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1. Introduction

Materials Chemistry focuses on the synthesis, structure, properties and applications of
compounds primarily designed and prepared for practical uses, in devices, textiles,
constructions and others. The main purpose of Materials Chemistry is aims to understand the
relations between the composition and structure at the atomic scale, with the macroscopic
properties of materials. The understanding of the structure-property relations is used to
design and develop new materials with specific desired features.® Elasticity is a fundamental
characteristic essentially important for all practical applications of materials.? The elasticity
parameters are vital for identifying suitability of materials for their envisaged applications,
predicting their response to external forces, assessing the limits of elastic strain, and
comparing the functionality of different materials. All materials are exposed to some stress
and temperature changes, resulting in certain deformation. By testing the elastic properties,
scientists can choose suitable materials and optimize their design, which is crucial for
preventing damage, ensuring the safety and reliability of structures, components, and
durability of devices.}? Materials exhibiting excellent and desirable
conductive/optical/magnetic properties may turn out to be useless without appropriate
elasticity, fully described by a tensor of anisotropic dependence of strain and stress. Taking
into account all the factors discussed above, the primary focus of my research was to examine
the conformational changes induced by temperature and pressure in order to gain valuable
insights into the interplay between the elastic properties of a material and their
microstructure. Through the study of how variations in the arrangement and interactions
between atoms influence the elastic response, it becomes possible to develop fundamental
mechanisms that determine the material’s response to stress. My research is aimed at
establishing structure-property relations involving conformational changes induced by
pressure and temperature in molecular crystals and coordination polymers. | have focused on
understanding how molecular conformation changes affect the macroscopic properties and
compressibility of the crystals. My goal was to identify the compounds with flexible structural
components and to explore various effects, such as the kinetics of applying stress and
temperature variations, crystal-environment versus pore-size correlation, self-assembly
behaviour, and linker-conformation conversions for the elastic properties of these materials.



1.1. Elastic properties

Elastic properties of materials can be determined by subjecting the samples to external stress
and by measuring their deformation. Elasticity refers to the reversible property of a material,
which is strained when subjected to external stress and returns to its original dimensions once
the stress is removed.? An elastic material can be stretched, compressed, or bent under stress,
but it will regain its original dimensions when the stress is released. Elasticity is quantified by
parameters such as Young's modulus, which measures the stiffness of a material, Poisson's
ratio, which describes the transverse contraction or expansion of a material when subjected
to axial stress, bulk modulus, which describes the resistance to uniform volume reduction
under applied pressure, and shear modulus, that describes a material's resistance to shear
deformation (Figure 1, Table 1).%2 These parameters are often used for characterizing
isotropic materials, which exhibit the same physical propertiesin all directions when subjected
to uniaxial stress. Of the above-mentioned parameters, only the bulk modulus is suitable for
describing the effects of hydrostatic pressure, which can be used in very high pressure ranges.
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Figure 1. Schematic representations of the stress arrows used for measuring elasticity parameters of
materials. Full lines indicate the shape of samples before applying the stress.

The properties described above apply to materials in the macroscopic scale.
Macroscopic properties and microstructure are inherently interconnected. Macroscopic
properties reflect the overall contribution of atoms and their interactions in the
microstructure. By introducing structural changes, we can adjust macroscopic properties.
Atomic-scale distortions occur during the compression of any material, accommodating the
effects of macroscopic strain within the microscopic structure. The specific chemical
components, the overall architecture of their interactions, and potential structural distortions
significantly influence the macroscopic elastic properties of these materials. Therefore, in my
work, | focused on determining relations between the elastic properties and the microscale
and specifically on describing the deformation of the molecular conformation under pressure.



Table 1. Elastic parameters of selected materials.>

Material ~ Young modulus (GPa) Poisson’s ratio  Bulk modulus (GPa) Shear modulus (GPa)

Diamond 1050-1210 0.18-0.22 530-548 440-470
Cooper 121-133 0.34-0.35 130-145 44-49
Silicone 140-180 0.265-0.275 95-105 60-63

Silver 69-74 0.365-0.395 84-118 24-28

Gold 76-81 0.415-0.425 148-180 26-30

Aluminium 69-72 0.32-0.36 63-83 25-27
Rubber 0.001- 0.05 0.47-0.49 1.5-2 0.0003-0.02

Elasticity, concerning the deformation of microstructure, is generally associated with
the "softest" parameters of structures, such as voids, intra- and intermolecular interactions,
cohesion forces, and conformations of molecules. In the group of molecular crystals, where
the molecules interact through relatively weak dispersion forces and hydrogen or halogen
bonds, the conformational properties of molecules and voids, which in most cases are too
small to accommodate solvent molecules during the process of crystallization, are often
neglected.*® For the group of coordination polymers (CPs) and metal-organic frameworks
(MOFs) the elastic properties are inevitably connected with the distortions of the frameworks,
where the linkers are usually considered as rigid elements and their coordination bonds to the
metallic centres act as the hinges yielding under the external stimuli.® In MOFs, the crucial role
is played by the voids, which can either shrink and collapse or accept guest molecules from
the environment. Such a sorption can result in the counterintuitive increase of the crystal
volume, due to the transport of the guest molecules and the increased molecular volume of
the crystals.” All these properties of molecular crystals, CPs, and MOFs can be affected by the
conformational properties of molecules and linkers in CPs and MOFs, as well as by the
modifications in coordination schemes. The understanding of elasticity of materials is crucial
in various fields of engineering, materials design, thin layers coatings and wherever the
performance and integrity of materials under various conditions are of utmost importance.?
Therefore, the main aim of this thesis is to investigate the contributions of conformational and
coordination-scheme transformations to the elastic properties of molecular crystals, CPs and
MOFs.



1.2. Materials investigated

Systematic studies on the deformation of molecular structures were initially concerned with
compounds in which deformations were associated with weak intermolecular forces.®°
Gradually, there are increasingly more studies on the conformational transformations of
molecules and linkers in polymers.11-13 Presently, the role of conformational transformations
for the elasticity of materials is still far from full understanding. In my thesis, | focused on
materials generally regarded as the most soft ones, i.e. the molecular crystals, CPs and MOFs,
particularly those with conformational flexibility in their structures (Figure 2).
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Figure 2. Schematic representation of investigated materials. Green colour depicts molecules, blue circles -
metal nodes, blue lines — ligands, violet tunnels - pores.

Molecular crystals are composed of discrete molecules held together by weak
intermolecular forces. These crystals are distinct from other types of solids, such as metallic
or ionic crystals, where cohesion forces are dominated by metallic and electrostatic forces.”
Molecular crystals comprise molecules with a definite shape and size, packed together in an
organized arrangement in a solid state. The intermolecular forces, such as van der Waals
forces, dipole-dipole interactions, or hydrogen bonds, are of similar strength.>* The properties
of molecular crystals are determined by the molecular shape and the molecular arrangement
symmetry. Molecular crystals have versatile applications, from pharmaceuticals'* to
construction elements,’> and electronic devices.'® Their properties can be tailored by
modifying the molecular structure or by introducing impurities,!” optimizing their properties
for different purposes.’*!® When a molecular crystal is subjected to stress, the bonds and
contacts accommodate the strain in the structure by shortening, stretching, or bending the
contacts, rotating the molecules and changing their conformation.®° In this way the crystal
deform in response to the external stress.?° Also other mechanisms of compression were
reported, for example those involving the intercalation of the molecules from the crystal

environment.?!

Coordination polymers are classified as the compounds consisting of metal ions or
clusters coordinated to organic ligands.?? These compounds form 1-D, 2-D or 3-dimensional



networks or frameworks through coordination bonds between the metal ions and the ligands.
In coordination polymers, the metal ions act as "nodes", while the organic ligands serve as
"linkers" connecting the nodes.???3 The coordination bonds between the metal ions and
ligands are typically formed through the donation of electron pairs from the ligands to the
metal ions, resulting in the formation of coordination complexes.?* The specific arrangement
of metal ions and ligands in coordination polymers can vary, leading to a diverse range of
structures and properties. The choice of metal ion and ligand determines the overall
composition and properties of the coordination polymer.?2 Some common metal ions used in
coordination polymers include transition metals such as cadmium, copper, zinc, and nickel.?*
CPs have attracted significant attention in recent years due to their unique properties and
potential applications. They often exhibit porosity, large surface areas, and tuneable
structures, making them useful for applications in catalysis, sensing, and electronic
devices.???> For coordination polymers with charged central atom, it is common that voids
contain counter-ions, which stabilize the structure. The field of CPs is still actively researched,
and scientists continue to explore new metal-ligand combinations and synthetic strategies to
design and develop CPs with tailored properties for various applications. Elastic properties of
CPs are connected with ligands strain, as well as deformation of coordination to the metal
centre. The flexibility of polymers is more predictable than for molecular crystals, so it is easier
to design a polymer with the required elastic properties.?226:27

Metal-organic frameworks are a type of CP that consists of metal ions or clusters
coordinated to organic ligands.?®2° MOFs are formed through the self-assembly of metal ions
or clusters with ligands. The metal ions act as the central coordination sites, while the organic
ligands serve as linkers between the metal ions, forming a three-dimensional framework.?%2°
The coordination bonds between the metal ions and ligands give rise to the MOF structure.3°
One of the defining features of MOFs is their high porosity. The framework structure of MOFs
contains empty spaces or pores that can be used for various applications, which can be tuned
by selecting different combinations of metal ions and organic ligands.3° This flexibility enables
the design and synthesis of MOFs with specific functionalities for desired applications.3%3! The
porosity of MOFs allows for the adsorption and storage of gases, including hydrogen, carbon
dioxide, and methane, which have attracted significant attention due to their potential to
solve challenges in areas such as clean energy, environmental remediation, and drug
delivery.3273 The elastic properties of MOFs are complex, because the distinction between
intermolecular and intramolecular interactions is not easily defined. While intermolecular
interactions appearing in the pores undergo some changes, significant modifications can also
occur within the structure itself. These modifications involve alterations in distances between
the metal and ligands, variations in angles involving bridging ligands, shifts in spin states, and
increasing coordination numbers.?836:37



The terms "coordination polymers" and "metal-organic frameworks" are often used
interchangeably, but some nuanced differences can be listed.3®3° First focuses on
terminology: term CP is broader and encompasses a range of compounds consisting of metal
ions or clusters coordinated to organic ligands. This includes MOFs as a specific subclass of
coordination polymers. The next major divergence is porosity. While many coordination
polymers exhibit porosity, not all coordination polymers are classified as MOFs due to the
absence of interconnected channels and cavities. This feature in turn affects the application
focus. While coordination polymers have a wide range of potential applications, MOFs attract
the particular attention owing to their exceptional porosity and large surface area. Term MOF
often have a more pronounced emphasis on these specific applications compared to

coordination polymers in general.383°

1.3. Extreme conditions

Most often the properties of chemical compounds are described at ambient conditions. The
term “extreme conditions” usually refers to the situations when temperature or pressure are
well outside the range of typical room temperature and atmospheric pressure.*® The common
effect of temperature changes is thermal expansion.2*! When heated, the energy of molecules
and lattice vibrations in the crystal increases, which affects the lattice dimensions. Usually it
leads to the expansion of the crystal, as a result of increased interatomic or intermolecular
distances.*> The temperature reduction leads to the opposite behaviour. The molecular
vibrations become less pronounced, usually causing the contraction. Lower vibrational energy,
often eliminates various types of structural disorder.*®> Temperature can induce phase
transitions, i.e. anomalous changes in the structure or symmetry of the crystal.#*>4* well
known are examples of counter-intuitive negative thermal expansion (NTE), when materials
contract with increasing temperature or expand upon cooling.>4® Although it is a relatively
rare phenomenon, materials possessing this property are highly desirable, because of the
wide range of their potential applications.*>4’

The significance of pressure changes is often diminished, despite their prominent
effects and connections with elastic, mechanic and other properties of materials.3%4850 High
pressure has proven to be a highly effective tool for inducing structural changes in various
chemical compounds, finding applications in multiple industrial sectors. The use of high
pressure has yielded significant advancements, including the pioneering method of producing
synthetic diamonds;>! facilitating chemical synthesis,> catalysis,>®>>* and extraction
processes.>>>® It has also played a crucial role in the production of polymers,>” such as
polyethylene®® and polypropylene,>® as well as in the petroleum industry for hydrocracking,®
hydrotreating,®* and reforming.®> Moreover, high pressure has found applications in
pharmaceutical manufacturing,®®®* the Haber-Bosch synthesis of ammonia,®® high-pressure



food pasteurization,®® such as in the production of guacamole.®’ These examples illustrate the
wide-scale industrial application of high-pressure techniques, underscoring the importance of
exploring and using high-pressure methods to modify and synthesize materials.

