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Tracking thermal-induced amorphization of a
zeolitic imidazolate framework via synchrotron
in situ far-infrared spectroscopy†
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We present the first use of in situ far-infrared spectroscopy to

analyze the thermal amorphization of a zeolitic imidazolate frame-

work material. We explain the nature of vibrational motion changes

during the amorphization process and reveal new insights into the

effect that temperature has on the Zn–N tetrahedra.

Vibrational spectroscopy has been shown to be an excellent
method of analyzing framework materials and gaining a better
understanding of their molecular structure. The mid-infrared
(MIR) region of the vibrational spectra is related to the local
characteristic vibrations (e.g. localized bond stretching and
bending) and is therefore of limited interest for providing
information regarding lattice dynamics of a specific framework.
However, there has recently been a strong focus on the frame-
work specific vibrational motions located in the far-infrared
(FIR) region (o700 cm�1), which have been shown to reveal the
nature of quasi-localized and collective modes.

One group of framework materials exhibiting a particularly
rich variety of collective vibrational motions are metal–organic
frameworks (MOFs), which are a topical class of hybrid (inorganic–
organic) crystalline materials. Their nanoscale pore structures and
long-range order have attracted significant scientific and industrial
interest, which originates from their wide range of potential
applications including, carbon sequestration, photonics and
microelectronics, and drug encapsulation and delivery.1 The
diverse structural behavior of MOFs2 results in the FIR region of
the vibrational spectra providing a gateway to understanding
the physical behavior and underlying flexibility of these highly
promising next-generation functional materials.

We have shown that inelastic neutron scattering (INS)
and synchrotron-based FIR spectroscopy, in conjunction with

ab initio density functional theory (DFT) can be used to explain
these framework specific motions.3 Specifically, we related
quasi-local vibrations to the deformation of the organic linkers
and Zn-based coordination polyhedra (ZnN4) in zeolitic imidazolate
frameworks (ZIFs),4 and linked them to various physical
phenomena, including ‘‘gate-opening’’, ‘‘breathing’’ and shear
destabilization modes.3 We also reported molecular rotational
dynamics, trampoline-like vibrational motions, and demonstrated
how collective vibrations can be connected to the elasticity and
mechanical stability of the framework structure, revealing the
origin of auxeticity (negative Poisson’s ratio),5 in the copper
paddle-wheel MOF, HKUST-1.6 Unlike in situ MIR spectroscopy,7

which can be performed via benchtop equipment, detailed
characterization of the FIR region in situ requires a more
sophisticated experimental setup, explaining the relative absence
of reports to date.

The structural dynamics of MOFs, at the molecular level, are
of increasing importance. For example, phase transitions in
ZIF-7 upon exchange of guest molecules and ZIF-8 upon gas
adsorption have been ascribed to ‘‘breathing’’ and ‘‘gate-
opening’’ mechanisms respectively.3,8 Another topical MOF
material, MIL-53, has also been reported to undergo transitions
upon cooling.9

In this work, we have advanced the use of FIR vibrational
spectroscopy to follow the in situ thermal transformations of
ZIF-4, which has the chemical composition Zn(Im)2 [Im =
imidazolate, C3H3N2

