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Crystals of a Cu complex of the macrocyclic Schiff-base calixpyrrole
or ‘Pacman’ ligand, Cu,(L), do not contain any solvent-accessible
void space at ambient pressure, but adsorb neon at 4.67 GPa,
forming Cu,(L)-3.5Ne.

Although avoidance of very short intermolecular interactions is
sometimes the dominating driving force for high-pressure
phase transitions, the most important factor is usually the
pressure x volume contribution to the lattice free energy, a
consequence of the need to fill space efficiently. For example, the
organic compound methyl 2-(carbazol-9-yl)benzoate is unusual in
crystallising with eight molecules in the crystallographic asym-
metric unit (Z’ = 8), but at 5.3 GPa (~ 53 000 atm) it transforms to
a Z' =2 phase with a volume reduction of 7 A*> per molecule. The
contribution of the PV term to the transition is 23 k] mol . This
is a large figure in the context of, for example, polymorph energy
differences (estimates are typically <2 or 4 k] mol *),>* showing
that quite substantial deformations are possible provided they lead
to more efficient occupation of space. Most of the deformation is
accommodated in the intermolecular interactions, but intra-
molecular conformational flexibility can also play an important role.

In a high pressure experiment a crystal is placed in a
diamond anvil cell (DAC) along with a fluid which maintains
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hydrostatic conditions. A popular choice is a 4:1 mixture of
methanol and ethanol, though many others are available.”
Hydrostatic media usually act to compress the sample, but
the medium can also sometimes penetrate the sample forming
a host-guest complex or cocrystal which minimises the total
volume of the sample plus the medium. This is seen in frame-
work materials such as ZIF-8, where initial compression leads
to solvent (in this case methanol) ingress leading to an expan-
sion in the unit cell volume.” The effect can be used to locate all
potential guest sites in a framework by promoting complete
occupation of all of them, as was seen the metal organic framework
Sc,(BDC); with CO, and CH, (BDC = 1,4-benzenedicarboxylate).®
Noble gases are also used as hydrostatic media, and up-take of
neon has been observed in nickel and iron-based porous frame-
work materials.”® It has also been recently seen in initially
non-porous 4-hydroxycyanobenzene, where helium becomes
incorporated at 2.4 GPa,’ the formation of As,0O;2He at
3 GPa'®"? and with Ne above 0.69 GPa and Ar above 0.18 GPa
in methylammonium lead triiodide."®

In this report we show that adsorption of neon can be induced
in crystals of a flexible macrocyclic Cu ‘pacman’ complex [Cu,(L),
Fig. 1]** by exploiting the ability of high pressure to perturb its
conformation.”>"® Pacman complexes exhibit catalytic activity
which relies on the flexibility of the ligand to enable small-
molecule inclusion in the cleft. For example, the active dicobalt
pacman complex contains O, coordinated within the cleft of the
pacman ligand forming the intermediate in the reduction of
dioxygen to water."’

The most obvious hydrostatic medium to use for this study
would have been dioxygen itself, but as a liquid at high pressure
this is extremely reactive, and rapidly oxidises the complex. We
turned instead to neon, which is inert, and is hydrostatic to
15 GPa.? The sample was loaded into a diamond anvil cell with
ruby as a pressure marker and a rhenium gasket. The cell was
gas-loaded with Ne and diffraction data were collected to
8.13 GPa on Beamline 12.2.2 at the Advanced Light Source;*°
further experimental and analysis details are available in
the ESL.¥
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Fig.1 The Cu-pacman complex Cu,(L) at ambient conditions and the
associated atom labelling.

The crystal structure of Cu,(L) at ambient pressure and
298 K contains layers of molecules oriented with their longest
inertial axes perpendicular to the layer (Fig. 2). Within the layer
each molecule is surrounded by six others (Fig. 2a) with the
distances between molecular centroids in the range 8.7 to 9.9 A,
calculated by the PIXEL method*' to have intermolecular
interaction energies between —56.6 and —26.5 k] mol . Inter-
molecular interactions, which are dominated by dispersion,
take the form of stacking and other contacts between the
macrocyclic pockets of the ligands. The methyl groups lie on
the top and bottom surfaces of the layers, which are stacked
along the a-direction (Fig. 2b). Three contacts are formed to the
layers above and below with distances of 13.6-14.9 A between
the molecular centroids and interaction energies between
—21.0 and —1.0 k] mol™*. The overall coordination number of
each molecule is thus 12, and the structure has an underlying
hexagonal close packed topology.