High-pressure conditions are becoming increasingly important in materials research
and development or in geology and geophysics.3®4%>0 The synthesis of novel materials, such
as superconductors,®® superhard materials®® and high-energy-density materials’® often
requires the application of high-pressure conditions. The specific effect of pressure on a
material depends on its composition, structure, and the magnitude and duration of the
applied pressure. However, there are some general effects on materials, such as compression,
where the interatomic distances within the structure decrease (Figure 3).”* The compression
results in a reduction in lattice parameters, altering the size of the unit cell. The application of
high pressure induces modifications in bond lengths, angles, and intermolecular forces. These
gradual changes in the atomic arrangement can result in a phase transition from a low-
pressure phase to a high-pressure phase, characterized by a denser packing of atoms and the
formation of a new polymorph (Figure 3). The resulting polymorph may have different physical
and chemical properties compared to the original phase.'”** High pressure can also enhance
the reactivity of chemical compounds, leading to accelerated or modified chemical
reactions.”? Furthermore, high pressure promotes increased overlap of electron clouds
between neighbouring atoms, influencing the strength and nature of chemical bonds in the
crystal. However, there are examples of anomalies in response to pressure, such as negative
linear or area compressibility, where a system expands in one or two directions when
uniformly compressed.”>”> Even the effect of a less-dense high-pressure polymorph was
evidenced recently.”® Thus, it is important to note that each material has its own, unique
characteristics that may be particularly affected by high pressure. The following sections
discuss the specific pressure-induced effects in the groups of compounds studied in my thesis.

Starting with molecular crystals, high pressure can cause diverse changes in molecular
packing, intermolecular interactions, and crystal symmetry, which are schematically
illustrated in Figure 3.2%77.78 The crystal may undergo compression, structural transformations,
and phase transitions.*”° As the molecular distances decrease, van der Waals forces, hydrogen
bonding, and other intermolecular interactions may become stronger.® This can affect the
physical properties of the crystal, such as its mechanical strength, melting point, and thermal
expansion.! Changes in crystal structure and molecular arrangements can impact the
absorption and emission spectra,®? energy transfer,’! and charge transport properties.® This
is of interest for applications in sensors, optoelectronics, and photovoltaics.”*
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Figure 3. Schematic representation of selected pressure-induced effects on crystals.
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Several specific effects can be listed for compressed coordination polymers and
MOFs.8* As pressure increases the intermolecular distances and angles in the crystal structure
are changed. The arrangement of linkers or metal centres in the framework, as well as the
packing scheme of the polymer chains, also changes and can lead to a reduction in pores or
even amorphization.®>%6 Pressure can also influence the stability of polymeric crystals. Some
materials may increase their stability under high pressure, while others may undergo phase
transitions or their framework may collapse.®> The compression of the crystal affects the
elasticity, stiffness, and strength.3687 In the group of coordination polymers and MOFs, the
response to pressure is highly dependent on their specific composition, structure, and the
type of guest molecules. Given the wide range of practical applications for porous crystals,
particularly MOFs, it is of utmost importance to investigate these modifications.®8°° High
pressure can influence the adsorption capacity, selectivity, and uptake of guest molecules in
the pores of material, as well as trigger the release of adsorbed molecules. The compression
of the crystal influences the size, shape and volume of the pores, thereby changing the
interaction between the porous material and the adsorbate molecules. These pressure-
induced guest uptake and release capabilities have the potential for applications in gas
storage, separation, and sensing.®?

High pressure and temperature can induce phase transitions, affect the properties of
materials and lead to changes in the dimensions of crystals, but their effects are based on
different mechanisms.28°2 Temperature affects kinetic energy, while pressure impacts
potential energy between atoms and molecules. It is worth noting that the effects of
temperature or pressure on compounds depend on its specific composition, its molecular or
crystal structure, and the applied temperature/pressure conditions.”® The search for new
materials with the desired properties are often supported by computational methods.®* In the
coming years, the combination of high-pressure and temperature experiments with
theoretical and computational tools is expected to bring multiple discoveries and
breakthroughs.*°>



1.4. Conformational changes

Chemical conformation refers to the spatial arrangement or shape of a molecule resulting
from the rotation of its atoms around bonds. It describes the different ways in which a
molecule can adopt different three-dimensional arrangements, while maintaining the same
connectivity of atoms.?®°” Conformational changes refer to the different spatial arrangements
or shapes that a molecule can take without breaking any covalent bonds. Molecules can have
multiple conformations due to the rotation of bonds, which allows for different spatial
orientations of the constituent atoms (Figure 4).
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Figure 4. Multiple types of molecular conformations, together with relative conformation energies plot.

The conformation is closely related to the flexibility of molecules, and their ability to
assume different shapes. The conformational changes are associated with rotations of groups
or atoms about single bonds.®®°” Consequently, the molecules containing many atoms in sp3
hybridization, usually have a wide range of conformations. For ethane-like structures, with
one type of substituent, two extreme conformations, staggered and eclipsed, are possible
(Figure 4). In the staggered conformation, all the carbon-hydrogen bonds are positioned as far
as possible, while in the eclipsed conformation, they are located in the closest position. For
compounds with more substituents, there are additional conformational possibilities, such as
synperiplanar conformation, where the substituents are positioned at torsion angle range
from -30° to 30°, or antiperiplanar conformation, for the -150° to 150°. The inclination of
substituents by 60°, is known as the synclinal (or gauche) conformation, and inclination by
120° is described as the anticlinal conformation (Figure 4).°6°7 Conformations can be
represented using Newman projections, three-dimensional models, or sawhorse projections.
Conformations differ in their potential energies, the most stable one, i.e. with the lowest

energy, is known as the ground-state conformation.®6°7



The conformation of a molecule has a significant impact on its interactions with other
molecules, and therefore on the material properties.®®1% Various techniques, such as X-ray
crystallography, nuclear magnetic resonance (NMR) spectroscopy, infrared (IR) spectroscopy,
and computational modelling, are commonly used to determine conformational changes in
materials. These techniques provide valuable experimental and computational tools for
studying and analysing the conformational behaviour of materials.%%-102

1.5. Aims and objectives

Determining the structure-property relationships of materials was one of the key objectives
of my research. Since even a small change in the structure of a compound can results in a
significant change in properties, | decided to investigate conformational changes induced by
pressure and temperature on molecular crystals and coordination polymers. The
conformation of molecules/linkers determines the crystal structure and can increase the
compressibility and resistance of the crystal by increasing the number of deformable
structural elements. The larger range of possible elastic deformations increases the magnitude
of compressibility, which can be sought for new applications. Hence, my aim was to investigate
a group of compounds with conformationally flexible structural components (molecules or
linkers), and to study the following aspects: (i) the impact of low temperature, (ii) the influence
of compression speed on the behaviour of the crystal, (iii) the influence of the crystal
environment on its pressure-induced effects, (iv) the correlation between the pore size and
their accessibility under high-pressure conditions, (v) the relation between the properties of
the linker itself and the metal-organic framework containing such a linker, and (vi) the
interplay between the porous crystal structure and the its environment , as well as the guest
molecules in its pores under high pressure. | also planned to characterize the common
properties of such conformationally flexible materials and outline their possible applications.
With these aims in mind, for my thesis | have chosen the compounds with flexible molecules
or linkers, presented in Figure 5.
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Figure 5. Compounds investigated in this thesis: molecular crystals (green background): C5-PPB = 1,4-
bis(pentyloxy)-2,5-bis(2-pyridineethynyl)-benzene; BTCP-dItFB = co-crystal of 1,2-bis[2’-methyl-5’-(pyrid-4”-yl)-
thien-3’-yl]perfluoro-cyclopentene with 1,4-diiodotetrafluorobenzene; coordination polymer (blue):
Cd(APP)2NOs3:NOs [APP = 1,4-bis(3-aminopropyl)-piperazine]; metal-organic frameworks (violet): DMOF = [Zn(m-
btcp)2(bpdc)2]-2DMF-H20 [btcp = 1,2-bis[2’-methyl-5’-(pyrid-4”-yl)-thien-3’-yl]perfluoro-cyclopentene; H:bpdc =
4,4'-biphenyldicarboxylic acid]; and AMU3 = Cd(BDC)(AZPY) [H2BDC = terephthalic acid; AZPY = 4,4’-azopyridine].
The content of voids is omitted for clarity.

The results of the research described in my thesis have been published in a series of 5
papers. The details of these papers are listed below, and their copies are included in the
Appendices section:

Al Dynamic Resolution of Piezosensitivity in Single Crystals of n-Conjugated Molecules
S. Bhattacharyya*, S. Sobczak*, A. Pétrolniczak*, S. Roy, D. Samanta, A. Katrusiak, T.
K.Maji.
Chemistry—A European Journal 25 (24), 6092-6097, 2019.
A2 Large negative linear compressibility of a porous molecular co-crystal
S. Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. | Nikolayenko, D. C
Castell, L. J Barbour, A. Katrusiak.
Chemical Communications 56 (31), 4324-4327, 2020.
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2. Experimental Methods

All articles constituting my thesis, include an experimental section that outlines the employed
syntheses of the samples and measurement techniques (articles A1 and A3 in the Supporting
Information). Therefore, in this section, | broadly overview the experimental methods and
equipment used in my research.

2.1. Syntheses

| have synthesized compounds related to articles A4-A6 using the slow diffusion technique,
which is one of the methods used for obtaining single crystals of CPs and MOFs. The compound
described in article A1 was synthesized by the group of Prof. Dr. T. K. Maji (see the Supporting
Information of article A1). The compounds investigated in Articles A2-A3 were synthesized by
the group of Prof. L. J. Barbour (see the Supporting Information of article ref. 37).

The slow diffusion technique involves dissolving substrates in solvents with different
densities and placing both solutions in a test tube. The higher-density solution is placed in the
test tube; then an intermediate layer of the mixture of two solvents (1:1 vol.) is gently placed
to form a second layer; and finally the lowest-density solution is added to form the third layer.
The system is then tightly sealed, and crystals of the compounds form over a period of several
days or weeks (Figure 6). The slow diffusion technique is often chosen when the reactants
have different solubilities, or when the formation of metal-organic frameworks requires a
specific diffusion rate. By controlling the rate of diffusion, it is possible to achieve the desired

after 4 after 7
days days

s — —y

Layer

Figure 6. Slow diffusion of reagent layers in a test tube results in a desired reaction to occur and the product
to crystallise in the form of single crystals.
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crystallinity, morphology, and size of the resulting MOFs. Slow diffusion techniques can be
conducted under ambient conditions or various temperature conditions to further regulate
the crystallization process.

This method offers several advantages, including its ease of implementation, no need
of advanced devices, and the single-crystal form of the obtained products. However, there are
some drawbacks, such as the possibility of obtaining co-crystals or complexes instead of
metal-organic polymers, the potential for non-homogeneous product formation, and
challenges when dealing with substrates of low solubility. Despite these limitations, | found
the slow diffusion technique more favourable than the widely used solvothermal synthesis
method.

2.2. Single-crystal X-ray diffraction

X-Ray diffraction measurements were conducted on the as-synthesized compounds at
ambient pressure. The measurements were carried out using either a 4-circle SuperNova CCD
diffractometer equipped with an X-ray micro-source (Cu Ka=1.54178 A) or an Oxford
Diffraction Xcalibur CCD Eos diffractometer with a graphite-monochromated Mo Ka
(A=0.71073 A) radiation source. For low-temperature measurements, a CryoStream
attachment was employed to cool the sample using a stream of gaseous nitrogen, reaching
temperatures as low as 100 K.

Data collection, measurement control, and initial data reduction were performed with the
CrysAlisPro software.1% The crystal structures were solved and refined using programs SHELXS
and SHELXL!* incorporated in the OLEX2 interface.!% Structural analyses of interactions in
crystals were performed in the Mercury.'® The morphological features of crystals were
observed with microscope Olympus MVX10. The detailed experimental and crystallographic
data have been deposited in the Cambridge Structural Database via

www.ccdc.cam.ac.uk/structures.

