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High-pressure crystallographic experiments over the last 25
years or so have proved to be a unique tool in probing the
mechanical properties of the organic solid state,' metal-
complexes, and 2D/3D coordination compounds.”> In partic-
ular, high-pressure techniques have been used to study an array
of mechanical and chemical properties of crystals, such as
changes in electrical and thermal conductivity,® pressure-
induced melting,* solubility,” amorphisation,® post-synthetic
modification,” and chemical reactions such as polymerisa-
tion,* cycloaddition® and nanoparticle formation.'® Previous
high-pressure experiments on porous metal-organic framework
(MOF) materials have shown that on loading a diamond anvil
cell (DAC) with a single-crystal or polycrystalline powder, the
hydrostatic medium that surrounds the sample (to ensure
hydrostatic conditions) can be forced inside the pores on
increasing pressure, causing the pore and sample volume to
increase with applied pressure.” This technique has also been
used to determine the position of CH, and CO, molecules
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low-temperature phase transitions,
compressibility, and a pressure induced Jahn-Teller switch, where the switching pressure was

unreported Cu-framework bis[1-(4-pyridyl)butane-1,3-dione]copper(i) (CuPyr-I). CuPyr-I was found to

piezochromism, negative linear

inside the small pores of a Sc-based MOF at room temperature
using a laboratory X-ray diffractometer, and has proved useful
in experimentally determining the maximum size of guest
molecules that can penetrate into a pore.*

On direct compression of more dense frameworks, negative
linear compressibility (NLC) has also been observed, which
results in an expansion of one or more of the unit cell dimen-
sions with an overall contraction in volume. Such changes in
the compressibility behaviour of metal-containing framework
materials is usually as a result of common structural motifs
which rotate or bend in order to accommodate increases in
length along particular crystallographic directions.’* Changes
in coordination environment can also be induced at pressure,
as metal-ligand bonds are more susceptible to compression
than covalent bonds.* In previous high pressure studies on
metal complexes or coordination compounds, in which the
metal ion has an asymmetric octahedral environment caused by
Jahn-Teller (JT) distortions for example (such as those observed
in Cu®>* and Mn®" complexes), the application of pressure can
result in compression of the JT axis, and can even be switched to
lie along another bonding direction within the octahedron.™
Such distortions often result in piezochromism, often observed
within a single crystal.”

Here, we present a high-pressure crystallographic study on
a novel and unreported Cu-framework bis[1-(4-pyridyl)butane-
1,3-dione]copper(u) (hereafter referred to as CuPyr-I). On
application of pressure, CuPyr-I is highly unusual in that it
demonstrates several of these phenomena within the same
framework, including a single-crystal to single-crystal phase
transition, a switching of the JT axis that depends on the
hydrostatic medium used to compress the crystal,
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piezochromism and NLC behaviour. To date, we are unaware of
any other material which exhibits all of these phenomena, with
the first ever reported hydrostatic media ‘tuneable’ JT-
switching.

Under ambient temperature and pressure CuPyr-I crystal-
lises in the rhombohedral space group R3 (a/b = 26.5936(31) A, ¢
= 7.7475(9) A). Each Cu-centre is coordinated to four 1-(4-
pyridyl)butane-1,3-dione linkers, two of these ligands are bound
through the dione O-atoms, with the final two bonding through
the N-atom of the pyridine ring to form a 3D polymer. The
crystal structure of CuPyr-I is composed of an interpenetration
of these 3D polymers to form one-dimensional porous channels
(~2 A in diameter) that run along the c-axis direction (Fig. 1).

On increasing pressure from 0.07 GPa to 1.56 GPa using
Fluorinert FC-70 (a mixture of large perfluorinated
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hydrocarbons) as a hydrostatic medium, compression of the
framework occurs, resulting in a 9.89% reduction in volume,
while the a/b-axes and c-axis are reduced by 4.46% and 1.25%
respectively (Fig. 2 (blue triangles) and Table S1t).

