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Pressure-induced oversaturation and phase transition
in zeolitic imidazolate frameworks with remarkable
mechanical stability
Pu Zhao,a Thomas D. Bennett,b Nicola P. M. Casati,c Giulio I. Lampronti,a
Stephen A. Moggachd and Simon A. T. Redferna,*
Zeolitic imidazolate frameworks (ZIFs) 7 and 9 are excellent candidates for CO2 adsorption
and storage. Here, high-pressure x-ray diffraction is used to further understand their potential
in realistic industrial applications. ZIF-7 and ZIF-9 are shown be able to withstand high
hydrostatic pressure whilst retaining their porosity and structural integrity through a new
ferroelastic phase transition. This stability is attributed to the presence of sterically large
organic ligands. Results confirm the notable influence of guest occupancy on the response of
ZIFs to pressure; oversaturation of ZIFs with solvent molecules greatly decreases their
compressibility and increases their resistance to amorphisation. By comparing the behaviours
of both ZIFs under high pressure, it is demonstrated that mechanical stability of ZIFs is not
affected by metal substitution. The evacuated ZIF-7 phase, ZIF-7-II, is shown be able to
recover to ZIF-7 structure with excellent resistance to pressure. Examining the pressure-related
structural behaviours of ZIF-7 and ZIF-9, we have assessed the great industrial potential of
ZIFs.

Introduction
Atmospheric CO2 is the primary anthropogenic greenhouse gas
and much recent attention has focused on engineering solutions
for its capture and storage. In fuel-burning exhaust streams,
gaseous CO2 is often sequestered by alkaline solutions or
solids. Such processes, however, typically require high
temperature and/or pressure and are characterised by high
energy consumption. Microporous solid hosts have recently
been proposed as lower-energy alternatives for CO2 capture. Of
these, zeolitic imidazolate frameworks (ZIFs) are outstanding
candidates due to their excellent CO2 adsorption capacity and
selectivity.

