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Flexible coordination polymer networks reveal a plethora of
structural transformations when exposed to high pressure as an
external stimulus. Transformations are driven through organic
in a variety of ways, bond rotations,
rearrangements and conformational shifts. We have successfully
synthesised two sets of isostructural lanthanide coordination
polymer networks that differ as a consequence of the lanthanide
contraction. We have demonstrated that a pressure-induced
reversible phase transition is possible between the two
structurally distinct sets of networks. The system demonstrates a
bond rearrangement due to an alteration of carboxylic acid
binding modes from the 2,5-bis(allyloxy)terephthalate linker in

linkers such as

addition to bond rotations within the flexible carbon backbone of
the linker between 30-35 kbar.

1. Introduction

Coordination polymer networks (CPs) and metal-organic
frameworks (MOFs) were originally sought for their structural
stability and rigidity. However, more recently the focus has
been to engineer dynamic ‘sponge-like’, porous, frameworks
that offer greater opportunity for unique structural
transformations.  These dynamic frameworks allow
transformations that lead to interesting and unique
applications, such as enhanced proton conductivity,'
plastically flexible crystals,” controlled drug delivery,’
increased gas storage capabilities’ and uses as mechanical
shock absorbers.>®
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Several external stimuli, such as light,” heat® and
pressure®'? can be utilised to create conditions to manipulate
the dynamic nature of these frameworks. The study that first
brought attention to flexible MOFs centred on MIL-53, a
chromium-based MOF, termed the ‘breathing framework’.
Initially, it was recognised that MIL-53's diamond shaped
pores could reversibly shrink by 5 A in length in response to
guest absorption and removal of H,0."'* Nevertheless, it was
later realised that the use of pressure up to 10 kbar is another
route to probe this transition.">*®

To explore potential structural transformations further, the
incorporation of flexible organic linkers in CPs and MOFs
allows a greater variety of physical responses to be investigated
under extreme conditions. Networks can respond with familiar
movements under high pressure conditions, including unit cell
contractions,'” bond orientation transformations, and negative
linear compressibility."® 2 More notable changes include solid
state amorphisation,® phase transitions® and bond
connectivity ~changes.>® Nevertheless, a transformation
involving bond connectivity transitions/rearrangements under
extreme pressure conditions are rare, with reversibility of this
even more scarce.” Herein, we report the synthesis of seven
new lanthanide-based coordination polymer networks, that
exhibit a distinct structural change in line with the lanthanide
contraction (Fig. 1). The variation in global structure between
sets is a repercussion of the decrease in coordination
environment from 9 coordinate to 8 coordinate across the
lanthanide series. Moreover, early lanthanide polymer networks
undergo an interesting bond connectivity change at 30-35 kbar,
whereby the carboxylic acid binding mode switches to that seen
in lanthanide polymer networks later in the series, whilst
retaining crystallinity, i.e. the pressure increase mimics the
same structural change as the lanthanide contraction effect.

2. Crystal structure analysis

The lanthanide coordination polymer networks synthesised
are all 2D non interpenetrating dense frameworks and all

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 a.) Complexes 1-3 viewed down the a-axis showing the 2D layered nature of the coordination polymers, linked by dimeric subunits; b.)
Complexes 4-7 viewed down the a-axis. These representations show the similarities between the two sets of polymers in terms of both the local
and global structure. Hydrogen atoms are omitted for clarity. Ln metal - cream/green, C - grey, O - red, N - blue.