2.3. High-pressure crystallography

High-pressure studies were carried out using a diamond-anvil cell (DAC). The DAC is a simple
device comprising two diamond anvils positioned opposite one to the other on two supporting
discs. In an experiment using a DAC, the sample is mounted in a hole, drilled in a metal gasket,
which is then sealed from both sides by diamonds to prevent their direct contact (Figure 7).
The gasket, typically made of stainless steel or tungsten, is a thin metal foil measuring 0.3 mm
in thickness, with a spark-eroded hole of 0.40 —0.50 mm. Pressure is generated by transferring
forces between the large upper surface of a brilliant-cut diamond and the studied sample. To
ensure uniform pressure distribution on the sample, a liquid hydrostatic medium is employed
to surround it. In our laboratory, the pressure is calibrated using a ruby fluorescence method
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with a Photon Control spectrometer.'%” Our research group has developed specific procedures
for sample centring and the measurement process.'%8

For high-pressure structural analyses, the 4-circle diffractometers KM-4 CCD or an
Oxford Diffraction Xcalibur CCD Eos was used. Both diffractometers used a graphite-
monochromated MoKa (A=0.71073 A) radiation sources. Diffraction data collections and
processing followed the same procedures as those used under ambient conditions, except
that corrections of reflection intensities for the DAC absorption and gasket shadowing of the

sample were calculated.®

(a) (b) /

diamond

sample
ket

(c

)
gas

Figure 7. (a) Disassembled parts of a diamond-anvil cell. (b) The DAC mounted on the goniometer. (c) A
schematic diagram illustrating the construction of the DAC, as well as a photograph of the DAC inside.
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3. Results
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The results presented in article A1l focused on investigating the impact of high pressure on a
crystal of 1,4-bis(pentyloxy)-2,5-bis(2-pyridineethynyl)-benzene (C5-PPB). In the C5-PPB
molecule, there are flexible substituents. Consequently, this molecular crystal is likely to
display a conformational polymorphism. To examine these properties, we carried out high-
pressure experiments using a DAC. We monitored the crystal structure by single-crystal X-ray
diffraction (SCXRD) at various compression rates.

We established that the pressure-induced effects on the C5-PPB crystal depend on the
compression rate. The fast compression leads to the formation of an amorphous phase, and
slow compression leads to a new crystalline phase B. The amorphous transition involved a
strong compression, resulting in irregular "wrinkles" appearing on the crystal faces. The single-
crystal to single-crystal transition proceeds with a clearly visible transition front between two
phases. The transition is associated with an abrupt change of the crystal shape. Initially, during
the compression of phase a, the sample monotonically shrinks until 0.8 GPa. The rapid
compression of C5-PPB from 0.8 to approximately 1.2 GPa maintains the stability of phase a.
However, upon further slow compression to around 1.5 GPa, irregular wrinkles appear,
indicating the occurrence of the sample amorphization. When phase a is slowly compressed
beyond 0.8 GPa, a discontinuous phase transition occurs at 0.9 GPa, resulting in the formation
of phase B. This isostructural transition involves a reduction in volume, significant
conformational changes in the molecules, and a visible giant negative-linear strain. The
compression induces remarkable conformational changes in two independent molecules,
while maintaining the crystal symmetry of the triclinic space group P1. The phase transition
from o to B phase reduces distances between the central aromatic rings of neighbouring
molecules and elongates the two n-pentyloxy chains. Torsion angles of the pentyloxy chains
change by approximately 150°. In the B phase, the terminal pyridines exhibit only slight
rotations of the central benzene rings, whereas the rigid ethynyl bridge bends with increasing
pressure. At higher temperatures, the critical pressure for the a-to-B transition slightly

decreases, while the amorphization pressure somewhat increases. The crucial role in a-to-
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phase transition is played by voids, which are present in the a-phase structure. Although these
voids are too small to accommodate guest molecules, they play a pivotal role, by enabling the
molecules to adapt their conformation by effectively occupying the available empty spaces.
The observed conformational changes between neighbouring molecules required sufficient
time, and fast compression effectively "froze" the conformers of phase a, due to rapid
intermolecular interactions. This study provides insights into the interplay of molecular and
crystal structural transformations of the C5-PPB, revealing the time-dependent phenomena
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potentially applicable in smart devices.
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Figure 8. C5-PPB crystal undergo a unique time-dependent changes either to isostructural phase f3 or to over
compressed a phase.
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Article A2 reports the high-pressure effects on the acetone (Ac) solvate of co-crystal of 1,2-
bis[2’-methyl-5"-(pyrid-4”-yl)-thien-3’-yl]perfluoro-cyclopentene (BTCP) with 1,4-
diiodotetrafluorobenzene (dItFB). The aim of this study was to investigate the effects of
pressure on the flexible molecule BTCP. BTCP was found by Nikolayenko et al. to undergo
solid-state photocyclization, switching between a closed-ring isomeric form under ultraviolet
light and an open-ring form under visible light.3” Due to its flexible nature, it was hypothesized
that BTCP could exhibit unique elastic properties under high pressure, including negative
linear and area compressibility, involving chemical reaction.
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The study focuses on the isothermal compression of the molecular co-crystal solvate.
The crystals were synthesized from acetone under ambient conditions. The acetone molecules
become trapped in guest-accessible pockets in the crystal structure. It was observed that the
co-crystals lost some of their solvent content when exposed to air, which resulted in opaque
faces and visible cracks. The single-crystal quality could be recovered by adding a few drops
of water. The sorption of water in the crystal results in an anisotropic strain including both:
elongation and shortening of crystal dimensions. Despite this apparent water uptake, no
water molecules could be located in the crystal structure, suggesting the non-stoichiometric
sorption in disordered positions in the pores.

In high-pressure experiments, performed with a diamond-anvil cell (DAC), a single
crystal of BTCP-dItFB-Ac, previously stored in dry environment, was compressed in glycerol.
Although disordered water molecules could not be located at pressures up to 1.95 GPa, one
water molecule per asymmetric unit could be modelled at 2.5 GPa. It indicates that starting
from about 2.5 GPa, the water molecules start to become ordered. The presence of water in
the glycerol (less than 2% wt), which could be the origin of the water molecules located in the
pores of the compressed sample, was confirmed by Karl Fischer titration. The compression of
the BTCP-dItFB-Ac in glycerol induced the negative linear compressibility (NLC) along direction
[100], which is perpendicular to the pore channels. Remarkably, the magnitude of NLC
observed in this co-crystal was unprecedented for the organic molecular crystals, reaching
30 TPa! between 0.1 MPa and 0.4 GPa, the largest NLC value so far reported for any organic
molecular crystal. The compression significantly changes the conformation of BTCP molecules
and their arrangement. The initial compression up to 0.4 GPa primarily affected the
conformation of BTCP, causing elongation between terminal pyridine rings. At higher
pressures, up to 2.5 GPa, the distance between carbon atoms in the thienyl groups
considerably increases, indicating that high pressure is unfavourable for closing the ring. Thus,
no pressure-induced transformations involving this chemical reaction were observed.

The unique elastic properties, including its record-breaking NLC, observed in this
organic molecular crystal, illustrate the behaviour of flexible molecules and their significant
role for absorbing the external stress.
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Figure 9. Photo-switchable porous 1,2-bis[2-methyl-5-(pyridyl)-3thienyl] cyclopentene cocrystal with 1,4-
diiodotetrafluorobenzene exhibits large NLC under hydrostatic pressure.
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Article A3 reports the structural effects of hydrostatic pressure on single crystals of a 3D-host
framework called DMOF ([Zn(m-btcp)2(bpdc)2]-2DMF-H,0; m-btcp = 1,2-bis[2’-methyl-5'-
(pyrid-4”-yl)-thien-3’-yl]perfluoro-cyclopentene; H.bpdc = 4,4'-biphenyldicarboxylic acid). In
DMOF the central zinc cation is 4-fold coordinated by two bpdc anions and two m-btcp
molecules, in a honeycomb-like structure. The as-synthesized crystals of DMOF contain guest
molecules, such as DMF and water in their large accessible channels, extending along the b-
axis. The compression effects on the DMOF crystals were studied in DAC filled with non-
penetrating hydrostatic fluids (glycerol and Daphne 7474) or a penetrating mixture of
methanol: ethanol: water (MEW). The results show that DMOF is most compressed along the
c-axis in non-penetrating media, accompanied by the negative linear compression (NLC) along
the b-axis. The elliptical shape of the pores contributes to changes in the crystal dimensions
by lengthening the b and shortening the ¢ axes. When compressed in penetrating media
(MEW), DMOF exhibits reversed (compared to non-penetrating media) mechanochemical
strains: shortening of the unit-cell parameter b and lengthening of parameter c. This reversal
is attributed to the intake of new guest molecules, causing elongation along the c-axis and
shortening along the b-axis. During compression, superfilling is observed, resulting in an
increased unit-cell volume by approximately 100 A3 at 0.25 GPa. This corresponds to the intake
of about 5 non-hydrogen atoms per unit cell, equivalent to approximately 74 additional
electrons in the pores. Further compression in MEW enhances the sorption, enabling
additional molecules to penetrate the structure. However, the compression continued till
about 1.2 GPa leads to the destruction of the DMOF crystal structure, either the collapse of its
pores or their expansion breaking the framework, resulting in the amorphous state. This
amorphization can be either due to the pressure-induced framework destabilization or
transport of guest molecules. The conformational changes of DMOF in both penetrating and
non-penetrating hydrostatic media are associated with the rotations about single bonds.
Owing to this conformational flexibility, the crystal structure adopts to different contents of
the pores and consequently, the crystal directions shrinking and expanding under pressure
can interchange in different environments.
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The unique mechanochemical properties of DMOF make it a promising candidate for
molecular sensing applications, capable of detecting the size of molecules in compressed
environments. The NLC exhibited in non-penetrating media and the elongation in penetrating
media offer potential applications in the pressure sensors discriminating fluids and micro-
mechanisms controlled by a hydraulic system. This study emphasizes the importance of
conducting experiments under various thermodynamic conditions, which include the chemical
composition of the pressure-transmitting environment.
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Figure 10. The DMOF crystal shows different negative linear compressibility depending on the chemical
composition of compression environment.

B
: ROYAL SOCIETY
Materials a OF CHEMISTRY
Advances
A4 M) Check for updates Self-healing ferroelastic metal—organic framework
T sensing guests, pressure and chemical
2aem environmenty

Aleksandra Poétrolniczak and Andrzej Katrusiak
One of the key findings of article A4 is that the crystals of AMU3 [Cd(BDC)(AZPY); H.BDC =
terephthalic acid, AZPY = 4,4’-azopyridine] exhibits ferroelastic properties, which depend on
the type of guest molecules present in the framework. This means that the ferroelastic
properties of the MOF can be effectively tuned by exchanging the guest molecules. In AMU3
the presence of rigid Cd(II)-BDC sheets contrasts with the AZPY linkers disordered in two
orientations, which reflects the flexibility of the framework. The AZPY disorder is influenced
by the lattice strain, guest types, and the crystal environment. Under ambient conditions,
AMUS3 crystallizes in an orthorhombic space group Cmce, due to disordered AZPY molecules:
the symmetry of averaged two sites is higher than that of one ordered molecule. The AZPY
molecules, in their energetically optimized conformation, exhibit a skewed configuration, as
the diazo-bridge shifts in the axes of the pyridyls by approximately 2.8 A. To investigate the
effects of pressure, the AMU3 crystals were placed in a DAC. As the pressure increased, the
phase transition occurs, when the AZPY linkers order and change their conformation from
planar to twisted. No such a ferroelastic strain or ordering of the AZPY linkers was observed
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when the crystals were cooled down to 100 K. This pressure-induced effect of eliminating the
disorder in the crystal structure is caused by its volume reduction, rather than by temperature-
controlled energy of vibrations. The inclination of the pyridine rings in the AZPY molecules
increased with pressure, causing shear displacement of the CdBDC sheets along the b-axis,
leading to ferroelastic strain in the crystal lattice. The compression of phase a-AMU3 with
DMF molecules filling its pores (AMU3-DMF) in a methanol: ethanol: water mixture (MEW) is
more than three times higher compared to its compression in glycerine. Surprisingly, the
largest volume change is observed when AMU3-DMF is compressed in the MEW, while its
small molecules of methanol, ethanol and water are able to penetrate the pores of the crystal.
In contrast, the compression of AMU3-DMF in glycerine is less affected by pressure, due to
the viscous nature of glycerine, the larger size of its molecules and its high viscosity, slowing
down the kinetics of the molecular motion in the ligand and along the pores. The differences
in compressibility can be attributed to the presence of voids in the AMU3 structure and the
ability of the crystal to extrude DMF molecules, when compressed with suitable hydrostatic
fluids. The substitution of DMF with smaller water and methanol molecules from the crystal
environment is easier compared to such an exchange with glycerine molecules. The stronger
volume reduction of a-AMU3-DMF in compressed MEW is likely due to the altered pores
contents, as evidenced by the lower transition pressure compared to that of a-AMU3-DMF
compressed in glycerine. Additionally, the volume reduction of a-AMU3 with acetonitrile
molecules filling its pores (AMU3-MeCN) compressed in MEW is between those of a-
AMU3-DMF in glycerine and MEW, which further suggests a reduction in the pores contents
in a-AMU3-DMF in MEW.

