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Under high pressure, crystals of [Zn(m-btcp),(bpdc),]-2DMF-H,0,
referred to as DMOF are particularly sensitive to the type of
pressure-transmitting media (PTM) employed: large PTM mole-
cules seal the pores and DMOF is compressed as a closed system,
whereas small PTM molecules are pushed into the pores, thereby
altering the stoichiometry of DMOF. Compression in glycerol and
Daphne 7474 leads to negative linear compressibility (NLC), while a
mixture of methanol: ethanol: water ‘hyperfills’ the pores of the
chiral framework, adjusting its 3-dimensional strain and resulting
in pressure-induced amorphization around 1.2 GPa. The uptake of
the small-molecule PTM strongly increases the dimensions of
DMOF in the direction perpendicular to that of the NLC of the
crystal.

Properties of porous metal-organic frameworks (MOFs) can be
tailored specifically for applications such as gas storage and
separation,’ nanosensing,” catalysis of chemical reactions,’
medical drug delivery* and others.” By combining flexible
organic ligands with rigid inorganic nodes, we can construct
structurally flexible MOFs with high thermal stability.
However, under external stimuli, MOFs can undergo strong
conformational changes resulting in phase transitions or even
chemical reactions.®** A thorough understanding of the
mechanisms behind these structural rearrangements is essen-
tial for the rational design of new materials.

In response to various kinds of stimuli (e.g. light, heat,
pressure and magnetic field), optoelectrical, optomechanical
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and optochemical effects are coveted for practical applications.
Upon irradiation with light of a particular wavelength, the crys-
tals of certain photochromic molecules change colour,'>'®
which is often accompanied by structural, electronic and even
chemical rearrangements.>'® One of the most thoroughly
investigated classes of compound comprises derivatives of bis-
3-thienylcyclopentenes (btcps) capable of topochemical photo-
cyclisation to form stable closed-ring isomers.'”*® Btcp com-
pounds were first employed for the construction of MOFs by
Luo et al."® and later also by other groups.”*>*

We previously reported a series of four MOFs prepared
from Zn(NOj3), and 1,2-bis[2-methyl-5-(4-pyridyl )-3-thienyl ]-per-
fluorocyclopentene (m-btcp) or 1,2-bis[2-ethyl-5-(4-pyridyl)-3-
thienyl]-perfluorocyclopentene (e-btcp), combined with either
the rigid 4,4"-biphenyldicarboxylic acid (H,bpdc) or the flexible
4,4'-oxybisbenzoic acid (H,oba). Owing to ligand flexibility®®
and the degree of interpenetration, solid-state photocyclization
only occurred in [Zn(e-btcp),(oba),] (DMOF3) upon irradiation
with 365 nm UV light.**

Extreme hydrostatic pressure is also a strong and efficient
stimulus capable of inducing phase transitions,?*>® enforcing
the transport of molecules in porous materials and even
triggering chemical reactions.”***** Owing to their framework
structures, MOFs can exhibit unique mechanochemical pro-
perties under such conditions (e.g., negative linear expansion
and negative area compressibility).””*""'*** The applications
that arise from this effects are of growing interest due to the
development of pressure sensors and actuators for high-

29-31

pressure underwater and geological installations, hydro-
thermal chambers, autoclaves and pressure reactors.'>** The
generation of anisotropic compression in a material under
hydrostatic stress is often related to the flexibility of linkers,
which dominates the strain of the MOF’s framework.'” It
should be stressed that the physical definition of compressibil-
ity is reserved for ‘closed systems’ of fixed stoichiometry and
in one phase of the compound (compressibility should not be
calculated across phase transitions). These conditions are ful-
filled for the compression in large-molecule PTMs. However,
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small-molecule PTMs can trigger the transport of guests to
and from the pores and the stoichiometry of the sample crystal
changes as a function of pressure. Such a sample, when
exposed to high pressure, can even increase in volume due to
the uptake of new guests.