The unit cell parameters and the molecular volume of Cu,(L)
are plotted as a function of pressure in Fig. 3. There are two
distinct compression regimes, the first from ambient pressure
to 3.46 GPa, and the second from 4.67 to 8.13 GPa. Up to
3.46 GPa the a and b-axes reduce by similar amounts, (4.3 and
4.9%), while the largest compression (10.1%) occurs in the
c-axis. The principal directions of the strain tensor also align
quite closely with the unit cell axes, with the largest making an
angle of 8.4° with ¢ and the smallest making an angle of 11.2°
with a. The middle value lies exactly along b by symmetry.
These data indicate that the macrocycle contacts within the
layers are more compressible than the methyl-methyl contacts
between the layers, even though they are stronger. For example,
the stacking interaction described above shortens by almost
0.5 A from 3.60(2) A at ambient pressure to 3.12(3) A at
3.46 GPa. The compressibility is much larger than for hydrogen
bonds of similar energy; e.g. a OH---OH-bond in r-threonine
(interaction energy —60 kJ mol ' at ambient pressure) shortens
from 1.87 to 1.77 A between 0 and 4.0 GPa.*

On increasing the pressure to 4.67 GPa neon becomes
intercalated into the structure (Fig. 4), forming a co-crystal of
stoichiometry [Cu,(L)]-3.5Ne and increasing the physical size of
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Fig. 2 (a) The six strongest molecular contacts surrounding the central
reference molecule are labelled A—F and (b) layered stacking along a. This
figure is reproduced in space-filling format in the ESI (Fig. S1) to illustrate
its non-porosity. Colour scheme: C black, H white, N blue, Cu Cyan.

the crystal (as shown in the table of contents figure and Fig. S2
in the ESIt). The pressure coincides with the freezing point of
neon (4.8 GPa).* Freezing of neon has been implicated in
prompting a phase transition in 4-hydroxycyanobenzene at
5.8 GPa, though without formation of a co-crystal.’

Formation of the co-crystal causes a discontinuity in the cell
dimensions and volume (Fig. 3 and Table S2, ESI{). The rates of
compression in the a and b-axes begin to diverge and there is a
2.0% increase in the length of the c-axis. The unique f angle of
the unit cell changes from 91.6° to 84.0°, but the space group
remains unchanged; the value of f§ < 90° ensures consistency
between the structures. Beyond 4.67 GPa, the unit cell volume
decreases monotonically indicating that no more neon is
incorporated into the structure.

There are four Ne sites (Fig. 4). Nel, 2 and 4 reside between
the layers, forming contacts with methyl groups (see also Fig. $4,
ESIY). At 4.67 GPa Ne- - -C distances span the range 2.70 (Ne4- - -C40)-
3.18 A (Ne4- - -C10), which imply Ne---H distances of between

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Normalised lattice parameters and (b) molecular volume as a
function of pressure. The bulk modulus (Kp), obtained using a third order
Birch—Murnaghan equation-of-state and the points between 0 and
3.46 GPa is 8.4(11) GPa [the pressure derivative (K') = 7.4(19)].

Fig. 4 (a) The structure of Cu(L) at 3.46 GPa showing void space
calculated using a probe radius of 0.6 A and a grid spacing of 0.3 A.
(b) The structure of [Cu,(L)]-3.5Ne at 4.67 GPa. The Ne atoms are shown as
spheres with radii equal to the van der Waals radius of Ne (1.54 A). The view
is along b and both images are on the same scale. An extended version of
this figure is available in the ESIt (Fig. S3).

2.27 and 2.71 A. The Ne- - -C distances shorten to 2.65-3.03 A at
8.13 GPa. Ne3 is located within the layers. At 4.67 GPa it is
adjacent to the cleft of the pacman ligand (Fig. S5, ESIt). The
shortest Ne- - -N contact is made to N3 (3.03 A at 4.67 GPa and
2.92 A at 8.13 GPa), while the shortest Ne3.--C contacts
are between 2.76 A (C24) and 2.85 A (C22). These shorten to
2.68 and 2.75 A at 8.13 GPa.