Figure 1. The unit cell of ZIF-7 and ZIF-9. Zn/Co: orange, C:
green, N: blue, H: silver.
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ZIF-7 (Zn(PhIm)2, PhIm: benzimidazolate, C7H5N2-) and its
cobalt-substituted equivalent ZIF-9, attract considerable
interest. They adopt the sodalite (SOD) structural topology and
have trigonal symmetry R-3 (a = 22.989(3) Å, c = 15.763(3) Å,
V = 7214(2) Å3).1 ZIF-7 undergoes a reversible displacive
phase transition induced by pore-occupation by guest molecules
such as CO2, which accounts for the “gate-opening” behaviour
seen in its CO2 adsorption process.2, 3 The low-symmetry
distorted phase ZIF-7-II, produced upon evacuating ZIF-7, has
triclinic symmetry P-1 (a = 23.948(6) Å, b = 21.354(6) Å, c =
16.349(4) Å, α = 90.28(2)°, β = 93.28(2)°, γ = 108.41(1)°, V =
7917(3) Å3). Previously, we studied CO2 adsorption sites in
ZIF-7.4 We noticed that at relatively high loading pressure, CO2
adsorption is prohibited because squeezed pores in the host
material were no longer able to uptake any more CO2 molecules;
CO2 adsorption in ZIF-7 is dependent on a balance between the
internal pressure of the guest molecule and the external gas
pressure imposed. Here we further investigate the influence of
external confining pressure on the properties of ZIF-7 and ZIF9, and compare the relative influence of external pressure and
internal pressure given by guest molecules on their structural
response. Such pressures correspond to those expected during
industrial gas adsorption and separation processes (e.g.
pre/post-combustion CO2 capture: 5-15 MPa),5, 6 as well as in,
for example, high-pressure liquid chromatography (14-140
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MPa).7 A wide pressure range (up to 5.65 GPa) was studied to
allow us to thoroughly examine the pressure-dependent
behaviours of ZIF-7 and ZIF-9.
Despite their industrial potential and extensive research on
the family, there are only a handful of high-pressure structural
studies of ZIFs, employing either single-crystal or powder x-ray
diffraction. Spencer et al. first examined dense Zn(Im)2 (or
ZIF-zni,8 Im: imidazolate, C3H3N2-).9 They obtained a bulk
modulus of 14 GPa and identified an irreversible phase
transition driven by cooperative bond rearrangement (α-phase:
I41cd to β-phase: I41) in the pressure range 0.54-0.85 GPa.
Later studies on microporous ZIF-8 (Zn(mIm)2, mIm: 2methylimidazolate, C4H5N2-, SOD topology) were conducted
by Chapman et al.10 and ourselves.11 Pressurisation beyond
0.34 GPa in a non-penetrating pressure-transmitting fluid (PTF)
fluorinert FC75 leads to irreversible amorphisation of ZIF-8
(commercially-available sample, presumably containing N,N’dimethylformamide (DMF) solvent). Pressurisation induced by
a penetrating PTF 4:1 (volume ratio) methanol and ethanol
mixture (ME), however, gives rise to a reversible phase
transition in methanol-containing sample at 1.47 GPa (ZIF-8: I43m to ZIF-8-II: I-43m), associated with a “gate-opening”
phenomenon. A bulk modulus of 6.5 GPa was determined for
commercially-available ZIF-8 sample. The pressure-related
structural behaviour of ZIF-4 (Zn(Im)2, cag topology), a
framework of relatively low porosity, has also been studied.12
In contrast to its irreversible transition to ZIF-zni upon
heating,13 ZIF-4 shows a phase transition (ZIF-4: Pbca to ZIF4-I: P21/c) below 0.56 GPa when guest molecules (methanol)
were present in its internal pores and pressurisation was
induced by a penetrating PTF (ME). Both solvated and
desolvated ZIF-4 show reversible amorphisation as a function
of pressure. The bulk moduli of pore-occupied ZIF-4 and ZIF4-I were estimated to be 7.7 and 16.5 GPa, respectively,
significantly higher than that of the evacuated framework (2.6
GPa).
Previous studies of porous ZIF-4 and ZIF-8 demonstrate the
crucial influence of guest molecules on ZIFs’ mechanical
properties. The fact that pore filling decreases compressibility
and increases resistance to amorphisation has also been
demonstrated in zeolites.14, 15 Both ZIF-4 and ZIF-8
frameworks are relatively simple in terms of ligand and crystal
system (cubic and orthorhombic respectively) and have
relatively small unit cells (V = 4300-4900 Å3). Given
suggestions that sterically large ligands confer stability to
microporous structures,16 the absence of any reports of the bulk
moduli of open framework materials of this type is surprising.
We address this deficit here by studying crystallographically
and chemically more complex ZIF-7 and ZIF-9 to further
explore the extreme conditions under which ZIFs retain their
quintessential properties. This is also the first study of the
influence of metal substitution on pressure-related behaviour of
ZIFs.