�]. The framework was selected, as it has
been shown to demonstrate significant flexibility regarding its
phase transition ability.10 It is known to amorphize to a
structure called a-ZIF at approximately 573 K, which is separate
from the solvent induced collapse of ZIFs. The amorphous structure
is reported to be a continuous random network analogous to that of
amorphous silica (a-SiO2).10,11 Upon further heating (above 673 K)
a-ZIF recrystallizes into the higher symmetry dense structure,
ZIF-zni.10 Dense ZIF-zni is the lower energy of the two crystalline
structures12 but only becomes thermally accessible above 673 K.
ZIF-zni has an identical chemical composition to ZIF-4. However,
their crystal symmetries, network topologies and geometrical
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parameters are remarkably different.10,13 ZIF-4 has also been
reported to undergo a discontinuous porous to dense phase
transition upon cooling to under 140 K, due to cooperative
rotations of the organic linkers.14 The temperature ranges of
these phases are indicated in Fig. 3 by ZIF-4 (LT/HT). For
comparison, we have also investigated the thermal effects on
the vibrational spectra of ZIF-8 (whose linker is mIm = 2-methy-
limidazolate), which does not amorphize thermally.15 It is worth
noting that these materials can also amorphize through other
sources of external stimuli, such as pressure16 and mechanical
impact.17 However, it has been suggested that the mechanisms
for the various routes to amorphization are different, with a
shear instability being the likely cause of the mechanically
induced amorphization.18 The thermal-induced amorphization
route of ZIFs is currently a phenomenon only witnessed for ZIF
structures possessing the unsubstituted imidazole (Im) linker.
We have, therefore, used the results of this work to postulate a
reason for this observation and propose in this communication
an empirical measure to quantify the structural flexibility deter-
mining the likelihood of temperature enabled amorphization.

The experimental spectra were obtained using a novel setup
recently commissioned utilizing a Bruker Vertex 80V Fourier
Transform IR (FTIR) Interferometer, to provide in situ FIR data
using a synchrotron radiation source (Fig. 1). The novelty of the
setup was the introduction of an accurate temperature control,
via a nitrogen purged Linkam cell and a Hyperion 3000
microscope.19 A more detailed description of the experimental
setup is available in the ESI.†

We know from our previous work on the low-energy vibrations
of ZIF materials3 that there are three sources of vibrational
motion located in the spectral region below 700 cm�1: (i)
aromatic ring deformations; (ii) ZnN4 tetrahedra deformations;
(iii) framework-specific collective motions.

We have confirmed our previous work, demonstrating that
the peaks relating to the ring deformations of the Im organic
linkers in ZIF-4, a-ZIF and ZIF-zni are all present at approximately
640–700 cm�1, along with the universally shared Zn–N bond
stretching motion, specifically originating from the compliance
of Zn(Im)4 tetrahedra, which is again positioned at 265–325 cm�1

as expected (Fig. 2).3

Unsurprisingly we do not see any significant effect on the
peaks relating to the organic linkers, as the structurally rigid Im
linkers do not strain significantly upon heating, structural
amorphization, or recrystallization into ZIF-zni. Changes to
the peaks at approximately 323 cm�1 (assuming zero thermal
effects, calculated via DFT) are however pronounced and
include a temperature induced spectral shift and are related
to the Zn–N stretching modes of the ZnN4 tetrahedra deforma-
tion in Zn(Im)4. These vibrational modes are expected to be
sufficiently anharmonic to show a red shift as a result of the
thermal stimulus (upon heating) allowing for increased flexibility
in the deformation of the Zn(Im)4 tetrahedra. Due to these modes
being independent of the specific framework, yet still the result of
a cluster-like moiety, they may be considered as quasi-delocalized
and if true should, obey a Bose–Einstein distribution.20 The
exact Bosonic nature of the phenomenon would require further
investigation. However, it can be seen that the frequency shift
(Fig. 3) does appear to obey well the following relation, based on
Bose–Einstein statistics:

nðTÞ ¼ n0 �
XRTC

e
TC
T � 1

; where TC ¼
hn0
kB

where n0 is the frequency of the mode at zero temperature
(calculated via DFT); T is the temperature that the experimental
spectra were obtained at; TC is the vibrational temperature,
related to the energy of the particular mode, obtained from

Fig. 1 Schematic of the novel experimental setup used for the in situ
far-IR spectroscopy study conducted at the B22 beamline (MIRIAM) at
Diamond Light Source.

