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Abstract: The dense, anhydrous zeolitic
imidazolate frameworks (ZIFs),
Zn(Im), (1) and LiB(Im), (2), adopt
the same zni topology and differ only
in terms of the inorganic species pres-
ent in their structures. Their mechani-

goes a phase transition at 1.69 GPa,
which is somewhat higher than the
transition previously reported in 1. The
Young’s modulus (E) and hardness (H)
of 1 (E~8.5, H~1GPa) is substan-
tially higher than that of 2 (E=3,

FULL PAPER

H~0.1 GPa), whilst its bulk modulus is
relatively  lower  (~14 GPa  cf.
~16.6 GPa). The heavier, zinc-contain-
ing material was also found to be sig-
nificantly harder than its light ana-
logue. The differential behaviour of the

cal properties (specifically the Young’s
and bulk moduli, along with the hard-
ness) have been elucidated by using
high pressure, synchrotron X-ray dif-

. . . . porous
fraction, density functional calculations logues -
and nanoindentation studies. Under hy- work

drostatic pressure, framework 2 under-

Introduction

Hybrid inorganic-organic framework materials have been
well documented in the literature from 1990 onwards."! Spe-
cifically, numerous types of metal-organic frameworks
(MOFs) have been reported, including the so-called zeolitic
imidazolate frameworks (ZIFs) in which tetrahedrally coor-
dinated cations, typically zinc or cobalt, are linked by imida-
zolate derivatives to create topologies that are analogous to
those of aluminosilicate zeolites.>* The thermal stability of
ZIFs is particularly striking and there is a growing literature
on their potential applications in the fields of separations,
gas storagel” and catalysis.!®! There is also considerable inter-
est in dense hybrid frameworks, which have been shown to
exhibit a wide range of optical, electrical and magnetic
properties.”” In the case of the ZIFs, there is a dense
Zn(Im), phase (Im=imidazolate), known by the three-letter
designation zni,® which our density functional theory
(DFT) calculations have shown to be the most stable
member of the ZIF family.”! This dense ZIF phase, which
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two materials is discussed in terms of
the smaller pore volume of 2 and the
greater flexibility of the LiN, tetrathe-
dron compared with the ZnN, and BN,
units.

zeolite ana-

has been known for 30 years,'” has recently been shown to
undergo a pressure-induced phase transition between 0.54
and 0.85 GPa.'!! In another recent breakthrough, a family of
lightweight ZIF analogues of composition LiB(Im), has
been reported.'>!¥! These boron imidazolate frameworks
(BIFs) are the I-III analogues of the ZIFs, with alternate
Zn cations being replaced by Li and B, respectively. We
have studied the mechanical properties of the Zn-containing
ZIFs in considerable detail,'"¥ showing among other things
that their Young’s moduli (E) and hardnesses (H) decrease
as the frameworks become more open. A thermally induced
phase-transition sequence was also studied, showing that the
mechanical properties of an amorphous ZIF are intermedi-
ate between those of the two bounding crystalline phases.!!
In the present work, we use a combination of high-pressure,
single-crystal X-ray diffraction, nanoindentation and density
functional calculations to compare the mechanical proper-
ties of the dense Zn(Im), with its LiB(Im), analogue.

The two topologically identical frameworks possess the
same network architecture as the banalsite mineral™ and
crystallise in the tetragonal space group [4,cd, with the 3D
framework shown in Figure 1. We selected these structures
for study because of the availability of good quality single
crystals and the recent publication of the pressure-depen-
dant behaviour of 1.1