The crystal structure of Cu,(L) at ambient pressure consists
of approximately 30% empty interstitial void space. None of
this volume is solvent-accessible and inspection of Fourier
difference maps indicates that it contains no electron density
at ambient pressure and 100 K. At 3.46 GPa the proportion of
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Fig. 5 (a) View of the pacman complex before the phase transition at
3.46 GPa and (b) just after the transition at 4.67 GPa showing flexing of the
Pacman ligand. Ne4 not shown in (b). A side-view of the complex is also
shown in Fig. S6 (ESIT).

void space reduces to 18%. The four new neon sites at 4.67 GPa
are located at the same positions as the small residual voids
present in the structure at 3.46 GPa (Fig. 4a). The neon atoms
are shown in space-filling mode in Fig. 4b, but the sizes of the
voids in Fig. 4a are not large enough to accommodate them.
The non-porous crystal structure of Cu,(L) thus needs to
expand in order to form a co-crystal with neon.

The change in the f-angle and the lengthening of the c-axis
means that the area of the ac face of the unit cell increases from
636.8 to 647.6 A% between 3.46 and 4.67 GPa as the molecules
move apart to create space for Nel, 2 and 4. In addition the
volume of the Cu,(L) molecules, which had been quite constant
between 0 and 3.46 GPa, also begins to decrease (Fig. 3b) as the
result of a flexing of the molecular conformation (Fig. 5, Fig. S6
and Movie_1, ESI¥).

The conformation of pacman complexes can be described
using two parameters, a twist angle, ¢, which measures lateral
slippage of the two macrocycle pockets, and the pacman bite
angle, 0 (Fig. S7, ESIt). The variation of these parameters with
pressure is shown in Fig. 6.

As has been observed in the analogous chromium system
(Cry(L), max. pressure = 3.0 GPa), the bite angles and metal-
metal separation are both quite unresponsive to pressure up to
3.46 GPa (Fig. 6).>° On increasing pressure to 4.67 GPa there is a
sudden decrease in bite angle (0) of ca. 3°, which compresses

55.0 1 - 3.55 —¢—Cu-g
L 3.50 Cu-6
50.0 - 3.45 O Cr-¢@
_ - 3.40 Cr-6
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<g> L 3.30 § ~o-CrCr
40.0 - 3.25
L 3.20
35.0 L 3.15
L 3.10
30.0 4 3.05
10

Pressure (GPa)

Fig. 6 Variations of the structural parameters of Cu,(L) (filled markers)
and Cr;(L) (open markers) with pressure.
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the Cul---Cu2 separation distance abruptly from 3.4826(7) to
3.317(3) A. The closing-up of the pacman might have been
expected to reduce the space available in the region of the cleft.
However, there is a simultaneous ‘butterfly wing’ effect in the
angle between the two halves of the macrocycles, the interplanar
angle changing from 7.5(2) to 20.7(7)° about Cul and from
25.5(2) to 34.8(7)° about Cu2 (Fig. S8 and Movie_1, ESIt). The
overall effect is to enable accommodation of Ne3 in an embrace
at the entrance to the cleft of the ligand. It is tempting to suggest
that this may represent a pre-complexation configuration during
catalysis by pacman complexes.

The bite angle and the butterfly angles of the macrocycles
are relatively insensitive to further compression. The Cu separation
distance continues to decrease, adopting a value of 3.258(2) A at
8.13 GPa. The twist angle ¢, which in the Cr-system increased
from 33.9 to 42.8° between ambient pressure and 3 GPa, in the
Cu-system only begins to change above 4.67 GPa, increasing by
3° up to 8.13 GPa.

The effect of pressure on molecular solids is often rationalised
in terms of compression of intermolecular void space, which
naturally hinders guest inclusion. The crystal structure of Cu,(L)
is, according to the usual criteria, a non-porous material under
ambient conditions. Below 3.46 GPa the path of compression is
similar to other molecular materials, closing up interstitial voids
and shortening intermolecular contacts. The pressure-induced
uptake of neon that occurs at 4.67 GPa may follow a nucleation-
and-growth mechanism in which a small amount of neon is
initially adsorbed, perhaps at defects, causing disruption of the
crystal structure and subsequent ingress of more neon.

The conformational flexibility of the pacman complex is an
essential component of the mechanism of neon inclusion. It
facilitates a higher up-take than other non-porous solids such
as 4-hydroxycyanobenzene and the other systems listed above,
where guest inclusion requires a larger packing rearrangement
leading to a phase transition. The effect is reminiscent of the
gate-opening transition in the framework material ZIF-8 at
1.47 GPa which also led to an increase in guest inclusion.”> A
related effect is responsible for the low bulk moduli [6.0(7) and
4.3(3) GPa] of the P and OP polymorphs of the polymorphic
material ‘ROY’, where conformational flexibility augments
compression of intermolecular contacts to provide an additional
mechanism for compression.>***
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