On increasing pressure to 1.84 GPa, the framework became
amorphous, though this is unsurprising as the hydrostatic limit
for FC-70 is ~2 GPa, and compression of frameworks in non-
hydrostatic conditions usually results in amorphisation.® On
increasing pressure to 1.56 GPa, the three-symmetry indepen-
dent Cu-O/N bond lengths to the ligand were monitored (Fig. 3
and Table S5t). Under ambient pressure conditions, the two
Cu-N1 pyridine bonds are longer than the four Cu-01/02 dione
bonds, typical for an elongated JT distorted Cu®* complex.
However, on increasing pressure the direction of the JT axis
gradually changed from Cu-N1 to the Cu-O1 bond (the dione

Fig.1 Ball and stick model showing the coordination environment around the Cu?* ion in CuPyr-I, and 3D-pore structure as viewed along the c-
axis direction. The yellow sphere represents the available pore-space. Colour scheme is red: oxygen, blue: nitrogen, black: carbon, white:
hydrogen and cyan: copper. The Cu®* octahedron is illustrated in green.
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Fig.2 a/b and c-axes as a function of pressure in a hydrostatic medium of FC-70 (blue triangles) and MeOH (red/black circles). The vertical line
indicates the transition from CuPyr-I (red circles) to CuPyr-II (black circles) above 2.15 GPa. Errors in cell-lengths are smaller than the symbols

plotted.

oxygen in the 3-position), becoming equidistant at ~0.57 GPa.
By 1.56 GPa, the lengths of the Cu-N1 and Cu-O1 bonds had
steadily reduced and increased by 12.3% and 8.9%, respectively.
Throughout this the Cu-O2 bond remained essentially
unchanged.

Pressure induced JT switching has been observed in other
systems, including a Mn;, single-molecule magnet cluster that
re-orientates the JT axis on one of the Mn centres at 2.5 GPa.'** A
similar transition was also observed in [CuF,(H,0),(pyz)] (pyz =
pyrazine) and Rb,CuCl,(H,0),,"* where the JT axis was reor-
iented from the Cu-N bond to the perpendicular Cu-O bond,
though this occurs during a crystallographic phase transition at
1.8 GPa." Here, in CuPyr-1, no phase transition takes place, and
unusually the JT switching appears to occur progressively on
increasing pressure with no phase transition.**?

Using methanol (MeOH) as the hydrostatic medium, CuPyr-I
was compressed in two separate experiments, from 0.52 GPa to

This journal is © The Royal Society of Chemistry 2020

5.28 GPa using synchrotron radiation, and from 0.34 GPa to
2.95 GPa using a laboratory X-ray diffractometer. On increasing
pressure to 2.15 GPa, the a/b and c-axes compressed by 6.22%
and 0.39% respectively (Fig. 2, Tables S2 and S3f). On
increasing pressure from 2.15 GPa to 2.78 GPa, CuPyr-I under-
went a single-crystal to single-crystal isosymmetric phase tran-
sition to a previously unobserved phase (hereafter referred to as
CuPyr-1I).

The transition to CuPyr-II resulted in a doubling of the a/b-
axes, whilst the c-axis remained essentially unchanged. On
increasing the pressure further, the a/b-axes continued to be
compressed, whilst the c-axis increased in length, exhibiting
negative linear compressibility (NLC) until the sample became
amorphous at 5.28 GPa. The diffraction data were of poor
quality after the phase transition, and only the connectivity of
the CuPyr-II phase could be determined at 3.34 GPa. Above
3.34 GPa, only unit cell dimensions could be extracted. The

Chem. Sci, 2020, 11, 8793-8799 | 8795
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Fig. 3 Cu-0O1 (orange), Cu—-N1 (blue) and Cu-O2 (green) bond
lengths on increasing pressure in both FC-70 (triangles and dashed
lines) and MeOH (circles and solid lines).

occurrence of positive linear compressibility (PLC) followed by
NLC is unusual in a framework material, and we could find only
a few examples in the literature where this occurs.”

During the NLC, the c-axis expanded by 1.46%, to give
a compressibility of Ky.c = —5.3 (0.8) TPa " (Ap = 2.23-4.90
GPa). Ky c is calculated using the relationship K = —1/I(81/dp)r,
where [ is the length of the axis and (9I/dp) is the length change
in pressure at constant temperature.>® The value of Ky here is
rather small compared to the massive NLC behaviour observed
in the low pressure phase of Ags;[Co(CN)e]’ (Knrc = —76(9)
TPa~", Ap = 0-0.19 GPa) or the flexible MOF MIL-53(Al) (Knrc =
—28 TPa™ ', Ap = 0-3 GPa) for example,’”” and is much more
comparable to the dense Zn formate MOF [NH,4][Zn(HCOO);]
(—1.8(8) TPa™* (Ap = 0-0.94 GPa)).>* Because of the quality of
the data, the exact nature, or reason for the NLC in CuPyr-II is
unknown, although we aim to investigate this in the future.