Our research revealed the interplay between the flexibility of the linkers and structural
transformations in MOFs. Besides, we observed that, the crystals demonstrate remarkable
self-healing properties, allowing them to repair damage caused by the phase transition to
ferroelastic orientational states. As AMU3 is a promising candidate for chemo-mechanical
transducers in sensor applications, this restorative ability is particularly significant as it
overcomes a common limitation faced by many ferroelastic materials in practical applications.
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Figure 11. Photochromic AMUS3 is ferroelastic under high pressure, but it is not affected by temperature
changes. The transition pressure depends on the guest and environment. The crystals are capable of self-
healing at normal conditions.
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In article A5, a pressure-controlled reaction of a CP is reported. It was found that high pressure
increases the coordination number of the Cd cation by shifting the NOs™ anions. This is the first
known pressure-induced topochemical reaction of a CP, where the metal cation becomes
coordinated by a NO3™ anion, unbonded under ambient pressure. The reaction was explained
by the compression of the ionic radii of ligands coordinating Cd?*. At ambient conditions, the
crystal structure of hydrated Cd(APP);NOz-NOs3, abbreviated CdAPP, consisted of polymeric
sheets separated by water molecules. The Cd?* cation is 6-fold-coordinated by four APP linkers
and one bidentate nitrate anion, and the voids comprise another NO3™ anion and two water
molecules per formula unit. The compression of Cd(APP),NO3-NO3z performed in DAC, triggers
an associative reaction, resulting in the formation of Cd(APP)2(NOs),. This reaction increases
the coordination number of the central Cd cation from 6 to 7. The strain in the crystal
environment is absorbed by a flexible APP linker, changing its two torsion angles by 20°. This
solid-state reaction resembles an isostructural phase transition. At 0.4 GPa the crystal consist
of coexisting parts of Cd(APP);NO3:NOs and Cd(APP)2(NOs), compounds: the diffraction
patterns showed split reflections due to the strain between those two phases. The unit-cell
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dimensions and structural model obtained at this pressure were average of both compounds.
The pressure-induced reaction involved the formation of a new Cd-0 bond, between the Cd?*
cation and the nitrate NO3™ anion. This reaction increased the coordination number by pushing
the NOs™ anion closer to the Cd?* cation. The changes induced by pressure can be rationalized
based on three rules: the stronger compression of anionic or neutral ligands compared to the
central cations, the radii-coordination scheme relation, and the proximity of potential ligands.
These rules explained the structural changes and associative reaction under pressure.
Analogous transformations, but induced by temperature, have been found in literature. The
study provided insights into the effects of pressure on the structure and properties of
coordination compound, and the rules governing pressure-induced associative reaction.
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Figure 12. Solid-state associative reaction in Cd(APP)2NOs3-NOs at 0.4 GPa. The compression results in a new
Cd-0 bond and the coordination number increases from 6 to 7.
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4. Discussion

The structure-property relations between the structure and elastic properties of molecular
crystals, CPs, and MOFs involve such structural features as voids, intermolecular interactions,
molecular shape and conformation. The role of these factors can be studied in varied
temperature and pressure conditions. My interest was focused on the materials containing
potentially flexible molecules or linkers. The objective was to analyse their effects, identify
structural transformations, and find the mechanisms underlying their responses.

4.1 Temperature-induced effects

The effect of temperature on the crystal structures with conformationally flexible components
were investigated for compounds described in articles A1, A4 and A5. Generally, it is expected
that heated crystal would expand its volume and its linear directions; in crystal structure the
increased thermal vibrations of atoms can lead to different types of disorder and to phase
transitions, which usually would increase the crystal symmetry. These usually observed trends
have exceptions. For example, there are crystals which reduce their volume when
temperature increases (so called negative thermal expansion — NTE, or negative volume
expansions — NVE); or the crystals which reduce their symmetry in the high-temperature
phases.

In most materials the temperature and pressure effects are inverse: the higher
temperature results in larger volume, stronger atomic vibrations and higher symmetry of
phases, whereas the higher pressure decreases the volume, reduces the amplitude of
vibrations and induce transitions to phases of lower symmetry. Hence, the rule of inverse
temperature and pressure effects was formulated.'!° However, there are exceptions from this
rule.”722113112 Eor example, for the solid-state reaction of coordination polymer CdAPP (article
A5), we observed an increase in the coordination number with increasing pressure. This
reaction occurred at the pressure of 0.4 GPa, so one would expect a similar reaction to occur
at low temperature based on the rule of the inverse relationship of temperature and pressure,
which suggests that the effects observed at 0.4 GPa correspond to those observed at 100 K.
However, such a reaction does not take place at low temperature. The phenomenon of
increasing the coordination number is more commonly associated with the temperature
variations rather than application of high pressure, as it is described in detail in article A5,
where we provide examples of increasing the coordination number induced by temperature,
illustrated in Figure 5 of article A5. Also, it is generally expected that low temperatures
promote ordering in disordered structures. In the case of AMU3 (Article A4), we observed that
the conformational disorder persist at low temperature, whereas the structure orders under
high pressure.
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Moreover, when we consider the pressure and temperature changes applied
simultaneously, we can observe that temperature can influence the critical point of pressure-
induced transformation. In article A1, we have shown that high temperature shifts the
boundary between the a and B phases towards lower pressures, in contrast to the
amorphization of C5-PPB. This observation aligns with the hypothesis that significant atomic
rearrangement is necessary for the a-p phase transition, so as the vibrational energy of atoms
increases with temperature, the transformation occurs at lower pressure. For the over-
compressed a-phase of C5-PPB, the amorphization occurs at higher pressure with increasing
temperature, which indicates that the amorphization process is connected with the
vibrational energy of atoms. The increased temperature intensify their thermal vibrations,
making the crystal structure more resistant to amorphization. Consequently, higher pressures
are required to induce amorphization. Thus, an increase in temperature enhances the stability
of C5-PPB. Similar effects were previously reported for MnAs,**3 LiAIO,,'1* or BiFe0s.'%®
However, also examples with the opposite relation between temperature and the pressure of
transformation were described.!'¢1%7 Therefore, the interplay of temperature and pressure
effects on the phase transition or amorphization requires case-by-case study.

4.2 Compression of crystals with flexible molecules and linkers
Pressure is a one of the fundamental thermodynamic variable affecting the properties of
materials, as a consequence of the changes in their crystal structure. The most deformable
structural elements can be arranged as following: (1) voids in the structure; (ll) weakest
intermolecular interactions (e.g. van der Waals forces); (iii) stronger cohesion forces
(electrostatic, hydrogen bonds, halogen bonds); and (iv) deformations of molecules. There are
specific types of pressure effects depending on the presence of voids/pores in crystals and on
the molecules size of the hydrostatic fluid. Other types of pressure effects can be connected
to the conformational changes of flexible molecules or linkers and to the transformable
conformations of ligands around metal centres. Such specific types of pressure effects are the
main subject of my thesis.

Article Al describes the significant conformational changes of C5-PPB induced by
pressure, which depend on the compression rate. In Article A2, compound BTCP-dItFB-Ac
shows the NLC effect and sensitivity to different PTM. A similar observation was reported in
Article A3 for DMOF, a metal-organic framework, where previously reported BTCP molecule
serve as a linker. Article A4 describes another MOF compound, AMU3, exhibiting the
dependence of the phase-transition pressure on the PTM and the guest molecule filling the
voids. The AMU3 crystal samples cracked under pressure, however the rare phenomenon of
self-healing was observed when the pressure was released. Article A5 focuses on a
coordination polymer, where a pressure-induced reaction leads to an increase in the
coordination number of the central atom. All these articles provide in-depth discussions on
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pressure-induced changes in the crystal structures, thus in this section of my thesis, | present

the relative changes of unit-cell volume and available intermolecular spaces as a function of

pressure for all the compounds studied in this work (Figure 13), together with description of

conformational changes in compounds displaying the most prominent transformations (Figure

15).
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Figure 13. (a) Relative volume changes of the compounds studied under hydrostatic pressure in this
thesis, listed in the legend and (b) the voids volume changes related to the crystal volume. The
vertical lines correspond to the phase transitions at critical pressures, p., listed in the drawings.(c)(d)
The bottom plots magnify the range of pressure limited to 2 GPa.

It is remarkable that compound DMOF exhibits an expansion of the crystal volume

under increased pressure. This is a consequence of compressing a porous crystal in

penetrating PTM, where small molecules of the MEW mixture penetrate the voids. In the non-

penetrating Daphne oil, the crystal volume was compressed at a rate of -6% GPal, somewhat

higher than in glycerine of -5% GPa™L. This result suggests that the glycerine sample used in
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the experiment contained a small amount of water absorbed from the air, and these water
molecules penetrated the voids. Moreover, the DMOF crystal, with its larger voids, was
expected to exhibit the most significant change in unit-cell volume. Therefore, the rule that
voids are the most compressible parts in crystal structures does not apply in this case. The
explanation is that the voids are filled by guest molecules which were masked in the
refinements. When voids are filled with unbonded guest molecules, the determination of their
structural arrangement by XRD is not possible. Therefore, for refining the host structure, the
pore content is omitted. Such a mask was applied for both DMOF and AMU3. In the plots in
Figure 13, the void volume refers to "cleared" voids, which in fact are filled with guest
molecules. For example, in the case of DMOF, the pore-to-crystal volume ratio with the guest
molecules included is 27% (out of 43% with the applied mask), and for AMU3, it is 11% (out of
30% with the mask). The voids volume for compounds DMOF and AMU3 with guest molecules
inside the pores was estimated for the structures refined with the mask, i.e. by omitting the

guest molecules.

The strongest compression was observed in the molecular crystal C5-PPB, which
contains relatively small voids and highly flexible molecules. The pressure-induced transition
is connected to both: conformational rearrangement and void compression. The
conformational changes occur due to the availability of space, and the reduction of voids is a
result of tighter packing of conformationally transformed molecules. Furthermore, a crucial
role is played by the speed of this transformation: when compressed quickly, the structure
"freezes" in the a phase and then the sample becomes amorphous and visible cracks appear
on its surface. The slow compression leads to an isostructural phase transition, strongly
changing the conformation of pentoxy chains (Figure 14), which causes clear differentiation
of molecules A and B in the high-pressure B-phase. The angle between benzene rings in two
molecules A and B varies from 1.44° to 2.38°, and from 11.01° to 16.41° for pyridine rings
between phases a and B, respectively. The largest compressibility of C5-PPB is accompanied
by the strongest changes of torsion angles, exceeding 120° (Figure 15).

Figure 14. Interpolation of two independent molecules in C5-PPB phases a and .
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The porous molecular co-crystal solvate abbreviated as BTCP-dItFB-Ac undergoes no
phase transition in the investigated pressure range, but a strong volume compression is
observed. Because in this crystals there are relatively big voids, a strong compression of the
crystal volume can be expected. On the other hand, the voids can absorb guest molecules
from the environment, for example from the PTM. Hence the conclusion that the significant
compression of the crystal volume results from the compression of voids accompanied by
conformational changes in the structure.
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Figure 15. (a) Monotonic and anomalous changes in the torsion angles (At) in crystals: C5-PPB (circles)
and CdAPP (hexagonals). Different torsion angles are distinguished by colours indicated in the legend.
(b) Average change in selected torsion angles in crystals: BTCP-dItFB (black), DMOF (green, blue and
yellow) and AMUS3 (violet, red and pink).

A nearly complete reduction of voids is observed in the coordination polymer CdAPP.
This reduction occurs due to the solid-state reaction involving the connection of the NOs group
to the central atom, resulting in its increased coordination number. Additionally, significant
changes in torsion angles are observed (Figure 15). The conformation of linkers adjusts to the
pressure-induced tightening of the crystal packing, facilitating the connection of the new
ligand with the cadmium cation. Thus the compression of CdAPP results of the combination of
several structural effects. However, the compressibility of coordination polymer CdAPP is still
smaller than that of molecular crystal C5-PPB.

The remaining compounds studied in my thesis illustrate various aspects of the
compressibility of crystals with flexible structural elements. Their conformational changes
may be, or may be not induced by high pressure, depending on a myriad of other structural
properties. However, undoubtedly the flexible structural elements provide efficient means to
crystal engineers for designing new materials with high compressibility and desired
interactions with the pressure transmitting media.
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Conclusions

The comprehensive study presented in the discussed articles show the intricate interplay
between the structure and elastic properties of molecular crystals, coordination polymers
(CPs), and metal-organic frameworks (MOFs) under the various temperature and pressure
conditions. The research was based on materials containing potentially flexible molecules or
linkers, and focused on analysing their effects, identify structural transformations, and
understand the underlying mechanisms of their responses.