In this context we now present structural data relating to
the effects of hydrostatic pressure, involving different hydro-
static media, on single crystals of the 3D host framework
[Zn(m-btcp),(bpdc),]-2DMF-H,0 (denoted as DMOF). DMOF
crystallises in the orthorhombic space group P2:2,2;. The
central zinc ion is tetrahedrally coordinated to two bpdc dia-
nions and two m-btcp molecules (Scheme 1). These units are
interconnected to form a honeycomb-like topology composed
of chiral four-connected nets with fivefold interpenetration.*
The structure contains large guest-accessible channels extend-
ing along a (Fig. 1), with elliptical cross-sections that are
elongated along b. The pores are easily accessible by small-

DMF-EIOH, 100 °C
24h

Zn(NOg), 8H,0

Scheme 1 Solvothermal preparation of DMOF from Zn(NOs),, m-btcp
and Hybpdc.

Fig. 1 Guest-accessible space (ca. 33% of the total volume) in the
structure of DMOF as viewed along a; calculated using the program
mercury*®® (probe radius 1.5 A).
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solvent molecules, with the as-synthesised structure contain-
ing DMF and water guest molecules.

Since we had been unable to cyclise the m-btcp component
of DMOF by means of photoirradiation, we elected to also
investigate the effects of extreme compression for this purpose
(see ESIT for details). Crystals of as-synthesised DMOF were
loaded into a Merrill-Bassett diamond-anvil cell (DAC) and,
owing to the presence of large channels, separate diffraction
experiments were carried out using the non-penetrating hydro-
static fluids glycerol and Daphne 7474, or a penetrating
mixture of methanol:ethanol:water (MEW). As a result, a
straightforward mechanism linking the crystal structure and
its compression (in the non-penetration PTMs) and mechano-
chemical strain (in penetrating PTM) can be elucidated.
Relevant crystallographic parameters are summarised in
Table 1. A common feature of hydrostatic compression of
porous crystals is that the magnitude along the pores (here
along a) is the least compressed/strained.*®

In non-penetrating media DMOF is most compressed along
¢ with f, = —1/c-dc/dp = 24(5) TPa™*, while negative linear com-
pression (NLC) occurs along b (Fig. 2, 3 and Table S17). The
compressibility of —16(3) TPa™"' along b, calculated between
0.1 MPa and 1.7 GPa, corresponds to the elongation of this
unit-cell dimension by 0.75 A. The strong changes in b and ¢
originate from the elliptical cross-section of the pores (the
unit-cell parameters b and ¢ are correlated to the semi-major
and semi-minor axes of the pores, respectively). Although
increasing pressure causes narrowing of the pore along its
short cross-sectional dimension (i.e., along c), the pores do not
collapse. It is also important to note that the compressibilities
along both b and ¢ are linked owing to framework deformation
(i.e., the wine-rack mechanism hinged on the cations, and con-
formational changes in the ligands rather than on the metal
cations only, which is typical of MOFs with rigid linkers®”*®).
In principle, the effect of the elliptical pores should be similar
to that for discrete molecules (such as ROY, methanol mono-
hydrate, POM, and others) and metal-hinged MOFs.

In the penetrating medium MEW, the mechanochemical
strains along b and c are reversed compared to the compressi-
bilities along these directions in non-penetrating PTMs
(Fig. 2). The mechanochemical strain along b becomes positive
(B» = 27(6) TPa™"), while that along c is negative (. = —44(3)
TPa™ "), as calculated between structures at 0.1 MPa and 1.18
GPa (Fig. 2, 3 and Table S2t). This change is ascribed to the
intake of new guest molecules, which ‘inflate’ the channels,
thus causing elongation of ¢ (i.e. along the semi-minor axis of
the elliptical channel). Owing to wine-rack coupling through
the framework, this shortens the semi-major axis of the
channel along b.