On increasing pressure using MeOH, the JT axis was again
supressed on compression, with the Cu-N1 bond reducing in
length by 0.288 A (12%) between 0.34 and 2.15 GPa, while the
Cu-01 bond length increased by 0.216 A (11%). The pressure at
which Cu-N1 and Cu-O1 became equidistant was 1.28 GPa,
measuring 2.140(5) A and 2.131(6) A respectively (Fig. 3 and
Table S6T). Across the entire pressure range, little to no
compression or expansion was observed in the Cu-O2 bond in
the 1-position of the dione in CuPyr-1, the same trend observed
when compressed in FC-70. The JT switching pressure in MeOH
however was 0.71 GPa higher than observed by direct
compression in FC-70 (0.57 GPa). This, to our knowledge, is the
first time that pressure induced JT switching has been observed
to be hydrostatic media dependent.

Changes to the Cu-N and Cu-O bond lengths were sup-
ported by high-pressure Raman spectroscopy of CuPyr-I, using
MeOH as the hydrostatic medium (Fig. S10t). Gradual growth of
a shoulder on a band at ~700 cm ™' during compression is
tentatively assigned to the Cu®>' coordination environment
shifting from elongated to compressed JT distorted geometry.
The shouldered peak becomes split above 2 GPa, after which the
isosymmetric phase transition occurs.

The gradual JT switch is thought to be principally respon-
sible for reversible piezochromism in single crystals of CuPyr-I,
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which change in colour from green to dark red under applied
pressure (Fig. 4b, S1 and S2t). UV-visible spectroscopy confirms
a bariometric blue-shift in the absorption peak at ~700 nm
assigned to d-d electronic transitions, and a red-shift of the
tentatively assigned ligand-to-metal charge-transfer (LMCT)
edge around 450 nm during the elongated to compressed switch
(Fig. 4a and S87t), accounting for this colour change. The red-
shift is observed during compression in both Fluorinert® FC-
70 and MeOH hydrostatic media, with a slightly suppressed
shift measured in the latter due to filling of the framework pores
(Table S21). Geometric switching at the metal centre leads to
electronic stabilisation of the Cu?" ion, as electrons transfer
from higher energy d,=_,» (Cu-O) orbitals to the lower energy d.-
(Cu-N) state (Fig. S77), evidenced by the blue-shift of the d-
d intraconfigurational band as the d,» (Cu-N) is progressively
mixing with d,._,2 (Cu-O) increasing its energy with respect to
the lower energy d,, and d,.,, levels becoming the highest
energy level at the nearly compressed rhombic geometry. On the
other hand, the redshift in the hesitantly assigned 0>~ to Cu®*
LMCT band below 450 nm is ascribed to increase of the Cu-O
bond distance and a likely bandwidth broadening with pressure
both yielding a pressure redshift of the absorption band gap
edge (Fig. 4a).

Compression of the coordination bonds was not the only
distortion to take place in CuPyr-1, with the Cu-octahedra also
twisting with respect to the 1-(4-pyridyl)butane-1,3-dione
linkers on increasing pressure. Twisting of the Cu-octahedra
in CuPyr-I with respect to the dione section of the linker
could be quantified by measuring both the £~ N1Cu102C4 and
the ZN1Cu101C2 torsion angles from the X-ray data, which in
MeOH gradually decrease and increase by 12.2° and 7.3°,
respectively, to 2.15 GPa (Table S8t). In FC-70, /N1Cu102C4
and £ N1CulO1C2 decrease and increase by 5.4° and 2.8°,
respectively, to 1.56 GPa. On increasing pressure to 1.57 GPa in
a hydrostatic medium of MeOH, a difference of ~5° for both
angles was observed compared to FC-70 at 1.56 GPa. Twisting
about the octahedra allows compression of the channels to take
place in a ‘screw’ like fashion and has been observed in other
porous materials with channel structures.”” The overall effect is
to reduce the pore volume, and decrease the size of the channels
(Tables S2 and S3f). Using MeOH as a hydrostatic medium
therefore appears to reduce this effect by decreasing the
compressibility of the framework.