Results and Discussion

High-pressure crystallography: Studies were carried out by
using a single crystal of 2 in a diamond anvil cell (DAC),
surrounded by an anhydrous 2-propanol hydrostatic
medium. The SQUEEZE algorithm within PLATON!"! was
used to calculate the residual pore electron density after re-
finement, the results showing the medium to be non-inva-
sive (see SI-1 in the Supporting Information). The evolution
of the cell volume of 2 with hydrostatic pressure is shown in
Figure 2a, with the discontinuity in cell volume above
1.69 GPa being indicative of a phase transition. As reported
for other pressure-induced single-crystal phase transitions in
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Figure 1. Structure of ZIF-zni, Zn(Im),, 1 and BIF-1-Li, LiB(Im),, 2.
a) The basic organic—inorganic connectivity of 2. The subtended angle of
145° at the Im bridging ligand is approximately the same in each case (as
in the Si-O-Si motif in zeolites), and is the reason for similar zeolitic top-
ologies being observed in the two families. b) The unit cell of 2, as
viewed down the [001] direction. The yellow and green tetrahedra desig-
nate LiN, and BN,, respectively, hydrogen atoms are omitted for clarity.
c) The solvent accessible volume (SAV) of 1 viewed down the ¢ axis. d)
The smaller SAV detected in 2 along the same orientation. Pink: zinc,
grey: carbon, blue: nitrogen, green: boron, yellow: lithium.
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Figure 2. a) The evolution of the unit cell volume of 2 as a function of hy-
drostatic pressure. b) The data for the lower pressure phase, complete
with the equation of state curves with bulk moduli K,=16 GPa (pink)
and K,=14 GPa (black)! K'=4 in both cases.
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Z1IFs,'® the transition was accompanied by extensive fractur-
ing of the crystal (Figure 3). The decrease in data quality
after 1.69 GPa rendered a full structural refinement of the
irrecoverable high pressure phase impossible, though lattice
parameters were obtained; the unit cell volume was found
to decrease by 5.84% at the transition. The discontinuity
was observed at a pressure twice that at which 1 underwent
a phase transition, suggesting a qualitative increased resist-
ance of 2 to uniform hydrostatic stress. Full details of the
crystal-structure refinements up to 1.69 GPa can be found in
Table 1, in which two different light sources have been used.

Table 1. Crystallographic data collection and refinement details.”!

Pre DACM pot!  pild poll  p3ld P4
P[GPa] ambient 0.515  0.76 1.01 1.44 1.69
a [fi] 22.472 22210 22.125 21.974 21.823 21.745
c [A] 11.507 11.419 11406 11.346 11.3122 11.273
VA 5811 5633 5583 5479 5388 5330
Pesperimentat [geM ] 1.308 1349 1361 1387 1410  1.426
collected reflns 31340 9543 26176 9153 24806 9103
unique reflns 1582 1002 1415 962 1361 930
R 0.0479 0.0975 0.0762 0.0855 0.0960 0.1045
GOF 0.9818 1.0138 0.9471 1.1406 0.9612 0.9383
R! [I>20(1)] 0.0425 0.0588 0.0432 0.0609 0.0450 0.0593
R? [I>20(1)] 0.0795 0.0845 0.0833 0.1257 0.0873  0.0925

[a] Crystal size 0.2x0.2x0.1 mm, formula LiBC,,H;;N;. Space group
I4,cd. All measurements at 293 K. [b] The data were collected on a labo-
ratory X-ray source. [c] The refinement was conducted by using data col-
lected at the DIAMOND light source.

To enable an exact comparison with the zinc analogue, an
approximate determination of the bulk modulus of 2 was
made by using a second-order Birch-Murnagan equation of
state (Figure 2b). It was found that the data is consistent
with a room-temperature K, value of 16.6 GPa, indicating
that the framework is less compressible than 1 (K,=
14 GPa).'Vl The fit to the data by using the latter value is
shown for completeness. We note that this value lies in the
range expected for such dense hybrid materials, whilst lying
above those found for more porous zeolitic imidazolate
frameworks (e.g., ZIF-8, K,~6.5 GPa).["!

The greater resistance to uniform compression of 2 may
be rationalised by the lighter framework having a lower
porous volume, thereby rendering it less able to accommo-
date volumetric strains induced by the hydrostatic stress
field. Although it is isostructural, the cell volume of 1 is
around 23% larger than that of 2 (6883.1 A® cf. 5583.3 A?),
with the solvent accessible volume (SAV) within each
framework being 12.2 and 5.3 %, respectively, see Figure 1c
and d (as calculated by using PLATON).['"!