In my thesis | extensively studied the compression of crystals with flexible molecules
and linkers, which shown various, interesting effects. In C5-PPB, the rapid compression
effectively "froze" the conformers of phase a due to rapid intermolecular interactions, leading
to amorphization. Slow compression, resulted in an isostructural phase transition to a new
high-pressure phase B, showing the complex interplay of conformational changes and void
reduction. The co-crystal solvate BTCP-dItFB-Ac (Article A2) exhibited negative linear
compressibility under high pressure, highlighting its unique elastic properties. The significant
volume compression was attributed to the compression of voids accompanied by
conformational changes. The porous MOF compound - DMOF (Article A3) showed high
sensitivity to the type of pressure-transmitting media (PTM). Compression in PTM with large
molecules lead to negative linear compressibility (NLC), while a use of the PTM with small
molecules resulted in increasing the crystal dimensions in the directions perpendicular to that
of the NLC. This effect is caused by hyperfilling the pores with small PTM molecules, which
eventually lead to pressure-induced amorphization. Both these analogous host and inclusion
compounds are described in the same reference crystal axes, which prove its high flexibility.
The study underscored the importance of type of PTM when analysing the compressibility of
porous materials. The second MOF crystal, called AMU3 (Article A4) showed ferroelastic
properties tuneable by exchanging guest molecules or crystal environment. The crystals have
self-healing property, overcoming a common limitation faced by many ferroelastic materials.
These unique characteristic make AMU3 as a promising candidate for chemo-mechanical
transducers in sensor applications. For the coordination polymer CdAPP (Article A5), a
pressure-induced topochemical reaction of a coordination polymer was observed. The
increase in coordination number through a solid-state associative reaction revealed is the
first-known case of such an effect of pressure on the structure and properties of coordination
compounds.

Of all the compounds studied in my thesis, C5-PPB and CdAPP showed the most
significant pressure-induced structural changes, highlighting the interplay of volume changes,
conformational adjustments and voids. Framework materials, DMOF and AMU3, capable of
guest intrusion/exclusion, showed a smaller volume reduction. In these crystals guest

molecules filled the voids, preventing their compression.
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This study on a series of crystals with flexible structural units highlights the complex
interplay between crystal structure, crystal environment, temperature, and pressure,
providing the comprehensive insights into the behaviour of molecular crystals, CPs, and MOFs
under varying conditions. The results not only contribute to fundamental knowledge in
materials science but also offer crucial implications for the design and understanding of
diverse materials for practical applications. In recent years, the investigation of temperature
and pressure effects on versatile materials has become more available and is often performed
with standard laboratory diffractometers, without the need for very high X-ray beam intensity
provided by synchrotrons or advanced experimental setups for extremely high pressure and
temperature. This area of moderate pressure changes to about 10 GPa and temperature
between 100 - 500 K shows significant potential and offers intriguing paths for future research.
With the potential of in-house pressure equipment, there are several pivotal challenges
ahead. First, the perspective of temperature and pressure-induced changes helps to
understand the complex relationship between intramolecular and intermolecular distortions
and finding their contribution to structural strain anisotropy within the limits of phase
stability, as well as their role in structural rearrangements leading to phase transitions and
chemical reactions. In addition, it is an efficient method to use high pressure as a tool to
identify specific structural elements in materials capable of improving their physicochemical
properties. Instead of synthesizing new analogous compounds, it is possible to follow the
structural changes as a function of pressure, which can suggest the optimal structure with
required properties. The pressure-supported determination of structure—property relation
has significant potential, especially when flexible substrates are involved. It has been
demonstrated in my thesis, that such materials are highly susceptible to various factors and
particularly to high pressure, inducing phase transitions, chemical reactions, different
behaviour in the penetrating and non-penetrating fluids, as well as to the types of guest
molecules filling the structural voids. Owing to their conformational flexibility and stepwise
transformations, the properties of materials with elastic linkers or molecules differ from the
ones with the rigid components only. Therefore the application of crystals with elastic
elements offers new avenues for controlling and manipulating properties of materials. | hope
that my work will stimulate further investigations on elastic properties in molecular crystals,
coordination polymers and MOFs, their transitions and amorphization, and that it will be
useful for the design and optimization of materials for a variety of new applications.
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Summary

Physical properties of chemical compounds are generally associated with their ‘softest’
parameters, such as the cohesion forces, conformations, intra- and intermolecular
interactions, inversions, or tautomeric forms. However, the elastic and thermal properties of
most compounds are connected to the cohesion forces and intermolecular voids. In the group
of molecular crystals, where the molecules interact through relatively weak dispersion forces
and hydrogen or halogen bonds, the conformational properties of molecules and
intermolecular voids, which in most cases are too small to accommodate solvent molecules
during the process of crystallization, are often neglected. For the group of coordination
polymers (CPs) and metal-organic frameworks (MOFs) the properties are connected with the
distortions of the frameworks, where the linkers are usually considered as rigid elements and
their coordination bonds to the metallic centres as the hinges bending under the external
stimuli. In MOFs, the crucial role is played by the voids, which can either shrink and collapse
or accept guest molecules from the environment. Such sorption can result in the
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counterintuitive increase of the crystal volume, due to the transport of the guest molecules
and the increased molecular volume of the compounds. All these properties of molecular
crystals, CPs, and MOFs can be affected by the conformational properties of molecules and
linkers in CPs and MOFs, as well as by the coordination schemes. Hence, the main aim of my
PhD thesis: the investigation of the contribution of the conformational and coordination-
scheme transformations to the properties of molecular crystals, CPs and MOFs, under various
temperature and pressure conditions.

In a series of 5 articles, we have shown how high pressure affects the structure and
properties of materials that differ in pore size, type of central atom, and ligand used. The
pressure-induced effects described in this work show that the use of high-pressure conditions
is an extremely effective thermodynamic parameter affecting the structure of compounds and
modifying their properties. Some of the most important results described within this work are
summarized below.

An interesting phenomenon was observed in the molecular crystal build of 1,4-
bis(pentyloxy)-2,5-bis(2-pyridineethynyl)-benzene. This study demonstrates a new
perspective on the compression rate in creating the phase diagrams of solids. Under high
hydrostatic pressure, depending on the speed of compression, two phases of the same crystal
could be observed. During compression, the two different sets of effects were visually
observed: (i) the strong monotonic compression followed by the appearance of irregular
“wrinkles” on the face upon rapid compression; and (ii) a transition front traveling along the
crystal plane followed by abrupt shape change upon slow compression. These initially
inconsistent observations were detected for the same crystal sample on subsequent

experiments.

We have also investigated a porous and polar co-crystal solvate BTCP-dItFB-Ac (BTCP=
1,2-bis[2-methyl-5-(pyridyl)-3thienyl]cyclopentene, dItFB= 1,4-diiodotetrafluorobenzene). At
ambient conditions, it absorbs or releases water depending on the surrounding moisture.
Under pressure, the crystal displays a strongly anisotropic compression coupled to the
conformation of BTCP molecules. To our knowledge, the negative linear compressibility of
over 30 TPais the strongest ever reported for an organic molecular crystal; similarly, we have
observed that BTCP-dItFB-Ac displays an impressive positive linear compression of about 90
TPal.

Flexible and transformable molecules, particularly those responding to external
stimuli, are needed for designing sensors and porous compounds capable of storing or
separating gases and liquids. We have established that crystals of the porous metal-organic
framework, referred as DMOF, exhibits interesting mechanochemical behaviour when
compressed in non-penetrating and penetrating pressure transmitting media (PTM). Under
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high pressure, DMOF is sensitive to the type of PTM used: large PTM molecules can not be
absorbed into the pores, so DMOF is compressed as a closed system, which leads to the
negative linear compressibility (NLC) in the direction of axis y. Under compression in
penetrating liquid, small PTM molecules are pushed into the pores, thus changing the
stoichiometry of DMOF, which strongly increase the dimensions of DMOF in the directions
perpendicular to that of the NLC of the crystal, when compressed in non-penetrating PTM
(both these analogous host and inclusion compounds are described in the same reference
crystal axes). Owing to the strong and inverse elastic responses, DMOF can be considered as
a molecular sensor capable of detecting molecules of different sizes in its compressed
environment.

We have also synthesized and investigated a porous MOF, capable of self-repairing its
single crystal after high pressure damage. The compression is compensated by tilts and
conformational changes of the linkers, leading to ferroelastic transition to the high-pressure
phase B. Further compression leads to clearly visible scratches and fractures, along the domain
boundaries. When the pressure is released, the traces of damage disappear after each of the
repeated cycles of increased and decreased pressure. In addition to the self-healing property,
the material showed high sensitivity to the compression conditions. The observed effects
depend on both the guest molecules fulfilling the voids and the hydrostatic fluid. This
sensitivity to the type of guest molecules and to the crystal environment can be applied in
sensors.

The pressure-induced changes in the structure of compounds and related chemical
reactions in coordination polymers can be predicted using three rules. The first is related to
the change in the ratio of radii of metal cations and ligands, with increasing pressure, leading
to an increased coordination number. The ligands around the central atom should be elastic,
to modify or change their conformation. Also the close location of the potential new ligand to
the coordination centre is necessary for such transformations.

In conclusion, there are many factors, such as the coordination scheme, topology of
connections, the size and shape of voids, the chemical character of linkers, their capability to
form intermolecular interactions, the type of pressure-transmitting medium (PTM), or the
speed of compression, which have an impact on pressure-induced transformations of crystals.
The compression of such a crystalline compound can proceed as a one-component or multi-
component system, within the pressure ranges of monotonic changes and through phase
transitions. In the one-component structure, high pressure reduces the void spaces and
distances between molecules. The compressed volume increases the energy of interactions
and thermal collisions, which, for specific components can trigger a chemical reaction. On the
other hand, the compression of porous crystals in small-molecule liquids can cause a
significantly different response compared to the compression in oils and large-molecule PTMs.
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Apart from the molecular size, also other properties of the PTMs, such as their density,
viscosity, and their freezing pressure can promote or prohibit the formation of new polymer—
PTM interactions. A variety of possible structural responses of materials to external stimuli
often leads to strongly anisotropic and anomalous effects, such as negative linear and area
compressibility, phase transitions, amorphization, guest inclusions, and even topochemical
reactions.

Streszczenie

Witasciwosci fizyczne zwigzkdw chemicznych sg zwykle zwigzane z ich podstawowymi
parametrami, takimi jak sity spdjnosci, konformacje, oddziatywania miedzyczasteczkowe,
inwersje czy formy tautomeryczne. Elastycznosc¢ i wtasciwosci termiczne wiekszosci zwigzkow
sg determinowane przez sity spéjnosci i wielkos¢ luk. W grupie krysztatéw molekularnych,
gdzie czgsteczki oddziatujg poprzez stosunkowo stabe sity dyspersyjne i wigzania wodorowe
lub halogenowe, wtasciwosci konformacyjne czasteczek i luk, ktére w wiekszosci przypadkéw
sg zbyt mate, aby pomiesci¢ czgsteczki rozpuszczalnika podczas procesu krystalizacji, sg czesto
zaniedbywane. W przypadku grupy polimerow koordynacyjnych (CP) i sieci
metaloorganicznych (MOF) wtasciwosci te sg zwigzane z odksztatceniami struktur, w ktérych
ligandy sg zwykle uwazane za elementy sztywne, a ich wigzania koordynacyjne z centrami
metalicznymi za przeguby zginajgce sie pod wptywem bodzcéw zewnetrznych. W MOF-ach
kluczowq role odgrywajg puste przestrzenie — pory, ktédre moga albo kurczy¢ sie i zapadac,
albo przyjmowaé czagsteczki gosci z otoczenia. Taka sorpcja moze skutkowaé sprzecznym z
intuicjg wzrostem objetosci krysztatu, ze wzgledu na transport czgsteczek gosci i zwiekszong
objetos¢ molekularng zwigzkédw. Na wszystkie te wtasciwosci krysztatéw molekularnych, CP i
MOF moga wptywaé wtasciwosci konformacyjne czgsteczek i ligandéw w CP i MOF, a takze
schematy koordynacji. Stad gtéwny cel mojej pracy doktorskiej: zbadanie wptywu przemian
konformacyjnych na witasciwosci krysztatdw molekularnych, CP i MOF, w réznych warunkach

temperatury i cisnienia.

W serii 5 artykutéw pokazaliémy, jak wysokie cisnienie wptywa na strukture i
wiasciwoséci materiatéw réznigcych sie wielkoscig poréw, rodzajem atomu centralnego i
zastosowanym ligandem. Efekty wywotane cisnieniem opisane w tej pracy pokazujg, ze
zastosowanie warunkéw wysokiego cisnienia jest niezwykle skutecznym parametrem
termodynamicznym wptywajgcym na strukture zwigzkéw i modyfikujgcym ich wtasciwosci.