Experimental
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Synthesis: ZIF-7 and ZIF-9 were synthesised following
previously reported methods.1, 2 The internal pores of the assynthesised samples are initially occupied with DMF solvent
molecules; though these can be exchanged with another small
molecule organic solvent or removed by heating which
introduces the phase transition from ZIF-7 to ZIF-7-II.2
High-pressure x-ray powder diffraction: HP-XRPD
experiments were conducted at beamline X04SA of Swiss Light
Source.17 They were used to study the structural responses of
ZIF-7 samples containing DMF (experiments A and B), ME
(experiment C) and evacuated (ZIF-7-II, experiment D) with
both small molecule PTFs (DMF in experiment A; ME in
experiment C) and large molecule PTF (1:1 (volume ratio)
fluorinert FC770 and FC75 mixture (FC) in experiments B and
D).
Data collection was performed using a 1D MYTHEN II
micro-strip detector.18 The working photon wavelength was
calibrated using a silicon standard (NIST 640C) (λ = 0.70850
Å). Pressures were applied to the sample using a gas-membrane
Boehler-type diamond anvil cell (DAC, 500 µm diamond
culets). The sample pressure was measured using the equation
of state (EoS) of quartz which was loaded in the DAC as the
internal standard.19 The pressure step size was 0.01 GPa in the
range of 0 to 1 GPa; for high pressures above 1 GPa, it varied
from 0.1 to 1 GPa. After each experiment, pressure was
released from the DAC gradually. Diffraction data were
recorded while pressure decreased and at ambient pressure. The
raw data were processed and merged using in-house software.
Pawley fitting was used to extract the unit cell parameters of
ZIF-7 as a function of pressure, with the programme TOPASAcademic 4.1.20, 21
High-pressure single crystal x-ray diffraction: single-crystal
XRD data of a DMF-containing ZIF-9 sample were collected
on a Bruker APEX II diffractometer with graphitemonochromated Mo Kα radiation (λ = 0.71073 Å) at 0.91, 1.78,
2.74, 3.54, 4.14, 4.67 and 5.27 GPa in a small molecule PTF
(ME, experiment E). Pressures were applied using a modified
Merrill-Bassett DAC (600 µm diamond culets) and a tungsten
gasket.22 The sample and a chip of ruby (as a pressure calibrant)
were loaded into the DAC with ME. The ruby fluorescence
method was utilized to measure the pressure.23 Data were
collected in ω-scans in twelve settings of 2θ and ϕ with a frame
and step size of 40 s and 0.3° respectively. Data were integrated
by the programme SAINT.24 Absorption corrections for the
DAC and sample were carried out with the programmes
SHADE25 and SADABS26 respectively. Structural refinement
was carried out against |F|2 using the programme
CRYSTALS.27 The solvent content was calculated using the
SQUEEZE algorithm within PLATON.28

Results and discussion
Experiment A: ZIF-7 (DMF) in DMF
Pressures between 0 and 1.01 GPa were applied to an assynthesised ZIF-7 sample using DMF as PTF. DMF has similar
molecular weight, density, kinematic viscosity and vapour
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pressure to commonly-used alkane-based PTFs whose
hydrostatic pressure limits exceed 6 GPa;29 it is therefore
anticipated that all modest pressures in Experiment A are
hydrostatic.30 Several diffraction peaks split upon increasing
pressure, indicating that a symmetry reduction in ZIF-7 had
taken place (Figure 2). To investigate the effect of this
symmetry reduction on the primary guest-hosting internal
pore,2, 4 diffraction patterns were fitted using a primitive
triclinic unit cell based on the ZIF-7 rhombohedral unit cell (a
= b = c = 14.247 Å, α = β = γ = 107.23˚).

ARTICLE
S0 = 3(a-c)/(a+b+c)
(2)
S1 = (α-γ)
(3)
Fits give a critical pressure, pc = 0.02-0.05 GPa, at which point
ZIF-7 transforms to a previously unknown high-pressure paraelastic phase with triclinic symmetry (denoted ZIF-7-IV).
Rietveld refinement,34 using the ZIF-7 rhombohedral structure
as a starting model, of data collected at p = 0.40 GPa was
carried out to obtain the low-symmetry ZIF-7-IV structure. The
metal tetrahedral topology, structural connectivity and porosity
in ZIF-7 are retained in the new phase. Moderate structural
distortion in the primary guest-hosting internal pore leads to the
symmetry loss seen in ZIF-7-IV (P-1). Calculations using the
programme Mercury35 show a slight increase in the percentage
of the void in the unit cell on increasing pressure through this
phase transition, from 23.2% in ZIF-7 to 25.5% in ZIF-7-IV.
The phase transition pressure is intriguingly low compared to
that of methanol-containing ZIF-4 (0.56 GPa)12 and ZIF-8 (1.47
GPa)11 in ME PTF. We attribute this to the sterical effect of the
benzimidazolate ligands. ZIF-7-IV is stable up to 1.01 GPa.
The ZIF-7 to ZIF-7-IV transition is displacive and reversible,
with the ZIF-7 trigonal aristotype structure fully recovered by
the same ferroleastic transition on depressurisation (Figure 2).