As in the study of 1, it can be demonstrated that there is
no significant change in either Li—N or B—N bond lengths
upon increasing the hydrostatic pressure (see SI-2 in the
Supporting Information). A consideration of N-B-N angular
distortions yields a similarly rigid picture, but the LiN, tetra-
hedra show a markedly greater deformation (Figure 4), even
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Figure 3. LiB(Im), single crystal in the DAC before (a) and after (b) the phase transition. The fracturing

caused by the transition is evident. Gasket size 300 pm.
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Figure 4. The evolution of bond angles around the central metal atom
with increasing pressure. The LiN, tetrahedra can be clearly seen to be
more deformable than the BN, tetrahedra. The numerals 1 to 8 denote
the crystallographically independent imidazolate nitrogen atoms present
in the framework.

when compared to changes in the N-Zn-N bond angles re-
ported previously for 1. Indeed, a direct comparison of the
spread of N-M-N angles (M =metal) at each pressure indi-
cates that the ZnN, tetrahedra lie between the lithium and
boron equivalents in terms of flexibility (see SI-3 in the Sup-
porting Information). These results demonstrate the softer,
more deformable nature of the lithium coordination envi-
ronment, and are intuitive, in view of both the metal-nitro-
gen bond length and the lower valence of the metal ion.

Computational studies: DFT calculations were performed to
optimise the two structures at pressures of 0 and 0.5 GPa to
enable comparison with the experimental results. Note that
these are the only two pressures at which data is available
for both 1 and 2. Generalised gradient approximation
(GGA) based the Perdew-Burke-Ernzerhof (PBE)™ ex-
change—correlation functional with a semi-empirical long-
range dispersive-force correction (the so-called PBE-D)?!
was used to relax atomic positions and unit cell parameters
without any symmetry constraints (P1 symmetry). A com-
parison of simulated and experimental lattice parameters,
along with fractional atomic coordinates, are given in SI-4
and SI-5 in the Supporting Information. The simulated
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values show excellent agree-
ment with the experimentally
derived data. The agreement is
all the more impressive, bearing
in mind the structural complexi-
ty of the materials studied (>
500 atoms in the unit cell), and
that the simulations were per-
formed at 0 K.

Subsequent statistical analysis
of the M—N bond lengths pres-
ent in the optimised structures
show little significant change
upon pressurisation, though the intermediate flexibility of
the zinc environment does present itself here, and the
lengths decrease at a rate between that of the Li—N and B—
N bonds (see SI-6 in the Supporting Information). The dis-
tribution of N-M-N bond angles provides a far more signifi-
cant insight into the differential behaviour of the framework
materials, in an almost identical fashion to the results drawn
from the experimental study. Mean N-M-N bond angles and
their corresponding spreads are presented in Table 2, along-
side the experimentally determined values, and it is again
clear that the sequence of flexibility has been established as
LiN,>ZnN,>BN,.

Table 2. Summary of the mean and distribution of the N-M-N bond
angles with increasing pressure, calculated by DFT whereby the standard
deviations were derived from the entire population used in the computa-
tion (see SI-7 in the Supporting Information). Experimental values are in
italics and agree well with the computational results.

Pressure [GPa]

Bond angles [°]

N-Zn-N N-Li-N N-B-N
0 109.234+3.99 110.40+6.07 109.47+1.20
0.5 109.18 +4.85 110.35+6.58 109.47£1.15
0 109.35+6.0 109.29+7.27 109.47 +1.69
0.515 - 109.31 £8.47 109.47 £2.60
0.54 109.33+£7.7 - -

The bulk moduli (K) approximated from the theoretical
calculations also agree very well with the experiments, yield-
ing 13.25 and 16.54 GPa for 1 and 2, respectively,” com-
pared with experimental values of ~14! and ~16.6 GPa,
respectively.” The lighter framework of 2 has again been
shown to be less compressible, despite evidence to the con-
trary in the flexibility of the LiN, tetrahedra.

