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Based on 4,4'-bipyridine organic linker, metal-organic
frameworks Co,(4,4'-bpy);(NO;)4.xH,0 (CB-MOF)have been
prepared. The pressure-dependent structure evolution of CB-
MOF has been investigated up to 11 GPa. An isostructural
phase transition was concluded at about 6 GPa followed by
negative compressibility for the b axis.

Metal-organic frameworks (MOFs) have attracted immense
attention recently due to the possibility to a obtain large variety of
aesthetically interesting structures. They are formed by
association of metal centers or clusters and organic linkers'. Most
efforts are directed toward the synthesis of new frameworks with
the largest possible surface areas, and the goal is to find
exceptionally functional materials. These materials have
displayed a large number of applications in many areas, such as
adsorption, separation, and catalysis, which are based on the pore
size and shape as well as the host-guest interactions involved?.
The 4,4'-bipyridine ligand is one of the most reactive rod like
organic linker to bridge metal centers to form one-, two-, and
three-dimensionally frameworks®. And the transition-metal 4,4'-
bipyridine complexes have powerful gas-adsorption properties**.

During the past few years, some effort has been made to focus
on the response of structures and properties of MOFs controlled
by external parameters. Pressure is an important external stimulus
that can cause changes in molecular geometry without the need to
alter the material chemically, it can provide useful information in
three important fields: (a) discoveries of new polymorphs and
mechanisms of pressure-induced structural deformation, (b) the
relationship between microporosity and compressibility and (c)
structure-property correlation. Then the pressure response of
MOFs has to be explored. And understanding the impact pressure
on the coordination framework systems is not only for
fundamental interest but is relevant to their practical applications.
A few theoretical and experimental approaches have been
devoted to the high-pressure behavior and pressure-induced
structure evolution of microporous materials’, and some recent
experiments have shown that the high-pressure behavior of
microporous and mesoporous materials may be strongly
influenced by the nature of the pressure transmitting medium
(PTM)’. But to the best of our knowledge, no report about the
pressure-induced isostructural phase transitions of MOFs is
published. Hence, it is important to study the effect of pressure on
MOFs structure, and there is clearly a need to understand the
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structural response of MOFs to applied pressure.

In this communication, in situ Raman spectroscopy and angle
dispersive X-ray diffraction (ADXRD) combined with symmetric
diamond anvil cell (DAC) techniques have been conducted to
study the structural stability of CB-MOF at high pressure. A
detailed local structure evolution and isostructural phase
transition of CB-MOF are concluded.

Raman spectroscopy is used to monitor the effect of pressure
on the local structure of CB-MOF. The Raman peak positions are
listed in Table S1 along with the appropriate vibrational
assignments. The in situ Raman spectra of CB-MOF are acquired
as a function of pressure up to 11 GPa at room temperature. The
selected spectra are shown in Figure 1. The Raman frequency
shift as a function of pressure are shown in Figure S1, the
monotonous blue shift of the all Raman modes is observed up to
11 GPa, and we have not observed changes in the spectra
including splitting of modes, appearance of new modes, or
sudden changes in the slope of the frequency-pressure curve, so
no obvious evidence of phase transition can be concluded during
the entire compression processes.

As shown in Figure 1, it could be found that almost all the
Raman peaks tend to broaden and weaken in intensity upon
compressing. While, the relative intensity of 1621cm™ band,
which is attributed to the C-C stretching vibration (vg,) mode of
the organic linker (4,4'-byridine), shows intensity
enhancement with pressure. Figure 2 displays the intensity ratio
(1621cm™ to 1022 cm™)- pressure curve. The 1022 cm™ Raman
band is attibuted to ring breathing vibration (v;) mode. Based on
linear curve fitting, below 6 GPa the slope is 0.1, while further
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Fig.1 Selected high pressure Raman spectra of CB-MOF
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Fig.2 High pressure intensity ratio of 1620cm™ to 1022cm’!

compression induce a remarkable intensity enhancement of 1621
cm’! Raman line, the slope is 0.6. Theoretical and experimental
approaches show that the relative Raman intensities change is a
test bench for probing the change in molecular structure from a
nonplanar to a planar geometry of oligo-p-phenylenes’, e.g. for
biphenyl, the calculated Raman intensity of 1770-1780 cm’
mode shows strong dependency with the twisting angle between
two aromatic rings, the smaller twisting angle, the larger Raman
intensity of C-C stretching band’™. For CB-MOF, the organic
linker (4,4'-bipyridine) also posit a non-planar aromatic molecular
geometry at ambient condition. Under compression, the much
greater P-electron conjunctions in the planar molecular geometry
induce the Raman intensity enhancement of C-C stretching(vg,)
band. And the sudden slope change of relative intensity- pressure
curve at 6 GPa may associate with higher-order phase transitions.

In order to know the coordination effect in MOFs at ambient
condition, a comparative Raman spectra of 4,4'-biphydine and
CB-MOF are shown in Figure S2, and the exact peak positions
are given in Table S1. It can be concluded that all the Raman
bands blue shifted compared to the Raman spectrum of
crystalline 4,4'-biphydine. As a result of the direct coordination of
the pyridine N to Co, the Raman shift of 1022 cm™ and 1621cm™
bands, which are assigned to rings breathing mode(v;) and C-C
stretching(vg,) mode respectively, have the largest frequency
shifts and the vg, band is the fundamental mode of Fermi
resonance doublets, under compression, the Fermi resonance
phenomenon is totally disappeared at 1 GPa.