Ponizej podsumowano niektdre z najwazniejszych wynikow opisanych w tej pracy.

Interesujace zjawisko zaobserwowano w krysztale molekularnym zbudowanym z 1,4-
bis(pentyloksy)-2,5-bis(2-pirydynoetynylo)-benzenu. Badanie to udowadnia wptyw szybkosci
kompresji na tworzenie diagraméw fazowych ciat statych. Pod wysokim cisnieniem

hydrostatycznym, w zaleznosci od predkosci Sciskania, mozna zaobserwowa¢ dwie fazy tego
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samego krysztatu. Podczas Sciskania zaobserwowano dwa rdzine zestawy efektow: (i) silne
monotoniczne sciskanie, po ktérym nastepowato pojawienie sie nieregularnych "zmarszczek"
na powierzchni przy szybkim S$ciskaniu; oraz (ii) przemieszczajacy sie wzdtuz ptaszczyzny
krysztatu front przejsciowy, po ktérym nastepowata gwattowna zmiana ksztattu przy
powolnym sciskaniu. Te poczatkowo niespdjne obserwacje zostaty uchwycone dla tej samej

prébki krysztatu w jednej serii eksperymentéw.

Zbadali$my réwniez porowaty i polarny solwat kokrysztatu BTCP-dItFB-Ac (BTCP= 1,2-
bis[2-metylo-5-(pirydylo)-3-tienylo]cyklopenten, dItFB= 1,4-dijodotetrafluorobenzen). W
warunkach otoczenia absorbuje lub uwalnia wode w zaleznosci od otaczajacej wilgoci. Pod
cisnieniem krysztat wykazuje silnie anizotropowg kompresje powigzang z konformacjg
czasteczek BTCP. Zgodnie z naszg wiedzg, ujemna scisliwo$¢ liniowa wynoszaca ponad 30 TPa™
jest najsilniejszg, jaka kiedykolwiek odnotowano dla organicznego krysztatu molekularnego;
podobnie zaobserwowalismy, ze BTCP-dItFB-Ac wykazuje imponujgcg dodatnig Scisliwos¢

liniowag wynoszgcg okoto 90 TPa™.

Elastyczne i zdolne do przeksztatcen czasteczki, szczegdlnie te reagujgce na bodzce
zewnetrzne, sg potrzebne do projektowania czujnikéw i porowatych zwigzkéow zdolnych do
przechowywania lub oddzielania gazéw i cieczy. Ustalilismy, ze krysztaty porowatego szkieletu
metaloorganicznego, okreslanego jako DMOF, wykazujg interesujgce zachowanie
mechanochemiczne, gdy sg S$ciskane w niepenetrujgcych i penetrujgcych mediach
przenoszacych cisnienie (PTM). Pod wysokim cisnieniem DMOF jest wrazliwy na rodzaj
zastosowanego PTM: duze czgsteczki PTM nie mogg zosta¢ wchtoniete przez pory, wiec DMOF
jest Sciskany jako uktad zamkniety, co prowadzi do ujemnej $cisliwosci liniowej (NLC) w
kierunku osi y. Podczas Sciskania w penetrujgcej cieczy, mate czasteczki PTM sg wpychane do
poréw, zmieniajgc w ten sposéb stechiometrie DMOF, co silnie zwieksza wymiary DMOF w
kierunku prostopadtym do NLC krysztatu, podczas Sciskania w niepenetrujgcym PTM (oba te
analogiczne zwigzki gospodarza i zwigzki inkluzyjne sg opisane w tych samych referencyjnych
osiach krysztatu). Dzieki silnym i odwrotnym odpowiedziom elastycznym, DMOF mozna uznac
za czujnik molekularny zdolny do wykrywania czgsteczek o rézinych rozmiarach w jego

srodowisku.

ZsyntetyzowaliSmy réwniez i zbadaliSmy porowaty MOF, zdolny do samonaprawy
swojego monokrysztatu po uszkodzeniu wywotanym wysokim cisnieniem. Sciskanie jest
kompensowane przez przechylenia i zmiany konformacyjne ligandéw, co prowadzi do
ferroelastycznego przejscia do wysokocisnieniowej fazy B. Dalsza kompresja prowadzi do
wyraznie widocznych rys i peknie¢ wzdtuz granic domen. Po odpuszczeniu ci$nienia slady
uszkodzen znikajg, po kazdym z powtarzajacych sie cykli zwiekszania i zmniejszania ci$nienia.
Oprocz wtasciwosci samoregeneracji, materiat wykazat wysokg wrazliwo$¢ na warunki

kompresji. Obserwowane efekty zalezg zaréwno od czasteczek gosci wypetniajacych puste
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przestrzenie, jak i od zastosowanej cieczy hydrostatycznej. Ta wrazliwos¢ na rodzaj czgsteczek

goscia i Srodowisko krysztatu moze by¢ zastosowana w czujnikach.

Wywotane cisnieniem zmiany w strukturze zwigzkéw i zwigzane z nimi reakcje
chemiczne w polimerach koordynacyjnych mozna przewidzie¢ za pomoca trzech regut.
Pierwsza z nich zwigzana jest ze zmiang stosunku promieni kationéw metali i ligandéw wraz
ze wzrostem cisnienia, co prowadzi do zwiekszenia liczby koordynacyjnej. Ligandy wokot
atomu centralnego powinny by¢ elastyczne, aby modyfikowa¢ lub zmieniaé swoja
konformacje. Niezbedna do zajscia takich transformac;ji jest réwniez bliskos¢ potencjalnego

nowego liganda do centrum koordynacyjnego.

Podsumowujac, istnieje wiele czynnikdéw, takich jak schemat koordynacji, topologia
potaczen, rozmiar i ksztatt luk, charakter chemiczny liganddw, ich zdolnos¢ do tworzenia
oddziatywan miedzyczgsteczkowych, rodzaj medium przenoszgcego cisnienie (PTM) lub
szybkos¢ kompres;ji, ktére majg wptyw na indukowane cisnieniem transformacje krysztatow.
Kompresja takiego zwigzku krystalicznego moze przebiega¢ jako uktad jedno- Ilub
wielosktadnikowy, w zakresach zmian monotonicznych i poprzez przejscia fazowe. W
strukturze jednosktadnikowej wysokie cisSnienie zmniejsza puste przestrzenie i odlegtosci
miedzy czgsteczkami. Poprzez zmniejszong objetos¢ zwieksza sie energia oddziatywan i
zderzen termicznych, co w przypadku okreslonych warunkéw moze wywota¢ reakcje
chemiczng. Z drugiej strony, $ciskanie porowatych krysztatdbw w cieczach o matych
czasteczkach moze powodowac znacznie inny efekt w poréwnaniu do $ciskania w olejach i
PTM o duzych czgsteczkach. Oprdocz wielkosci czgsteczek, rowniez inne wtasciwosci PTM, takie
jak ich gestos$¢, lepkosc i cisnienie zamarzania, mogg promowac lub uniemozliwia¢ tworzenie
nowych interakcji polimer-PTM. Réznorodnos$¢ mozliwych reakcji materiatow strukturalnych
na bodzZce zewnetrzne czesto prowadzi do silnie anizotropowych i anomalnych efektdw, takich
jak ujemna scisliwosé liniowa i powierzchniowa, przejscia fazowe, amorfizacja, inkluzje gosci,

a nawet reakcje topochemiczne.

41



Appendices

Al

Dynamic Resolution of Piezosensitivity in Single Crystals of rt-

Conjugated Molecules

S. Bhattacharyya*, S. Sobczak*, A. Pétrolniczak*, S. Roy, D. Samanta, A.
Katrusiak, T. K.Maji.

Chemistry—A European Journal 25 (24), 6092-6097, 2019.

42



I High-Pressure Chemistry

DOI: 10.1002/chem.201900054

'.) Check for updates

CHEMISTky

A European Journal
Communication

Dynamic Resolution of Piezosensitivity in Single Crystals of

nt-Conjugated Molecules

Sohini Bhattacharyya®,” Szymon Sobczak®,® Aleksandra Pétrolniczak®,” Syamantak Roy,”
Debabrata Samanta,™ Andrzej Katrusiak,*"® and Tapas Kumar Maji*

Abstract: Targeted synthesis of piezoresponsive small
molecules and in-depth understanding of their mecha-
nism is of utmost importance for the development of
smart devices. This work reports the synthesis, structure
and piezosensitivity of a bola-amphiphile 1,4-bis(pent-
yloxy)-2,5-bis(2-pyridineethynyl)-benzene  (C5-PPB). De-
pending on the rate of compression, two different phases
in C5-PPB can be generated. The ambient-pressure -
phase is stable up to 0.8 GPa, beyond which it undergoes
an isostructural transformation to p-phase, accompanied
by a clearly visible elongation of the crystal. This o-to-f3
phase transition requires the sample to be compressed
slowly. When quickly compressed, phase a persists to
about 1.5 GPa, beyond which its amorphization starts, ac-
companied by the appearance of irregular grooves on the
largest faces. Mechanical pressure also affects the optical
property of C5-PPB, which shows reversible mechano-
chromism with a green to cyan transformation in the
emission, associated with a 15 nm shift in the maxima.
The conductivity of C5-PPB as a direct outcome of its
crystal packing has also been studied.

P

Development of purely organic m-conjugated oligomers that
are light, flexible and external-stimuli responsive is highly desir-
able for multifarious applications in smart devices."” Molecules
that are capable of responding to external mechanical forces”
are sought after for human-machine or robotic interfaces, sen-
sors, security inks, memory storage, and healthcare devices.”
In condensed forms like crystals, liquid crystals, or micelles, the
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piezosensitivity of a particular material depends extensively on
its intermolecular interactions and packing, governed by H-
bonding, m-x, C—H--7t, or dipole-dipole interactions.”” When
these interactions undergo alterations under mechanical per-
turbation, the emission spectrum or intensity may vary, which
is regarded as mechanochromism or piezochromism and finds
numerous practical applications.”’ However, the innate com-
plexities of intermolecular forces and structure factors render
piezosensitivity of such systems unpredictable and their ration-
al design and synthesis still remains a major challenge.*¥ In
many cases, piezochromic molecules have appeared as isolated
serendipitous occurrences where the change in luminescence
is irreversible and achieving reversibility requires a subtle bal-
ance between different supramolecular interactions.” The in-
depth understanding of the mechanism of piezosensitivity re-
quires its correlation with the structural changes occurring
under pressure,” which can be characterized by studying the
single-crystal structure under hydrostatic compression. In this
context, m-conjugated polymeric systems, such as oligo-(p-phe-
nylenevinylene) (OPV) and oligo-(p-phenyleneethynylene) (OPE)
derivatives”” are ideal candidates. Such molecules, comprising
a rigid conjugated backbone along with tunable side chains
and functionalizable end terminals, offer the perfect combina-
tion of weak and strong forces to create a stimuli-responsive
supramolecular architecture."” The rigid m-conjugated back-
bone gives rise to charge migration,"" intense luminescence,"”
and may also lead to the formation of conformational poly-
morphs through rotational freedom around the single bonds
connecting the conjugated units."” The interference with the
crystal packing caused by such molecular movement forms the
basis of stimuli-responsive luminescent materials."* Similar sys-
tems synthesized by us previously have shown a host of excit-
ing stimuli-responsive properties like liquid crystallinity, mecha-
nochromism, and photoconductivity as a direct outcome of
their structures.”? We predicted that a m-conjugated system
without any strong directional H-bonding may manifest inter-
esting piezosensitivity owing to a synergistic effect between
the various weak van der Waals forces. In this work, we report
the synthesis, structure and characterization of such a bola-am-
phiphile  1,4-bis(pentyloxy)-2,5-bis(2-pyridineethynyl)benzene
(C5-PPB), which has been designed with polar pyridine termi-
nals and non-polar alkyl chains, thus creating an interplay of
weak interactions in the supramolecular assembly (Scheme 1).
We have performed in-depth analysis of the compression rate-
dependent polymorphism under hydrostatic pressure and re-
versible mechanochromism upon grinding in C5-PPB.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematic representation of the piezo-response in C5-PPB.