Nanoindentation studies: The £ and H properties of single
crystals of 1 and 2 were determined by means of nanoinden-
tation experiments performed at ambient conditions. Impor-
tantly, we note that unlike hydrostatic compression, the crys-
tal surfaces are not fully constrained and hence the indenta-
tion stress field generated is not purely hydrostatic.*!! It has
been recently established that such an indentation stress
state can be used to probe the anisotropic mechanical prop-
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erties of hybrid crystals’®>*! because the measured modulus
is strongly dependent upon the elastic response along the in-
denter axis and is only weakly affected by the transverse di-
rections.

Figure 5a shows the representative indentation curves ob-
tained by probing the {100}- and {001}-oriented facets (see
the inset of Figure 5a). They are generated by directional
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Figure 5. Nanoindentation results of ZIF-zni 1 and BIF-1-Li 2. a) Repre-
sentative nanoindentation load versus displacement curves measured
along the {100}- and {001}-oriented crystal facets for a maximum indenta-
tion depth of 1000 nm. The inset illustrates the typical habit of the single
crystals. b) The average values of Young’s moduli and hardness proper-
ties, whereby the error bars denote the standard deviations determined
from 15 indentation experiments.

compressive strains transmitted from the sharp-tipped in-
denter oriented along the a and c axes, respectively. The gra-
dient of the initial unloading segment signifies the Young’s
modulus of the material, which is a measure of the intrinsic
stiffness of the underlying framework along a chosen direc-
tion. In Figure 5b, we show that the Young’s moduli of 1 (E
~8 to 9 GPa) are in fact three times greater than those of
the lightweight counterpart 2 (2.7 to 3.3 GPa). Because both
frameworks have the same topology, the large difference in
terms of their moduli indicates that the Zn—Im—Zn bonds of
1 are considerably stiffer than the predominantly ionic
bonds associated with the Li—Im—B linkages of 2. In addi-
tion, we note that their tetragonal symmetry also gives rise
to elastic anisotropy, whereby the ratios of Ejy:Epq were
found to lie in the range of 1.1 to 1.2. It can be seen that the
¢ axis is relatively more stiff for both frameworks, and this
corresponds to the orientation down the “channels” depict-
ed in Figure 1c and d.

Under the indentation stress field, we note that the maxi-
mum load and hence the hardness property measured by
the nanoindenter vary greatly between the two isostructural
frameworks. As depicted in Figure 5Sa, it can be seen that 1
can develop substantially higher loads at the maximum in-
dentation depth, of up to five times larger than its light-
weight analogue. The hardness of 2 was found to be at
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~150 MPa (Figure 5b), almost an order of magnitude lower
than that found in the denser 1 (H~1.1 GPa). Our results
indicate that the lighter framework exhibits a significantly
lower resistance towards permanent plastic deformation (at-
tributed to shear stresses generated by the nanoindenter
tip),?! a striking result when compared with the earlier find-
ing that 2 has a higher bulk modulus.

We have previously illustrated the relative deformation of
each metal polyhedra (see Figure 4 and Table 2), concluding
that LiN, is indeed the more flexible and compliant motif.
Although the stress field conditions in the probing of the
Young’s modulus are different (strongly directional and
somewhat more uniaxial compared with purely uniform hy-
drostatic), we suggest that it is the relative ease with which
the LiN, tetrahedra can flex that dominates the Li—Im—B
linkage response under an indentation stress field, giving
rise to the strikingly lower E and H values for framework 2.
In contrast, the zinc coordination environment found at
both ends of the Zn—Im—Zn linkages has been shown to be
more robust to externally applied stresses and strains.

Conclusion

We report a surprising result in the mechanical properties of
two isostructural dense hybrid frameworks. We conclude
that even though LiB(Im), is less compressible than
Zn(Im),, it has a substantially lower Young’s modulus. It is
apparent from both experimental and simulated structures
in 2 that the BN, tetrahedra are intrinsically more constrain-
ed than the LiN, tetrahedra, and thus the flexibility and de-
formations in 2 are born by the LiN, tetrahedra exclusively.
Such features are clearly not present in the uni-nodal crystal
structure of 1.