Figure 2. X-ray diffraction peak splitting upon increasing
pressure and recovery at low pressure in Experiment A. The
diffraction peak from quartz standard is indicated by *.
At the lowest pressures (0.02-0.05 GPa), the unit cell volume
increases continuously with pressure (Figure 3). This is related
to the incorporation of DMF molecules migrating from the PTF
into the framework as pressure rises. A similar oversaturation
phenomenon under pressure has been observed previously in
ZIF-811 and is known in zeolites.31 For pressure above 0.05 GPa
the volume-pressure relation was fitted with a second-order
Birch-Murnaghan EoS (Figure SI 4 in the supporting
information (ESI)),9, 31, 32 giving a bulk modulus (K0A) of
23.3(5) GPa at ambient temperature. The highest bulk modulus
previously reported for ZIF-related materials is 16.6 GPa for
LiB(Im)4, a dense analogue of ZIF-zni, though there was no
solvent present.33 Pore penetration by PTF gives ZIF-7 the
lowest compressibility found in ZIF materials yet. It should be
noted that aluminosilicate zeolites typically show K0 in the
range 14-70 GPa;9, 16, 31 the bulk mechanical properties of ZIFs
appear to be approaching the regime of their inorganic
analogues. This highlights the mechanical stability of ZIFs and
underlines their huge potential in industrial application.
In order to understand the pressure-induced symmetrybreaking phase transition seen in Figure 2, the ferroelastic
spontaneous strains (S) were calculated at each pressure and
their pressure evolution was characterised by fitting an effective
order parameter S with critical exponent n:
S = A(p-pc)n
(1)
where p is the pressure of measurement and pc is the phase
transition critical pressure; A is a material constant and n is the
critical exponent for the phase transition. Spontaneous strains
were defined as:

This journal is © The Royal Society of Chemistry 2012

Figure 3. Pressure-induced oversaturation reflected by an
increase in volume upon pressurisation at low pressure. Dashed
line is the EoS fit at higher pressure.
Experiment B: ZIF-7 (DMF) in FC
FC was used as a non-penetrating external pressuretransmitting medium to exert pressures between 0 and 3.44 GPa
on the as-synthesised ZIF-7. The hydrostatic pressure limit of
this fluorinert mixture is reported as 1.2-1.5 GPa.30, 36 Data
collected beyond this limit were not fitted and nonhydrostaticity was confirmed by divergence of Pawley fits. In
contrast to Experiment A, no initial cell expansion was seen at
the onset of pressurisation. This supports the conclusion that the
initial increase in volume seen in Experiment A is due to the
incorporation of DMF into the framework. There is a turning
point around p = 0.5-0.6 GPa in the volume-pressure data
(Figure SI 6, ESI), which may indicate another phase transition,
though a full structural refinement was not possible from the
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powder data at this pressure. Two separate second-order BirchMurnaghan EoSs were used to fit data in the pressure ranges 00.5 and 0.5-1.5 GPa, giving two bulk moduli K0B = 13(1) GPa
(ZIF-7-IV) and K0B* = 22(2) GPa. Both values are significantly
larger than those of the bulk moduli of as-synthesised and highpressure phases of ZIF-4 (methanol-containing) in a penetrating
PTF (ME) (7.7 and 15 GPa respectively).12 The difference in
moduli between Experiment A (K0A) and B (K0B) is attributed
to the oversaturation of ZIF-7 with DMF in the former, which
decreases its compressibility.37, 38 When the critical pressures of
ZIF-7 to ZIF-7-IV phase transition are compared (Table 1), one
notices that ZIF-7-IV appears as soon as pressure is applied in
Experiment B. This is because the non-penetrating PTF exerts a
much stronger external pressure on ZIF-7. In situ reversible
amorphisation of ZIF-7 was observed in Experiment B at a
(comparatively) high pressure of 3.45 GPa. Given the reversible
nature of the transition and by analogy with unsubstituted ZIF-4,
we anticipate that short-range ordering and associated structural
connectivity of ZIF-7 are unaffected by pressure.12
Table 1. Summary of the pressure-dependent behaviour of ZIF7 in Experiment A-C.
Sample