It was not possible to determine the pressure dependence in
other longer-chain alcohols, including ethanol (EtOH) and
isopropanol (IPA), due to cracking of the crystal upon loading
into the diamond anvil cell (Fig. S11). We believe this is a result
of these longer chain alcohols acting as reducing agents, as
indicated by the loss in colour of the crystals.

To ascertain the origin of the hydrostatic media-induced
change in the JT switching pressure and unit cell compress-
ibility, the pore size and content were monitored as a function
of pressure. A dried crystal of CuPyr-I was collected at ambient
pressure and temperature in order to compare to the high-
pressure data and is included in the ESI.{ The pore volume
and electron density were estimated and modelled respectively
using the SQUEEZE algorithm within PLATON (Tables S1-

This journal is © The Royal Society of Chemistry 2020
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(@) UV-visible spectroscopy of CuPyr-I during compression in Fluorinert® FC-70 showing a gradual BLUE-shift in the d-d intra-

configurational band (~700 nm) and a gradual red-shift of the absorption band assigned to LMCT (~450 nm) with increasing pressure. (b) Gradual
pressure-induced Jahn-Teller switch of the Cu®* octahedral coordination environment in CuPyr-1 from tetragonal elongated (left, green) to
rhombic compressed (right, red), causing piezochromism. Atom colouring follows previous figures.

S37).>* CuPyr-I under ambient pressure conditions has three
symmetry equivalent channels per unit cell with a total volume
of ~1152 A® containing diethyl ether (2.5 wt%) trapped in the
pores during the synthesis of the framework, confirmed by TGA
analysis (Fig. S67).

On surrounding the crystal with FC-70, direct compression
of the framework occurred. The pore content remained almost
constant during compression up to 0.88 GPa, inferring no
change in the pore contents. On increasing pressure further to
1.56 GPa, an increase in the calculated electron density was
observed (23%), though the data here were of depreciating
quality and less reliable. During compression of CuPyr-I in
MeOH to 0.52 GPa, the pore volume and electron density in the
channels increased by 4.5% and 54%, respectively, reflecting
ingress of MeOH into the pores. The electron density in the

This journal is © The Royal Society of Chemistry 2020

channels continued to increase to a maximum of 0.466e~ A~ by
0.96 GPa, although the pore volume began to decrease at this
pressure. The uptake of MeOH into the pores therefore results
in the marked decrease in compressibility, as noted above.
Previous high-pressure experiments on porous MOFs have
resulted in similar behaviour on application of pressure, with
the uptake of the media significantly decreasing the
compressibility of the framework.”* However, using different
hydrostatic media to control the JT switch in any material is, to
the best of our knowledge, previously unreported. On
increasing pressure above 0.96 GPa, the electron density in the
pores decreases, and coincides with a steady reduction in
volume of the unit cell. Both an initial increase and then
subsequent decrease in uptake of hydrostatic media is common
in high-pressure studies of MOFs, and has been seen several

Chem. Sci., 2020, 1, 8793-8799 | 8797
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times, for example in HKUST-1 (ref. 24c) and MOF-5.>** The
ingress of MeOH into the pores on initially increasing pressure
to 0.52 GPa is also reflected in a twisting of the octahedra, in-
particular the /N1CulO2C4 angle decreases by 5.8° in
MeOH, whereas on compression in FC-70, little to no change is
observed in the ZN1Cu102C4 angle to 1.56 GPa. These angles
represent a twisting of the dione backbone, which we speculate
must interact with the MeOH molecules which penetrate into
the framework.