Fig. 2 (a) IR spectra in the region of 150–700 cm�1, showing the spectral
changes observed at 298, 573 and 723 K. The red and blue dotted lines are the
theoretical ZIF-4 and ZIF-zni spectra obtained from DFT (comparable to 0 K).
The modes relating to the Zn–N deformations of the Zn(Im)4 tetrahedra and the
deformations of the aromatic imidazole (Im) linkers are highlighted. (b) Frame-
work structures adapted from ref. 10 of ZIF-4, a-ZIF and ZIF-zni are shown for
clarity, with the unit cells of the two crystalline phases highlighted in red.
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statistical thermodynamics, via the use of the Planck constant
(h) and the Boltzmann constant (kB); and a curve fitting variable,
XR, which could be described as a thermally-induced spectral
shift coefficient, as we speculate the value is linked to the
specific M–X polyhedral deformation, present in each distinct
polyhedral environment. We expect the value of XR to be dependent
on both the type of metal and importantly the linker involved. Our
current work gives the value of XR to be 0.045 cm�1 K�1 (R2 = 0.970)
for the Zn(Im)4 tetrahedral deformations in ZIF-4. We also see an
increase in the gradient of the data points beyond the curve fitted
for ZIF-4. This is due to the presence of the amorphous a-ZIF
structure. This is confirmed by the gradient decreasing at higher
temperature due to the energetically more stable ZIF-zni phase.
If the value of XR is essentially an indication of how flexible the
M–X polyhedral environment is under thermal stimuli, prior to
amorphization, then we could postulate that MOF structures
that demonstrate a higher value of XR could be more susceptible
to thermal-induced amorphisation, as a more flexible M–X
polyhedral environment would intuitively increase the probability
of framework amorphisation. In the case of ZIF materials, this
would be the unsubstituted Zn(Im)4 containing frameworks,
which all show thermal-induced amorphisation. To support this

hypothesis, we investigated the value of XR for ZIF-8, which is
well accepted not to amorphize thermally.15 Importantly, the
linker is different, 2-methylimidazole (mIm), so we could provide
another value of XR, this time applied to Zn(mIm)4 tetrahedral
deformations. The resultant value for ZIF-8 is 0.032 cm�1 K�1

(R2 = 0.995), hence supporting the idea that a lower value of XR

could imply an increased thermal stability to amorphization.
This is most likely a direct result of the increased steric
contribution from the substituted linkers, translating into a
more rigid M–X polyhedra. This is of course still a postulation
and the numerical evidence is limited. However, the increased
flexibility in the polyhedral motion is logically linked to the
structural stability, and, we show compelling evidence in this
work that the polyhedral deformation (flexibility) upon thermal
stimulus can be precisely monitored using in situ far-IR syn-
chrotron spectroscopy.

Moving on to the distinction between the two crystalline
structures, the final modes observed are the collective vibrational
motions that are specific to the framework structure and symmetry.
These modes are located in the region of 155–280 cm�1 (Fig. 2) and
are all due to specific motions involving the 4-membered and
6-membered ring deformations, simultaneously coupled with
ligand rocking.3 Due to the differences in crystal packing and
symmetry between ZIF-4 and ZIF-zni the intensities of the peaks
in this region are distinct to each framework. For example, in
ZIF-4 we observe a broader distribution of modes due to the
lower symmetry of the framework, with the highest in intensity
being located at approximately 250 cm�1. In ZIF-zni, there are
more degenerate modes, and therefore there is a significant
intensity at approximately 195 cm�1. This region shows less
significant features at 573 K, as the amorphous nature of the
framework will negate any structural symmetry and result in
such motions being so widely (randomly) distributed that no
identifiable characteristic intensities are observed. It is worth
noting that this region does not include the low-energy THz
modes, reported in our previous work, involving phase-change and
‘gate-opening’ motions.3 This spectral region (0–100 cm�1) was out
width the scope of the current experimental setup (Table 1).