PTF

ZIF-7
A
(DMF)
B
ZIF-7(ME) C

DMF 0.02-0.05
FC
-2.4*10-9
ME

a
b

pc (GPa)a

Amorphisation
pressure (GPa)
3.45
5.65

K0 (GPa)b
23.3(5)
13(1)
21.1(7)

pc: the critical pressure of the phase transition from ZIF-7 to ZIF-7-IV;
K0: the bulk modulus of ZIF-7/ZIF-7-IV.

Experiment C and D: ZIF-7-II in ME and FC
To further investigate the effect of guest occupancy upon
pressure-related behaviour, we repeated Experiment A and B
with evacuated sample of ZIF-7, “ZIF-7-II”, in Experiment C
and D. Small molecule PTF ME and large molecule PTF FC
were used respectively. ZIF-7-II was prepared by heating ZIF-7
at 400 K in air for 24 h. In Experiment C, ZIF-7-II transformed
back to ZIF-7 as soon as ME was loaded at ambient pressure,
demonstrating that primary guest-hosting pores were filled by
methanol and/or ethanol molecules, as previously reported.2
Pressures between 0 and 5.65 GPa were then applied to this
methanol/ethanol-bearing ZIF-7. The phase transition from
ZIF-7 to ZIF-7-IV was observed, however, a meaningful
estimate of the critical pressure could not be obtained due to
poor data coverage between 0.2 and 0.9 GPa. Using a secondorder Birch-Murnagan EoS we obtain a bulk modulus K0C =
21.1(7) GPa, consistent with K0A. Although the Bragg peaks at
5.65 GPa were too broad to yield precise cell parameters, it is
clear that ZIF-7-IV remains stable to this pressure. This is
exceptionally interesting in view of the CO2 adsorption ability
of ZIF-7; its competency to retain high porosity at relatively
high-pressure gives possibilities for carbon capture applications
at such conditions. In Experiment D, ZIF-7-II retained its
structure since FC is not able to penetrate. ZIF-7-II has poor
crystallinity characterised by broad Bragg peaks. It appeared to
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show structural collapse at a very early stage on pressurisation
and was damaged at 4.54 GPa.
The higher amorphisation pressure of ZIF-7-IV in
Experiment C (compared with that in Experiment B) also
indicates that the penetration of PTF molecules plays an
important role in the high-pressure stability of ZIF structures.
The recovered ZIF-7 or ZIF-7-IV cell was measured on
pressure release back to ambient. The reversal of the ZIF-7 to
ZIF-7-IV phase transition was difficult to identify due to the
very low pressure of the transition, pressure hysteresis in the
DAC and excessive peak broadening after amorphisation. Our
observations demonstrate the excellent recovery from ZIF-7-II
to ZIF-7 and the exceptional resilience to pressure of the
recovered structure. Bearing this in mind, realistic gas
sequestration applications of ZIF-7 could exploit pore
activation, performed by mild heating, without concerns about
degradation of the recovered structure.
Experiment E: ZIF-9 (DMF) in ME
ZIF-9 (Co(PhIm)2) is isostructural with ZIF-7 and allows us
to explore the role of metal substitution (Co for Zn). The study
is the first high-pressure experiment performed on a Co-based
ZIF. Previously, metal substitution in dense ZIF-zni (Zn2+
compared with alternating Li+ and B3+ cations) revealed small
changes in bulk modulus: 14 and 16.6 GPa for ZIF-zni and
BIF-1-Li respectively.33 The lower compressibility of the latter
is consistent with its smaller porosity. ZIF-9 is only slightly
denser than ZIF-7 and the difference in porosity between the
two structures is very small.39 Density and porosity differences
should not have a great effect on our conclusions regarding
metal substitution. Whilst phase-pure powders of ZIF-9 could
not be prepared, single crystal samples were available and a
single crystal high-pressure diffraction study was performed on
a DMF-containing ZIF-9. Data were collected at 0.91, 1.78,
2.74 and 3.54 GPa using ME as PTF. After attaining a
structural refinement at 3.54 GPa, the decrease in data quality
rendered further refinements impossible, though lattice
parameters were recorded at 4.14, 4.67 and 5.27 GPa (Table SI
1, ESI). The lack of low-pressure data prohibits commentary on
any pressure-induced phase transition equivalent to that of ZIF7 to ZIF-7-IV. A second order Birch-Murnaghan EoS was fitted,
yielding a bulk modulus (K0E) of 13.4(5) GPa (Figure 4). This
is similar in magnitude as that of ZIF-zni and of ZIF-7 in
Experiment B. Above 5.27 GPa, the gasket containing the
crystal failed, although the crystal itself remained intact. The
survival of the single crystal to such high pressures is
comparable to the case of ZIF-7, and suggests the general
retention of stability to pressure upon metal center replacement.
Attempted evacuation of the singe crystal of ZIF-9 led to
significant cracking, and this, combined with the absence of a
phase pure powder sample, meant that the presence/absence of
a structural transition upon evacuation, analogous to that of
ZIF-7 to ZIF-7-II,2 remains to be investigated. Structural
refinements did not give any indication that a structural
transition had taken place. The absence of low pressure data is
indicative of the inherent difficulties of controlling the
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application of pressure in single crystal experiments. The
entrance of methanol molecules into the framework was
observed between 0 and 1.78 GPa (Table SI 1, ESI), which may
indicate oversaturation of the framework, though more pressure
points would be needed to confirm the effect.