frameworks crystallise in the P1 space group. There are two
subsets of network crystallised via the same conditions, this
is hypothesised as a direct consequence of the lanthanide
contraction (Fig. 1). Early metals in the series Ce-Nd,
complexes 1-3, possess a coordination number of nine,
whereas metals later in the lanthanide series Eu-Dy,
complexes 4-7, have a coordination number of eight. This
trend follows the decreasing ionic radius across the
lanthanide series. Complexes 1-3 are isostructural, as are
complexes 4-7. All seven complexes consist of a dimeric
subunit containing four linkers, two nitrate ions and four
diethyl formamide solvent molecules. The difference in unit
cell parameters, coordination number and consequently the
secondary building unit structure between the two sets of
networks arises from the bridging mode of the carboxylate-
based linkers. Complexes 1-3 contain dimeric subunits with
two distinct carboxylate binding modes. Two linkers bridge
the metal centres via the commonly seen bidentate bridge
u,—n?, whilst the other two linkers bridge the metal centres
via an p,-n', n* mode. In complexes 4-7 all four linkers
bridge the two lanthanide metals only in an p,-n> mode.
This gives rise to a distorted paddle wheel like geometry
(Fig. 2c and d), commonly seen in Cu(ir) MOF chemistry.®
Once grown, both sets of structures create a dense sheet
that lies in the ab plane. There are no solvent accessible voids
dispersed throughout the structures with all networks
occupying approximately 65% of the unit cell volume. The
largest spherical void radius within networks 1-3 is 1.2 A,
whereas for networks 4-7 it is 1.0 A (Fig. S2f). One more
notable difference between complexes 1-3 and 4-7 is the
rotameric form of the extended allyloxy chains on the linkers.
Complexes 1-3 have two separate orientations of carbon
chain within the same polymer network. When viewing down
the C-O bond that extends from the aromatic centroid, you
can see the torsion angle of the chain sits in both an eclipsed
and staggered positioning within the same polymer (Fig. 2b).
The eclipsed torsion angle sits at 2.5°(9) and the staggered
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torsion angle sits at 130.2°(9). In complexes 4-7 only the
eclipsed orientation of the linker exists.

3. High pressure experiments

To study the dynamic nature of the complexes 1-7, high
pressure studies were conducted, with a general procedure
outlined below. A crystal was placed in a diamond anvil cell
(DAC) containing a pentane/isopentane 1:1 mixture with
diamond culets of 0.8 mm. The crystal occupies a sample
chamber created by a stainless-steel gasket of 0.25 mm
thickness, pre-indented to 0.15 mm with a precision drilled
hole of 300 um. A spherical ruby contained within the sample
chamber facilitates pressure determination utilising
fluorescence measurements.*® To begin, the pressure was
increased in 5 kbar increments until there was a notable
change in unit cell parameters. The DAC was mounted
directly onto the goniometer of XIPHOS II, a four circle
Huber diffractometer with Ag-Ko IpS generator. High
pressure data were collected and processed using the Bruker
APEX software suites, which incorporates SAINT and SADABS
for integration, cell refinement, and scaling.”” The SHELX
program suite was used for structure solution and refinement
of all structures within the OLEX2 interface.”® The data
completeness of structures measured at high pressure is
severely reduced due to the constraints placed on data
collection when using a diamond anvil cell, for information
see relevant CIF files.

A crystal of complex 2 was placed in the diamond anvil
cell and was subjected to pressure increases of 5 kbar
increments up to 35 kbar. Between 30 and 35 kbar a notable,
first order, phase transition was observed (Fig. S1f). At this
pressure, the unit cell axis lengths stay relatively constant
whilst the angles show a significant shift compared to the
ambient pressure structure. Parameters alter from o =
109.416(3)°, /# = 95.138(3)°, y = 95.947(3)°, to a = 98.203(4)°, /8
= 111.376(4)°, y = 91.2570(2)° in addition to a considerable
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Fig. 2 A closer inspection of the molecular subunits and secondary
building units of complexes 1-3 (a and c) and 4-7 (b and d). Complexes
1-3 incorporate eclipsed and staggered allyloxy groups, whereas
complexes 4-7 contain only the eclipsed orientation. Orange labels in
figures a) and b) denote the allyloxy torsion angles in degrees. Images
c and d take a closer look at the secondary building units, clearly
showing the different binding modes in each isostructural set.
Hydrogen atoms are omitted for clarity. Ln metal - cream/green, C -
grey, O -red, N - blue.