C5-PPB has been synthesized by a multistep synthesis in-
volving Sonogashira-Hagihara C—C coupling reaction from 1,4-
diethynyl-2,5-bis(pentyloxy)benzene.” The pure bulk of C5-
PPB, obtained after meticulous purification, was crystallized by
slow evaporation of ethanol from its concentrated solution.
Single-crystal X-ray diffraction (SCXRD) of the needle-like C5-
PPB crystal (Figure 1a) revealed that it crystallizes in triclinic

Figure 1. (a) Photograph of a single crystal of C5-PPB. (b) Consecutive mole-
cules of C5-PPB arranged in ABA fashion in the a direction forming extend-
ed m-column. (¢) 2D sheets formed by C—H--N bonding between two adja-
cent nt-columns of C5-PPB. (d) Two different 2D sheets demarcated by
purple and green colors interact through weak van der Waals forces.

P1 space group, with two independent molecules located on
inversion centers (hence Z=2, and two halves of symmetry-in-
dependent molecules are present) arranged in a staggered
fashion. The terminal pyridines are twisted at a dihedral angle
of 12° with respect to the central phenyl ring. This ambient
phase is regarded as the o-phase. In the crystal structure of
phase «, the OPE back bone of one molecule overlaps with
the alkyl chain of another along the crystallographic a direc-
tion. Further, in the a direction, the central phenyl rings of ad-
jacent molecules interact via a weak parallel offset m—m stack-
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ing interaction with a distance of 4.1 A Thus, the molecules
arranged in an ABA fashion form 1D chain with an extended
m-column (Figure 1b).*" Along the crystallographic & direction,
two such 1D chains communicate via C—H--N (C--N distance is
3.545 A; /C—H-N angle is 156.5") interaction between the N-
atom of one molecule and the pyridinic p-H of its adjacent
one to form a 2D network along the ab plane (Figure 1¢).
These 2D arrays interact with each other by weak van der
Waals forces along the crystallographic a direction (Figure 1d).
In addition, multiple C—H--m interactions also exist between
the terminal phenyl rings and the alkyl C—H bonds of two adja-
cent molecules (C—H--xt distances are between 2.861-2.967 A;
/C—H-m angles are in the range of 148.08-159.77).12%

We envisaged such a system to be piezosensitive owing to
the absence of any rigid directional interactions between the
individual molecules and investigated the crystals under a high
hydrostatic pressure in a diamond anvil cell (DAC)."" A single
crystal of C5-PPB was compressed both rapidly and slowly in
the DAC and was observed to undergo drastic visible changes,
which were also monitored by SCXRD. During compression,
the following two different sets of effects were visually ob-
served: (i) strong monotonic compression followed by the ap-
pearance of irregular “wrinkles” on the crystal face; (i) a transi-
tion front traveling along the crystal plane, followed by an
abrupt shape change. These observations initially seemed to
be inconsistent, but were detected for the same crystal sample
even on subsequent experiments. The compression of phase a
is monotonic up to 0.9 GPa (Figure 2b). When the crystal is
compressed rapidly from 0.8 to about 1.2 GPa, phase « is re-

_tained, and a_visible_ monotonic_compression of the crystal is

observed. When such a crystal is further compressed slowly, it
still resides in phase a. However, when compressed to about
1.5 GPa, irregular "wrinkles” appear on the faces of the crystal,
marking its amorphization (Figure 2). If phase « is compressed
beyond 0.8 GPa very slowly, a drastic discontinuous phase tran-
sition occurs at 0.9 GPa,”" associated with a large negative-
linear strain, visibly elongating the crystals in one direction and
contracting them in another, forming phase f (Figure 2 and
Movie S1 in the Supporting Information).”* This o-to-f transi-
tion does not change the crystal symmetry nor Wyckoff sites,
so this can be identified as an isostructural phase transition.
The single crystal integrity is often another characteristic of iso-
structural transitions."* In this case, the isostructural transition
between ambient phase o and high-pressure phase [3 is ac-
companied by a volume drop of 7% and strong conformation-
al changes of two independent molecules, while the crystal
symmetry of triclinic space group PT (Z=2) is retained. At the
transition, the unit-cell parameter a abruptly expands by 20%,
b shrinks by ~20%, and ¢ by ~10%.%¥ Characteristically, iso-
structural phase transitions are discontinuous (of the 1st order
according to Ehrenfest’s classification) and are associated with
a volume drop in compressed crystals along with a hystere-
sis."”! These general features are consistent with our observa-
tions of the sharp transition between phases « and f3. The pro-
cess of amorphization is generally diffused™ and accordingly,
the amorphization of phase a proceeds over the range of pres-
sure from about 1.35 to 1.95GPa at room temperature (Fig-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (a) Phase diagram of C5-PPB, based on the sample compressed in
three different temperatures. Blue and pink colors mark phase stability re-
gions and the orange stripes trace amorphous region for over-compressed
phase a. Squares indicate points of the X-ray diffraction measurements and
circles mark visual observations of the crystal shape. (b) The sample C5-PPB
single crystal (left) first compressed rapidly (bottom) to 1.5 GPa, when the
wrinkles mark the onset of amorphization, and then after releasing the pres-
sure it was (top) compressed again slowly to 0.9 GPa, where the transition
to phase [} starts and transition fronts travel through the sample, transition
fronts travel up and down through the sample, until it completes the trans-
formation (top right). (c) Projections of C5-PPB molecules and voids (accom-
modating the probing sphere 0.8 A in radius) in phases o and f along [100].

ure 2a). At higher temperature the amorphization range is
shifted toward higher pressure, opposite to the boundary be-
tween phases o and p. The m-nt interaction between the cen-
tral phenyl rings in two adjacent molecules disappears as the
distance between them increases from 4.1 A in o-phase at am-
bient pressure to 4.9 A at 1.7 GPa. Moreover, the molecular ar-
rangements also vary drastically.? At 1.51 GPa, the distance
between the central aromatic rings of neighboring molecules
in phase o is reduced by 0.275 A in phase B, along with the
elongation of the two n-pentoxy chains, which explains the
strong abrupt elongation of the crystal along direction a (Fig-

Chem. Eur. J. 2019, 25, 6092 - 6097 www.chemeurj.org

6094

CHEMISTRY

A European Journal
Communication

ure S7). In phase B the Wyckoff positions of molecules and
their arrangement are retained; however, the conformation of
independent molecules changes significantly (Figures 1 and
Figure 2c). The torsion angles of pentyloxy chains change up
to = 160" (Figure S9), the terminal pyridines with respect to
the central benzene rings rotate only slightly, but the rigid eth-
ynyl bridge bends in the [ phase and the curvature increases
with the increasing pressure. Thus two different transforma-
tions of the C5-PPB crystal can be described as: (i) the kinetic
compression leading to “frowning” amorphous phase; and
(i)) the thermodynamic compression, leading to phase {3, which
is stable till at least 4.0 GPa. However, the [} phase can be cir-
cumvented, by compressing the crystal starting from 0.8 GPa
quickly, at an estimated rate higher than 0.1 GPas . The crystal
rippling marks the start of gradual amorphization. At about
1.9 GPa the sample faces “frown” with approximately parallel
“wrinkles”, marking the collapsed regions in the sample (Fig-
ure 2b) and at this pressure no Bragg reflections can be de-
tected, indicating the full amorphization.

We established that, at increased temperature, the critical
pressure of the a-to-5 transition is slightly decreased, but that
of amorphization is somewhat increased, as mapped in the
phase diagram with superimposed effects of both kinetic and
thermodynamic compression (Figure 2a). At ambient condi-
tions the crystal structure contains large voids (Figure 2¢).
They are too small to accommodate guest molecules, but are
essential for inherent crystal properties, as evident from the 3
phase, where the molecules alter their conformation to fill up
the void space (Figure 2c). It appears that such drastic confor-

_mational changes correlated between neighboring molecules

require time, and upon fast compression, the conformers of
phase a are “frozen” by rapidly increasing intermolecular inter-
actions.

Hence, the quick compression of phase a eventually leads
to random collapse of molecular stacks and subsequently to
crystal amorphization. The macroscopic effect of the wrinkles
on the crystal faces is a direct effect of the molecular stacks
collapsing in groups in different directions, like bookshelves
falling randomly in a library. In literature, there are numerous
examples of the kinetic effects of the compression of liquids
and crystals, as well as examples of so-called flash cooling."”
However, C5-PPB is different because its kinetic path leads to
crystal amorphization connected with a massive collapse of
the voids in the crystal structure. Hence, it can amorphize
when phase a is over-pressurized quickly, which is manifested
by the “wrinkling” of the sample faces. These macroscopically
visible distortions of the crystal shape distinguish C5-PPB from
regular crystalline phase transitions that show parallel lines
running exactly along the crystallographic planes on the faces
of the sample."”® The significantly irregular “wrinkling” is
aligned along one direction on the sample, which resembles a
corrugated foil. The direction of “wrinkles” is determined by in-
itial structural collapse and the corrugation of the structure
(Figure 2 and Movie S1 in the Supporting Information). Howev-
er, the “wrinkles” are irregular in direction and depth and their
direction changes occur monotonically without sharp turns
(characteristic for crystals). It can be noted that in the crystal

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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undergoing the amorphization, a subtle pattern of lines
appear in the largest crystal face (see the photograph at
1.35 GPa in Figure 2b). It is therefore plausible that a subtle
isostructural phase transition precedes the amorphization.'”
The strong macroscopic effects in C5-PPB are spectacular for
both the slow and fast modes of compression and additionally
for the spectroscopic reasons. In these respects the strong
transformations of C5-PPB can be listed among other macro-
scopic phenomena observed in crystals (although their struc-
tural background can be very different), like color changes, 4!
crystal jumping,® bending,?" twisting,?” etc?*

Upon observing the piezosensitivity of C5-PPB single crys-
tals, we were interested in observing the optical response of
the compound to small anisotropic pressures for practical ap-
plication. OPE systems are well known for their luminescent
behavior," and C5-PPB is no different. Molecularly dissolved
methanolic solution of C5-PPB shows two peaks in the absorp-
tion spectrum with 4., at 310 and 375 nm.*¥ It shows a wide
emission band, ranging from 400 to 550 nm, with a maximum
at 442 nm (Figure S3b) However, in the solid state, C5-PPB
molecules remain in the aggregated state, showing a redshift-
ed wide absorption band with a typical vibronic feature from
350 nm (Figure S3¢) and emission maximum at 507 nm (ex
350 nm). Mechanical grinding of the single crystals of C5-PPB
with a mortar and pestle for 30 min changes the emission
from fluorescent green to cyan (Figure 3a). This corresponds
to a ~15nm blueshift in the emission maximum and 4.,
shifts to 492 nm (Figure 3 b). This blue-shifted emission can be
attributed to the breaking of weak supramolecular forces in
the dense crystal state of C5-PPB. As a rare instance of reversi-
ble mechanochromism, the grounded sample, on being left
undisturbed for ~8 h, reverts its emission to its original green
spectrum, which is reflected by its emission spectrum overlap-
ping with that of the single crystalline form. The weak supra-
molecular interactions reorient and re-establish themselves

(c)

(b)*1 492 nm
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over time, thereby reverting to the original green emission.
This is also reinforced by the distinctly different powder X-ray
diffraction (PXRD) patterns of C5-PPB before and after grind-
ing, implying structural reorganization (Figure 3c). Indexing
the peaks reveal that the first peak at 2 =6" corresponding to
(001) plane, shifts to 26 =5.7" after grinding. The (001) plane is
the molecular ab plane that lies in between the 2D networks
formed by CH--N interaction between the m-columns. The ap-
pearance of this peak at a lower angle implies an increase in
the distance between the 2D networks in the ¢ direction. The
peak at 20=9" corresponding to (011) plane is significantly di-
minished after grinding. The (011) plane contains the extended
m-column of the structure and significant decrease in the in-
tensity of its corresponding peaks indicates an increase in the
distance between the n-stacked molecules.® The PXRD collect-
ed after 24 h of grinding is almost the same as the pristine
compound.

To get a deeper insight into the structural changes associat-
ed with the mechanochromic behavior, time-dependent densi-
ty functional theory (TD-DFT) computations were performed at
CAM-B3LYP/6-31+G* level, on three different model systems
(models 1-3, Figure S6), which account for the weak m-m and
CH-N Model 1 a single molecule,
model 2 shows a n-stacked dimer, and model 3 considers
CH--N interactions. Notably, model 1 showed absorption maxi-
mum at 342 nm (f=1.2, HOMO —LUMO), which shows an
8 nm blueshift from the absorption maximum of model 2
(Amax=350 nm, f=0.69, HOMO —LUMO+1) (Figures S5 and
S6). In contrast, model 1 shows a 4 nm redshift in the absorp-

_tion_maximum from model 3 (4,,,=338 nm, f=12, HOMO—
LUMO). Experimentally, we observed a slight blueshift in excita-
tion spectra post grinding, which is a clear indication of the
breaking of m-m stacking. Utilizing the above transitions, emis-
sion wavelengths were calculated to be 389 nm and 397 nm,
for model 1 and 2, respectively, implying an 8 nm blueshift

interactions. illustrates

24hrs after grinding

e CS-PPB_grinded
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Figure 3. (a) Photographs of the C5-PPB sample under a UV lamp before and after grinding. (b) Emission spectra of C5-PPB before and after grinding.