The process of superfilling (or hyperfilling)*® increases the
initial unit-cell volume by about 100 A® at 0.25 GPa (Fig. 2 and
Table 1). This implies an intake (in volume) of approximately 5
non-hydrogen atoms per unit cell into the crystal structure,
which corresponds to the ca. 74 additional electrons located
within the pores, as estimated by the SQUEEZE subroutine of
Platon. Further compression in MEW magnifies the adsorption
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Table 1 Selected crystallographic data for DMOF and its clathrate with methanol : ethanol : water (M : E : W)

Pressure [GPa] 0.0001 0.19 0.8 1.5 0.25 0.56 0.85 1.18
Environment Atmospheric Daphne 7474 Glycerol Glycerol M:E:W M:E:W Me:E: W M:E:W
Space group P2,2.2, P2,2,2, P2,2,2, P2,242, P2,242, P2,242, P2,2,2, P2,2,2,
a(A) 7.11393(12) 7.011(17) 6.730(2) 6.513(9) 7.1001(8) 7.1015(18) 7.072(4) 7.029(3)
b(A) 24.9253(4) 25.05(2) 25.256(15) 25.67(3) 24.68(2) 24.22(3) 24.225(15) 24.125(10)
c(A) 29.0241(8) 28.81(5) 28.79(4) 27.96(7) 29.899(7) 30.248(17) 30.38(5) 30.55(4)

Vv (%) 5146.45(19) 5059(16) 4893(7) 4675(14) 5240(5) 5202(8) 5205(10) 5181(8)
D, (g em™) 1.162 1.182 1.222 1.279 1.141 1.149 1.149 1.154

Z|Z' 4/1 41 471 4/1 41 41 41 41

“D, - the initial stoichiometry C3oH,,FsN,0,S,Zn-C;H¢NO was assumed and no water content was considered for the density calculations.
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Fig. 2 Pressure dependence of the unit-cell parameters (top) and
volume (bottom) for isothermal compression of DMOF in the non-pene-
trating oils Daphne 7474 (squares) and glycerol (triangles), and the pene-
trating MEW mixture (diamonds). The lines are for guiding the eye.

phenomenon, thus allowing additional molecules to penetrate
the structure. This intake proceeds continuously until a
pressure of 1.2 GPa is reached, after which the DMOF frame-
work likely collapses; no diffraction pattern was observed
above 1.2 GPa, suggesting that the crystal becomes amor-
phous. Analogous mechanochemical behaviour was also
observed in other MOFs.> It is characteristic that the com-
pression of DMOF crystals in non-penetrating PTM does not
result in the amorphization or deterioration of the crystal
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Fig. 3 Crystal contours (black) overlayed with a photo of a DMOF
crystal (at 0.1 MPa), and the contours of this sample compressed in non-
penetrating (orange, 1.20 GPa) and penetrating (purple, 1.18 GPa) media.
The crystal contours are shown in three projections, to better represent
the effect of negative linear compression (NLC) along the [y] direction
(in non-penetrating media) and the activated expansion along the [z]
direction (in penetrating media), respectively.

quality, whereas the penetrating PTM leads to the crystal amor-
phization. This behaviour is different than that in most porous
crystals, where the internal pressure of the PTM compressed
inside the pores supports their walls, which precludes their
collapse. It appears that the uptake of the PTM continues with
pressure and at some point destabilize the framework, or that
pressure higher than 1.2 GPa triggers shifts of the guests and
collapses of portions of the pores.

Although we did not observe the hoped-for cyclisation of m-
btcp, we have established that DMOF exhibits interesting
mechanochemical behaviour when compressed in non-pene-
trating and penetrating media. Owing to the strong and
inverse elastic responses between negative and positive defor-
mation in two orthogonal directions, DMOF can be considered
as a molecular sensor capable of detecting molecules of
different sizes in its compressed environment. The most inter-
esting property of DMOF is that its NLC in the non-penetrating
media contrasts with the elongation along another direction in
a penetrating PTM. This unique feature could be applied as a
switch of sensors of fluids (operating under pressure, like in
oil pipes) or micro mechanisms controlled by hydraulic
systems. Certainly, a library of materials with such exceptional
mechanical and mechanochemical properties is needed.

This journal is © The Royal Society of Chemistry 2021
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