decrease in unit cell volume from 1420.2(2) A® to 1208.43(11)
A®. This displacement in cell parameters is accommodated in
several ways. Most interestingly, the coordination number of
the Praseodymium metal centre decreases by one as a Pr-O
bond is broken. This is facilitated by the binding mode of
two carboxylate ligands changing from p,-n', n* to p,-n>
(Fig. 3a and b). Consequently, the secondary building unit
(SBU) opens and the metal-metal distance increases from
4.112(4) A to 4.329(2) A. Alongside these significant structural
changes, when the complex is viewed down the axis eclipsing
the two metal centres a clockwise rotation is observed with
the four linkers, that when combined with the increase in
metal-metal centre distance imitates a corkscrew-like motion
(Fig. 3c). Notwithstanding this, further adaptations can be
observed, with the alkene ‘arms’ at atmospheric pressure
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Fig. 3 Overlaid views of complex 2 at atmospheric pressure (orange)
and at 35 kbar (purple). a) and b) Show two different orientations of
the overlaid secondary building units, whereby you can visualise the
change in carboxylic acid binding mode. c) Shows a view along
eclipsing metal centres, where you can see the anti-clockwise rotation
of linkers under high pressure.

occupying both an eclipsed and staggered geometry whilst at
higher pressures they transform to an exclusively eclipsed
orientation. All these structural transformations, once
coupled together, convert the unit cell parameters of complex
2, to mirror those observed in complexes 4-7.

Whilst these changes are notable, we wanted to
understand the potential reversibility of this process. To
achieve this, the pressure within the diamond anvil cell was
reduced in increments of 5 kbar. At 25 kbar the unit cell
parameters were seen to rebound to near their former values
of a = 109.464(3)°, f = 94.951(3)°, y = 96.1010(3)° whilst the
volume returned to 1458.24(11) A’. Upon return to
atmospheric pressure and performing a full data collection,
we see clearly the reversion of the SBU, with reinstatement of
the coordination number of Pr back to nine and the binding
mode of the two carboxylic acid linkers alters to p,-n', n?
and the extra M-O bond is reformed, all whilst retaining
crystallinity throughout these measurements. As a result, this
system represents a fully reversible single crystal to single
crystal transition when exposed to external pressure
manipulation. Further images of this transformation can be
visualised in Fig. S4 of the ESL}

To understand how complexes 4-7 behaved under high
pressure conditions, a crystal of complex 6 was placed in a
diamond anvil cell using the same experimental methods.
Pressure was applied to the DAC in 5 kbar increments up to
25 kbar. When applying a pressure of 5 kbar we see an initial
compression of the unit cell, resulting in a volume decrease
of ~185 A® (Fig. S3t). The volume of the unit cell is now
comparable to complex 2 at 35 kbar. When applying further
pressure up to 25 kbar, unit cell parameters stay relatively
constant within the margin of error reported, no significant

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Overlaid views of complex 6 at atmospheric pressure (green)
and at 25 kbar (pink). a.) Shows the overlaid secondary building units.
b.) Shows a view along eclipsing metal centres. The image shows the
distortion of the network units, whereby you can observe the tilt angle
changes for all four linkers.

transition was observed. By 25 kbar axis lengths decrease by
less than 5.5% in all directions with compression at its
largest along the g-axis from 10.4991(13) A to 9.8113(6) A.
When overlaying the SBU's measured at atmospheric
pressure and 25 kbar it is apparent that the changes observed
are negligible with a minor displacement in the orientation
of linkers in each of the dimeric subunits when viewing down
the eclipsed metal centres (Fig. 4b).

Conclusion

We have successfully synthesized seven new coordination
polymers using the 2,5-bis(allyloxy)terephthalate linker and
lanthanide nitrate salts. These CPs can be separated into two
sets of isostructural networks which are dependent upon the
size of the metal ion incorporated. When placing the CP's
containing larger lanthanide ions under pressures up to 35
kbar, the unit cell parameters alter to mimic the structures
already synthesised using the smaller lanthanide ions. This
change is facilitated in two ways. Firstly, a bond
rearrangement from a p,-n', 1> to a p,-n> carboxylic acid
binding mode, and also bond rotations of the flexible ‘arm’
from a staggered to eclipsed torsion. The noted first order
phase transition is reversible and networks can return to
their former unit cell parameters at 25 kbar.

Associated content

Supporting information contains the synthetic route to
2,5-bis(allyloxy)terephthalate, IR, crystallographic information
file data, void space plots, and high pressure data.
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