Upon compression in n-pentane, the lightest alkane that is
a liquid at ambient temperature, we see different behaviour to
that in MeOH or FC-70. Poor data quality permitted only the
extraction of unit cell parameters but from this it can be seen
that CuPyr-I has undergone the transition to CuPyr-II by
0.77 GPa. This is a significantly lower pressure than is required
to induce the phase transition in MeOH (ca. 2.15 GPa). We
speculate that this difference in pressure is caused by the n-
pentane entering the channels at a lower pressure than MeOH
due to the hydrophobic nature of the channels. This can be
overcome by MeOH but not until substantially higher pressures,
as seen in other MOFs that contain hydrophobic pores.*

On undergoing the transition to CuPyr-II at 2.78 GPa the unit
cell volume quadruples, resulting in three symmetry indepen-
dent channels (12 per unit cell), with the % pore volume
continuing to decrease (Table S47). Additionally, the reflections
become much broader, significantly depreciating the data
quality. Nevertheless, changes in metal-ligand bond lengths
and general packing features can be extracted. In particular, the
transition to CuPyr-II results in two independent Cu-centres,
with six independent Cu-N/O bond distances per Cu. Each
exhibits a continuation of the trend seen in CuPyr-I, with the
Cu-O bonds (equivalent to the Cu-O1 bond in CuPyr-I)
remaining longer than the JT suppressed Cu-N bonds.
However, the transition to CuPyr-II results in both an increase
and decrease in three of the four Cu-N and Cu-O bonds
respectively, compared to CuPyr-I at 2.15 GPa (Table S67). The
net result is a framework which contains a Cu-centre where the
coordination bonds are more equidistant, while the JT axis
becomes much more prominent in the other Cu-centre, with the
Cu-O0 dione bond continuing to increase in length. The data for
CuPyr-1I depreciates rapidly after the phase transition, and
more work would be required to study the effect of the aniso-
tropic compression of the JT axis in CuPyr-II on increasing
pressure further.

It is difficult to determine the mechanism behind the NLC
behaviour observed upon compression of CuPyr-II because the
phase transition results in a significant reduction in data
quality. Further work will be carried out computationally in
order to elucidate the structural mechanism that gives rise to
the PLC followed by NLC. However, we propose this effect is
inherent to this framework and the ingress of MeOH molecules
into the channels allows the retention of crystallinity to allow
this behaviour to be observed crystallographically.

In order to determine whether the JT switch could be
induced by decreasing temperature and remove any effect the
ingress of hydrostatic media has into the pores on the JT switch,
variable temperature X-ray diffraction measurements were
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undertaken on a powder and single-crystal sample. On cooling
below 175 K and 150 K in a powder and single-crystal sample
respectively, a phase transition was observed, however, this was
to a completely different triclinic phase, hereafter referred to as
CuPyr-1II. The transition here appears to occur when the
disordered diethyl ether becomes ordered in the pores,
confirmed by determination of the structure by single-crystal X-
ray diffraction, where the diethylether could be modelled inside
the pore-channel (see ESI Sections 7 & 8 for detailst).

In conclusion, we have presented a compression study on
the newly synthesised Cu-based porous framework bis[1-(4-
pyridyl)butane-1,3-dione]copper(u), referred to as CuPyr,
compressed in FC-70 to 1.56 GPa and MeOH to 4.90 GPa. In
both FC-70 and MeOH hydrostatic media, the JT axis, which
extends along the Cu-N pyridyl bond, steadily compresses and
then switches to lie along one of the Cu-O dione bonds.
Compression in MeOH results in ingress of the medium into
the framework pores, which increases the JT switching pressure
to 1.47 GPa, compared with 0.64 GPa during compression in
Fluorinert® FC-70. Interaction of stored MeOH with the host
framework prompts twisting of the ligand backbone, which is
not observed in the absence of adsorbed guest. Suppression of
the JT axis is accompanied by a piezochromic colour change in
the single crystals from green to dark red, as confirmed by
crystallographic and spectroscopic measurements. Increasing
the applied pressure to at least 2.15 GPa causes the framework
to undergo an isosymmetric phase transition to a previously
unobserved phase, characterised by a doubling of the a/b axes.
Between 2.15 GPa and 4.90 GPa, NLC behaviour is observed.

This is to the best of our knowledge the first time a phase
transition, NLC, piezochromic and pressure induced JT
switching behaviour have been observed within the same
material. We have also reported for the first time a pressure
induced JT axis switch which is hydrostatic media dependent.
In further analysis of this system, we intend to study the
magnetic properties under ambient and high pressure.
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