is involved in both the four- and six-membered
Zn—OCHO—-Zn—OCHO rings, these rings change coopera-
tively in response to the external stimulus. This leads to the
elongation and contraction of the orthogonal diagonals within
the four-membered Zn—OCHO-Zn—OCHO rings, respec-
tively. In line with the above, the ¢/a ratio changes significantly,
from 1.118 to 1.137 at ambient pressure to 0.94 GPa
experimentally and 1.151 to 1.169 at ambient pressure to 1
GPa computationally (Figure S6). The NLC behavior of
framework 1 can be ascribed to a wine-rack mechanism of the
type described by Baughman et al.' and shown in Figure 1d. It
is noteworthy that framework 1 is purely assembled via the
Zn—0 coordination bonds; this simple framework structure
therefore differs from the more anisotropic inorganic NLC
wine-rack framework, KMn[Ag(CN),];, in which weakly
bonded silver layers are interconnected via strong covalent
bonds. Similarly, it is quite different from the organic NLC
lattice fence system, methanol monohydrate, in which the
hydrogen-bonded layers are linked via weak van der Waals
interactions.

In conclusion, a 3D zinc formate framework [NH,][Zn-
(HCOO),], possessing an acs topology, was discovered to
show NLC along its ¢ axis. High-pressure single-crystal X—ray
diffraction and DFT calculations revealed the contraction of the
Zn—O distances with increasing pressure combined with tilting
of the formate ligands, resulting in the shrinkage along the a
and b axes and the NLC effect along c. This work opens up an
exciting new area for inorganic—organic framework materials
with respect to rare functionality known only in classical
inorganic and organic materials. Given the frequent occurrence
of strong anisotropy in hybrid framework materials,">***** this
study suggests that NLC may turn out to be quite common in
such systems.
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Experimental details, Tables S1—S4, Figures S1—S9, and CIF
files. This material is available free of charge via the Internet at
http://pubs.acs.org.
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