Interesting comparisons can be drawn between the scenar-
io outlined here and that of a-quartz (SiO,) and berlinite
(AIPO,). In the latter case, experimental bulk moduli are
again comparable at around 37 GPa,”?! whereas the
Young’s moduli of the mixed metal framework are approxi-
mately 20% lower.’ In the same way as the highly flexible
LiN, species lowered the elastic modulus of 2, it appears
here that the reason for the lower elastic modulus of berlin-
ite is down to the presence of the more flexible AlO, tetra-
hedron (AlO,>SiO,>PO,). Hence, we conclude that the
rationale observed and explained here is likely to be a gen-
eral one, thus giving us a useful rule-of-thumb for predicting
the mechanical properties of the myriad of MOF materials.

We could also draw another very important conclusion
from our work, on the basis of the mechanical hardness re-
sults. As shown in Figure 5, the hardness of 2 is an order of
magnitude lower than that of 1, a result that we again attri-
bute to the lower bond energies associated with the LiN,
tetrahedra. Although BN, tetrahedra are associated with
higher bond energies, it is the weaker lithium coordination
environment that allows the framework to deform with ap-
plied load, therefore contributing most to the hardness. In
light of this, we hypothesise that the same should be true of
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other lightweight BIF frameworks that incorporate flexible
linkages. Notably, low hardness properties can give rise to
substantial and irreversible plastic deformation when sub-
jected to external stresses beyond the elastic strains. It fol-
lows that BIF-type materials may not be as good as their
zinc analogues for applications that push the materials
beyond their elastic limits.

Experimental Section

Synthesis

LiB(Im), (BIF-1-Li): Li(OH)-H,0O (0.004 g, 1x10~*mol) and NaB(Im),
(0.03 g, 1x10~* mol) were added to butan-1-ol (6 mL). The resultant so-
lution was placed in a 23 mL Teflon-lined autoclave and heated to 100°C
for 7 days in a programmable oven, before cooling to room temperature
at a rate of 5°Ch™". Rod-shaped single crystals were isolated from the
mother liquor by filtration, washed with dichloromethane (5 mLx2) and
air-dried.

Zn(Im), (ZIF-zni): A solution of zinc nitrate hexahydrate Zn-
(NO;),»»6H,0 in DMF (2mL, 4x107° mol) was combined with sodium
boron imidazolate NaB(Im), (0.12 g, 4x10~* mol) and DMF (5 mL). The
resultant solution was placed in a 23 mL Teflon-lined autoclave and
heated to 180°C for 72h in a programmable oven, before cooling to
room temperature at a rate of 5°Ch™'. Rod-shaped single crystals were
isolated from the mother liquor by filtration, washed with dichlorome-
thane (5 mL x2) and air-dried.

High-pressure crystallography: A sphere of data was collected on a crys-
tal of LiB(Im), at ambient temperature and pressure to provide data for
comparison with the high-pressure studies, which were also performed at
ambient temperature (see below). Diffraction data were collected on a
Bruker SMART APEX diffractometer with graphite-monochromated
Moy, radiation (1=0.71073 A). These data were integrated by using the
program SAINT,P! whereas the absorption correction was carried out by
using the program SADABS.F? Refinement was carried out against | F|?
by using all data® starting from the ambient-temperature coordinates of
Zhang et al.l'! The final conventional R factor was 0.0425 for 1444 reflec-
tions. High-pressure diffraction data was then collected on the same crys-
tal, again on a Bruker SMART APEX diffractometer (1=0.71073 A).
Data were collected in w scans in eight settings of 20 and ¢ with a frame
time and step size of sixty seconds and 0.3°, respectively. This data collec-
tion strategy was based on that described by Dawson et al.* High-pres-
sure data were also collected on a different crystal of LiB(Im), at the DI-
AMOND light source on station 119 on a Crystal Logic four-circle goni-
ometer equipped with a Rigaku Saturn 724 CCD detector (1=0.5159 A).
Data were collected in @ and ¢ scans in twelve settings of 20 and ¢ with
a frame time and step size of one second and 0.5°, respectively. All high-
pressure data were integrated by using the program SAINT that used
“dynamic masks” to avoid integration of regions of the detector that
were shaded by the body of the pressure cell. Absorption corrections for
the DAC and sample were carried out with the programs SHADE and
SADABS, respectively. Data were collected from 0.52 GPa up to a final
pressure of 3.5 GPa.