For completeness, we also analyzed the mechanical properties
of ZIF-zni (Table 2), for comparison to our previous elasticity
work on the other Im containing ZIFs (ZIF-1, -2, -3 and -4).18b We
performed the theoretical calculations at the same B3LYP level of
theory as our previous work18b (explained in detail in the ESI†), so
as to be able to comment on the quantitative mechanical
property differences. The revised elasticity calculations reported
in this work and in our recent work on the other four Im
containing ZIF structures18b are an improved version to our initial
calculations performed at the PBE level of theory.21 Because of
the higher density and increased symmetry of the ZIF-zni
structure compared with ZIF-4, we observe an increase in the
framework stiffness of the material (Young’s moduli) by a factor
of B3. In addition, there is a two-fold increase in the resistance
to shear strain through doubling of the maximum shear modulus
(Gmax), which can contribute to the mechanical destabilization of
ZIF materials.3,18b The Poisson’s ratio was also affected, in that it
no longer possesses the ‘cork-like’ response (zero Poisson’s ratio),

Fig. 3 Temperature dependence of the Zn(Im)4 and Zn(mIm)4 tetrahedra
deformation modes, hence explaining the disparity between the theoretical
ZIF-zni spectra and the experimental obtained at 723 K. The thermal range
of each structure has been highlighted for clarity.

Table 1 Nature of the IR-active modes in the 150–700 cm�1 region

Structure
Spectral
region (cm�1) Description of vibrational motion

ZIF-4 160–275 4-Membered and 6-membered
ring deformation; ligand rotation
(rocking); N–Zn–N bending and Zn–N
stretching (tetrahedral deformation)

ZIF-zni 155–280

ZIF-4 295–325 Zn–N stretching (belonging to ZnN4

tetrahedra)ZIF-zni 290–330

ZIF-4 and
ZIF-zni

640–700 Aromatic ring deformation and torsion
modes (in-plane and out-of-plane)
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in any direction, as is the case with ZIF-4 whose nmin E zero. The
values for Young’s moduli agree with experimental nanoindenta-
tion values,10 with the experimental Emax of ZIF-zni in the h001i
direction B9 GPa, and the experimental Eh100i E 8 GPa (DFT
value from this work, Eh100i = 8.6 GPa).

In conclusion, the thermally induced amorphization of ZIF-4
into a-ZIF and its subsequent recrystallization upon additional
heating to transform into ZIF-zni has been followed in situ
using synchrotron Far-IR spectroscopy for the first time. We
have demonstrated how vibrational spectroscopy can be used to
gain a better understanding of how thermal stimulus can affect
the stability of framework materials. Our work confirms the
nature of each different vibrational motion and makes the
connection between the flexibility (mechanical compliance) of
the Zn–N tetrahedral moieties and the likelihood of thermal-
induced amorphization. We have been able to measure the
thermal stability to amorphization via an observed spectral
shift in relation to the vibrational motions resulting from the
polyhedral deformations and encourage future work in this
area to test its wider applicability. In relation, we would expect
other ZIF structures that possess the unsubstituted Im organic
linker (e.g. ZIF-1, -2, -3, and -10) to have a similar thermal response
to that reported for ZIF-4 in this work (XR = 0.045 cm�1 K�1). It is
also of great interest to further this research into MOFs with
different metal polyhedra coordination, such as the high stability
UiO series22 and the isoreticular MIL-140 series.23
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Table 2 Mechanical properties of ZIF-4 and ZIF-zni, derived from the
elastic constants calculated by DFT at the B3LYP level of theory

Elastic property ZIF-418b ZIF-zni

Young’s modulus, E (GPa) Emax 3.27 10.21
Emin 2.17 6.82
AE = Emax/Emin 1.51 1.50

Shear modulus, G (GPa) Gmax 1.53 3.26
Gmin 0.77 2.30
AG = Gmax/Gmin 1.99 1.42

Linear compressibility, b (TPa�1) bmax 241.2 29.5
bmin 202.1 5.2

Poisson’s ratio, n nmax 0.41 0.49
nmin 0.06 0.32
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