To better understand the behavior of coordination effects in the
coordination frameworks, an in situ high pressure Raman study of
pure crystalline 4,4'-biphydine solids was carried out in the same
pressure range. The Raman spectra and Raman frequency shift as
a function of pressure for the 4,4'-byridine crystal are shown in
Figure S3 and S4. We also compare the frequency-pressure
behavior of CB-MOF to 4,4'-bipyridine, the frequency-pressure
slope of each Raman bands are listed in Table S1. Based on linear
curve fitting, on the whole, the slope of the frequency-pressure
curves of 4,4'-bipyridine are larger than that of its corresponding
bands of MOFs, indicating the isolated molecule of organic linker
endure more pressure in its crystalline than that in its metal-
organic coordination architectures. And the metal-organic
coordination networks play an important role in the volume
reduction in the compression process. Because of lack of metal-
organic coordination band in the Raman spectra of MOFs, the
coordination effects under compression could be reflected from
the changes in the frequency-relationship of the intra-molecular
modes.

For comparison, an intensity-pressure curve of vg, to v; band
(located at 1605 and 998 cm™" at ambient condition respectively)
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Fig.3 Representative ADXRD patterns of CB-MOF, the unit cell volume
as a function of pressure and anisotropic pressure response of the crystal
lattices

of 4,4'-bipyridine is present in figure S5, in the pressure range
from ambient up to 11 GPa, the intensity ratio increase from a
value of 0.8 at ambient pressure to a value of about 1.6 at 11 GPa.
The value and the slope of the intensity ratio for 4,4'-bipyridine is
significant smaller than that of its MOFs, suggesting the electron-
phonon coupling effect in crystalline 4,4'-bipyridine is much
smaller than that of its MOFs, and the metal-organic architecture
provides an specific environment for the pressure driven planar
molecular geometry.

ADXRD was used to gain direct information on pressure-
induced structural transformations. Representative ADXRD
patterns of CB-MOF at various pressures are shown in Figure 3.
As pressure increased, the peaks become broader and less intense
and some merge together. From the ADXRD data, we can
conclude that there is no obvious phase transition that occurred
up to 11 GPa. Therefore, the high-pressure diffraction patterns
can be indexed according to the orthorhombic unit cell.

Under ambient conditions, CB-MOF crystallizes into a
orthorhombic structure with the Ccca space group , a=12.267(7),
b=19.025(7), c=17.412(4)A, V=4063(2)A’>, The pressure
dependences of the unit cell volume and lattice parameters at
room temperature are illustrated in Figure 3. As observed for
many other molecular crystals®, the compressional behavior of
CB-MOF is anisotropic, below 6 GPa, with the increase of
pressure, it is evident that all the diffraction peaks shifted to
higher angles, it can be seen that the b orientation is relatively
stiff compared with the a and c orientations. When the pressure is
raised above 6 GPa, the different nature and strength of
interactions give rise to an anisotropic compression and, not
surprisingly, the most compressed direction is the one
corresponding to the weakest interaction, namely a, while the b
axis shows a negative compressibility. So far, to the best of our
knowledge, only one metal-organic framework material with
negative compressibility has been reported’. From the high
pressure Raman scattering and ADXRD results, no obvious first-
order phase transitions could be concluded over the entire
pressure range. While the relative intensity changes of C-C
stretching Raman mode and the tendencies of pressure-induced
lattice parameters changes suggesting that an isostructural phase
transitions exist at about 6 GPa.

The evolution of the change in unit cell volume of CB-MOF as
a function of pressure is shown in Figure 3. The indexed and
refined structural parameters are given in Table S2. The volume
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Fig.4 Scheme of pressure-induced structure change of CB-MOF

decreases with increasing pressure, as expected, and the measured
percentage of shrinkage is about 1.0% per GPa. In the studied
pressure range the bulk modulus of CB-MOF is estimated by
using a second-order Brich-Murnaghan equation, Giving a value
of K, of 54.8 GPa. This value is significantly higher than those
found for several zeolite imidazodate frameworks.According to
the previous analysis about the local structure and lattice change
of CB-MOF. A scheme of pressure-induced structure evolution of
MOFs is proposed from the high-pressure Raman scattering and
ADXRD results (Figure 4).

In summary, we report the high-pressure Raman and ADXRD
measurements performed on CB-MOF, at various pressures up to
11 GPa. From the Raman frequency-pressure relationship, all the
vibrational frequencies upshift linearly with pressure indicating
that there is no obvious first-order phase transition during
compression. While a pressure-induced intensity enhancement
phenomenon is observed for C-C stretching mode, suggesting a
planar molecular conformation of organic linker is present at high
pressure. A comparative high-pressure Raman study of crystalline
4,4'-bipyridine is also conducted, the frequency-pressure slope of
each Raman bands are larger than that of its metal organic
frameworks, while the degree of pressure-driven Raman intensity
enhancement effect of C-C stretching band in 4,4'-bipyridine is
not so significant as that of MOFs. The high-pressure ADXRD
diffraction data of MOFs suggest that an isostructural phase
transition occurs at 6 GPa, at which pressure a negative
compressibility is observed in b-axis direction.
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Highlighting the novelty of the work: A pressure induced isostructural phase transition is found
in a metal-organic framework Co(4,4'-bpy);(NO;)4.xH20