Refinements of LiB(Im), were carried out against | F|* by using all data.
For high-pressure data collected on the Bruker SMART APEX diffrac-
tometer, all 1,2 and 1,3 distances on the imidazolate ions were restrained
to the values observed from our ambient-pressure structure. Similarity re-
straints were applied to Li—-N and B—N distances, whereas all torsion
angles were refined freely. Hydrogen atoms attached to carbon were
placed geometrically and not refined. Thermal similarity restraints were
applied to all non-hydrogen atoms. For the synchrotron data sets, no re-
straints were applied. This parameterisation strategy was utilised owing
to the reduced completeness of high-pressure data that was collected by
using longer wavelength X-rays, caused by shading from the pressure
cell. On increasing pressure to 1.67 GPa, all Li, B, C and N atoms were
refined with anisotropic thermal parameters. Above 1.67 GPa, the crystal
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underwent a phase transition, which resulted in the crystal breaking
apart and becoming polycrystalline.

DFT calculations: The computational study was performed with CP2 K[!
code using the linear scaling DFT module Quickstep.’! A restricted
Kohn-Sham (KHS) formalism and GGA-based PBE®®! exchange-correla-
tion functional with a semi-empirical long-range dispersive force correc-
tion®!! were used. Electronic energy was minimised with orbital transfor-
mation with a direct inversion in the iterative subspace (OT/DIIS)P”
method. The convergence criteria for self-consistent field (SCF) proce-
dure was set to 1.0x 107 a.u.

The nuclear and core electronic density were modelled with Goedecker-
Teter-Hutter (GTH) ! pseudo-potentials and valence electronic density
represented by a dual Gaussian basis sets and plane wave (GPW)
scheme."”! All atoms had molecular optimised DZVP basis sets!!! and
the plane wave cut off was 400 Ry. Crystallographic unit cells with peri-
odic boundary conditions (PBC) and I'-point sampling were used.

Optimisations were started from experimental structures at 0 GPa pres-
sure in P1 symmetry and were carried out until convergence criteria
(atomic positions: maximum displacement 3.0x10~*a.u., RMS (root-
mean-square) displacement 1.5x 10~ a.u., maximum force 4.5x107* a.u.
and RMS force 3.0x107° a.u.; cell parameters: maximum displacement
3.0x107* a.u., RMS displacement 1.5x107* a.u., maximum force 4.5x
10*a.u., RMS force 3.0x107*a.u. and pressure deviation 0.01 GPa)
were met.

Single-crystal nanoindentation: £ and H mechanical properties were
measured by using an MTS Nanoindenter XP at ambient conditions. The
Miller indices of the tetragonal crystals (Figure 5, inset) were first identi-
fied by using single-crystal X-ray diffraction, prior to mounting in an
epoxy resin and followed by diamond polishing to attain an RMS surface
roughness of <10 nm (confirmed by atomic force microscopy). Indenta-
tion experiments were performed under the dynamic displacement con-
trolled mode, at a constant strain rate of 0.05s™!. All tests were conduct-
ed by using a three-sided pyramidal (Berkovich) diamond indenter tip to
a maximum surface penetration depth of 1000 nm. The indenter axis was
oriented normal to the crystal facets, that is, along the a, b and ¢ axes, to
determine the extent of mechanical anisotropy. The load-displacement
data collected were analysed by using the Oliver and Pharr method, de-
scribed in reference [42].
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