ARTICLE
for their valuable suggestions on the improvement of this
manuscript.
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1

Figure 4. The evolution of the unit cell volume of ZIF-9 as a
function of hydrostatic pressure, completed with EoS fit.

2

Conclusions

3

In summary, we have shown that ZIF-7 and ZIF-9 can
withstand high hydrostatic pressure, whilst retaining their
porosity and structural integrity. Structural response to pressure
includes a ferroelastic phase transition to a distorted but stable
and topologically invariant high-pressure phase. This stability is
attributed to the presence of sterically large organic ligands
which confer mechanical stability to the framework. Our results
confirm the influence of guest occupancy on the response of
ZIFs to pressure. Notably, the oversaturation of ZIFs with
solvent molecules greatly decreases their compressibility and
increases their resistance to amorphisation. The oversaturation
and phase transition pressure we observed in Experiment A are
consistent with those in industrial carbon capture processes, it
would be of interest to investigate the structural response of
ZIFs under supercritical fluid of CO2 (e.g. 10 MPa, 323 K) in
future studies.
A comparison of the behaviours of ZIF-7 and ZIF-9 under
high pressure demonstrates that the mechanical stability of ZIFs
is unaffected by metal substitution. The evacuated ZIF-7 phase,
ZIF-7-II, can easily recover to ZIF-7 structure by guest
reoccupation. The recovered structure shows excellent pressure
resilience. The pressure-dependent structural behaviours of
ZIF-7 and ZIF-9 indicate the encouraging potential of ZIFs in
realistic industrial applications.
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