(c) PXRD patterns of C5-PPB before and after grinding.
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upon complete removal of m-m stacking, which is in agree-
ment with experimental findings. We have also observed in
the SCXRD structure obtained at 1.7 GPa that the distance be-
tween the central phenyl rings of two adjacent molecules in-
creases to almost ~4.9 A, thereby diminishing the m—m interac-
tion. Thus, in the case of both mechanical anisotropic and high
isotropic pressure, the m—m interaction is disrupted.

For use in practical applications, apart from piezosensitivity,
inherent conductivity is also an important property. The con-
ductivity of C5-PPB was measured across the needle-shaped
single crystal both in the longitudinal as well as the lateral di-
rections. The measured conductivity in the longitudinal direc-
tion is 1.75x 107" Scm™', whereas that in the lateral direction is
3.31x10°Scm ' (Figure S10ab). This stark difference can be
explained simply by looking into the structure, where the (100)
and (—100) faces confine the crystal at the ends along its long
direction, whereas faces (001) and (011) are parallel to this lon-
gest crystal dimension along direction [100]. From the SCXRD
analysis, along the (100) plane, the parallel displaced m-m
stacking is present and hence along the longitudinal direction,
facile through space charge transfer yields a high value of con-
ductivity. However, along the width or thickness either the
weak CH-N interaction or weak van der Waals interaction is
present, (Figure $10cd), which is ineffective for conductivity.

In conclusion, C5-PPB is an intriguing molecular system with
an interesting supramolecular architecture, which shows un-
usual compression-rate-dependent piezosensitive behavior.
The two different phenomena upon compressing the crystal
are, first, the kinetic transformation of the crystal into the
amorphous _phase upon rapid compression_and, second, the
thermodynamic transformation of the crystal into an isostruc-
tural phase upon slow compression. Such in-depth study on
the structural changes occurring in a piezoresponsive organic
molecule is rare. Reversible mechanochromism coupled with
conductivity in this piezosensitive molecule makes it a poten-
tial candidate for applications in smart devices. Proper integra-
tion of this molecule in devices could offer a range of possibili-
ties, which we are currently investigating in our lab.

CCDC 1871836, 1869429, 1869438, and 1894690 contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by The Cambridge Crystallographic
Data Centre.
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Flexible and transformable molecules, particularly those responding
to external stimuli, are needed for designing sensors and porous
compounds capable of storing or separating gases and liquids. Under
normal conditions the photochromic compound, 1,2-bis[2-methyl-5-
(pyridyl)-3thienyllcyclopentene (BTCP) forms a porous co-crystal with
1,4-diiodotetraflucrobenzene (dItFB). It traps acetone (Ac) molecules in
the pores. Owing to a unique system of pores in the polar framework,
the crystal is sensitive to the humidity in the air and to the chosen
liquid environment. When compressed in non-penetrating media,
the crystal displays a strong negative linear compressibility (NLC)
along [100].

The search for environmentally-friendly methods for storing
fuels'® and for removing pollution and waste”® drives the
current interest in various kinds of porous materials. Crystalline
compounds with well-defined pores and cages are especially
promising for these purposes. Although the field of porous
materials is dominated by microporous zeolites and metal-
organic frameworks (MOFs), molecular systems can be attractive
for several reasons.'®'’ Owing to the structural and chemical
variability generated by modular assembly, it is possible to change
the pore sizes and to fine-tune the shape and functionality of the
pores in materials free of metal ions. The inclusion of stimulus-
responsive molecules can result in unprecedented properties of
such porous molecular systems.

Interesting phenomena related to stimulus-responsive com-
pounds include interconversions between isomeric forms and
topochemical reactions triggered by light. The molecules of
such compounds are conformationally flexible and capable of
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undergoing low-energy reactions, involving breaking and forming
covalent bonds.

To investigate the high-pressure behaviour of this class of
materials we have chosen a bis-3-thienylcyclopentene derivative
of 1,2-bis[2'-methyl-5'-(pyrid-4"-yl}-thien-3 -yl ]perfluoro-cyclopentene
(BTCP)."*® When irradiated with ultraviolet light, this group of
compounds undergoes solid-state photocyclization, yielding a stable
isomeric form with a closed ring. Exposure to visible light results in
the ring-open form.®'® The reactivity of BTCP, as shown in Fig. 1
derivatives can be triggered in relatively large aggregates. Even single
crystals can undergo bulk conversions, involving reversible struc-
tural changes, such as pore opening.'® It is well-known that high
pressure often induces prominent changes in erystal structure,"**°
phase transitions,”**® sorption of solvent molecules®®* and
chemical reactions. Moreover, it was found that flexible mole-
cules assembled into aggregates or polymeric frameworks under
hydrostatic pressure can exhibit counterintuitive elastic properties,
including negative linear and area compression.****™*

Here we report the isothermal compression of a porous
molecular co-crystal solvate, hereafter abbreviated as BTCPs-
dItFB-Ac, of 1,2-bis[2’-methyl-5'-(pyrid-4”-yl)-thien-3'-yl]perfluoro-
cyclopentene with 1,4-diiodotetrafluorobenzene (dItFB) and
acetone (Ac).”® We have established that in the range of

(a) kg‘ |

35-41

Fig. 1 (a) The asymmetric unit of co-crystal BTCPs-dItFB-Ac and (b) the
structural formula of BTCP, dItFB as well as the guests described in our
work. In (a), the anisotropic thermal parameters are shown at the 50%
probability level and the disordered Ac molecule is shown in one of its
half-occupied sites only.

This journal is © The Royal Society of Chemistry 2020
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(a) 0.1 MPa

Fig. 2 The size and arrangement of voids (a) at ambient pressure and (b)
at 2.5 GPa. The voids are shown for a 1.2 A probe radius and grid spacing
0.2 A using the program Mercury.

0-2.5 GPa at room temperature this crystal exhibits pronounced
negative linear compressibility (NLC).

BTCP and dItFB co-crystallize from acetone under ambient
conditions, with acetone molecules trapped in guest-accessible
pockets (Fig. 2). We have established that the crystals lose part
of their solvent content when exposed to air, and that the
quality of such dried crystals can be recovered with a few drops
of water. This results in subsequent improvement of the X-ray
diffraction data, yielding higher resolution and a lower Ry,
parameter. The water molecules penetrate the pores of the
BTCPs-dItFB-Ac crystal, causing some elongation along [001]
(Table 1). The unit cell volume of the partially hydrated
co-crystals increases by 10.8(7) A®, ie., 2.7 A* per asymmetric
unit. This H,O adsorption is associated with anisotropic strain

View Article Online

ChemComm

of the crystal: parameters b and ¢ elongate by about 0.07 A and
0.015 A, respectively, while parameter a shortens by —0.02 A
(Table 1). However, no water molecules could be located in the
crystal structure of the crystals exposed to moisture, which
suggests non-stoichiometric sorption of H,O into disordered
positions in the pores. Although the uptake of water in mole-
cular crystals and MOFs usually increases the volume, it has
been shown that adsorption of water can also result in a
significant reduction of volume.*”™°

A single crystal of BTCPs-dItFB-Ac, which had been stored in
a dry environment, was compressed in glycerol. Although
disordered H,0 molecules could not be located up to 1.95 GPa,
it was possible to model one water molecule per asymmetric unit
at 2.5 GPa. This suggests that their ordering takes place at higher
pressure. Karl Fischer titration of the glycerol confirmed the
presence of somewhat less that 2% (wt) of water, which could
be the origin of the water molecules located in the pores of the
compressed sample. Single-crystal X-ray diffraction data were
recorded at pressures of 0.4, 0.7, 1.09, 1.59, 1.95 and 2.5 GPa.
High-pressure experiments were carried out in a Merrill-Bassett
diamond-anvil cell (DAC), modified by mounting the diamond
anvils directly on steel supports with conical windows.*® The DAC
was centred using the gasket shadowing method.* Starting from
the ambient-pressure model, the high-pressure crystal structures
were refined using the least-squares method of SHELXL.” The
pressure in the DAC was calibrated by the ruby fluorescence
method, using a Photon Control spectrometer with enhanced
resolution, affording an accuracy of 0.02 GPa.””" X-Ray data were
measured on a four-circle Oxford-Diffraction Xcalibur diffracto-
meter equipped with an EOS-CCD detector. Due to the strongly
disordered acetone molecule in all high-pressure measurements,
the SQUEEZE algorithm of PLATON was applied.”® The crystallo-
graphic data and experimental details are summarized in Table 1
and Table S4 (ESIt) and have been deposited in CIF format at the
Cambridge Structural Database with numbers CCDC 1886608
1886615.7

Isothermal compression of a single crystal of BTCPs-dItFB-
Ac immersed in glycerol induces negative linear compressibility
(NLC) along [100], i.e., perpendicular to the pore channels. The
NLC of the co-crystal along this direction is unprecedented
in magnitude for an organic molecular crystal, reaching
—30 TPa ™' between 0.1 MPa and 0.4 GPa (c¢f Table S1 in the
ESIT).*® The crystal compressibility is clearly nonlinear (Fig. 3)
and the NLC magnitude gradually reduces to —15.54 TPa™*

Table 1 Selected crystallographic data of co-crystal BTCP-dItFB-Ac (cf. Table S4 in ESI for details)

Pressure [GPa) 0.0001 0.0001 0.40 0.70 1.09 1.59 1.95 2.50
Environment Air Water Glycerol Glycerol Glycerol Glycerol Glycerol Glycerol
Space group Prna2, Pna2, Pna2, Pna2, Prna2, Pna2, Pna2, Pna2,
a(A) 17.2716(8) 17.2451(6) 17.475(9) 17.449(4) 17.559(5) 17.604(14) 17.564(10) 17.606(4)
b (A) 27.171(3) 27.2415(16) 26.52(5) 26.511(15) 26.315(16) 25.83(6) 25.64(5) 25.580(17)
¢ (A) 7.9406(7) 7.9554(3) 7.662(7) 7.536(11) 7.259(8) 7.13(4) 7.07(3) 6.944(9)
V(A% 3726.5(6) 3737.3(3) 3551(8) 3486(5) 3354(4) 3240(20) 3185(15) 3127(5)
zZ/z' 41 4/1 4/1 4/1 4/1 411 4/1 4/1

Dy (g cm,3], 1.803% 1.808* 1.903* 1.938* 2.014* 2.085* 2.121* 2.161*

*D, - the initial stoichiometry BTCP-dItFB-Ac without water content was assumed for the density calculations.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Compression of co-crystal BTCP-dItFB-Ac in glycerol plotted rela-
tive to the 0.1 MPa dimensions. The error bars are smaller than the plotted
symbols. The inset shows a graphical representation of the compressibility
tensor calculated between the 0.1 MPa and 0.7 GPa (cf. Fig. S3 and
Table S3 in ESI).%

between 0.1 MPa and 0.7 GPa, Table S1 (ESIf). The NLC in
molecular crystals originates from anisotropic structural
features. For the BTCP cocrystal the NLC can be rationalized
using the wine-rack mechanism, as the NLC effect occurs along
the elongation direction of the cross-section of the pores
(compare Fig. 2 and 3). The compression also involves changes
in the conformation of molecules, and in their arrangement.
The initial compression up to 0.4 GPa affects the BTCP
conformation. The perfluorocyclopentene and heterocyclic aro-
matic rings of BTCP approximate the shape of an isosceles
triangle. The rings are flat and of well-known regular geometry.
However, owing to the single bonds that join them, the mole-
cule is flexible. As the pressure increases, the molecule
becomes elongated. We have established that the molecular
shape of BTCP is most affected by pressure up to 0.4 GPa, when
the distance between terminal pyridine rings elongates by 1.7%

-
d & 2
7
.

0.40 GPa

Fig. 4 The two molecules of BTCP from 0.40 GPa and 2.5 GPa super-
imposed on the perfluorocyclopentene ring.
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(compared to 2.4% at 2.50 GPa). This elongation coincides with
the NLC effect along [100]. The pressure effect on the intra-
molecular distance between two reactive carbon atoms in the
thienyl groups is unfavourable for closing the ring.’” Only in
the initial pressure range does this distance decrease insignifi-
cantly, but at 2.5 GPa it elongates considerably (Fig. 4).

In summary, we have investigated a porous and polar
co-crystal solvate BTCP-dItFB-Ac. At ambient conditions, it
absorbs or releases water depending on the surrounding
moisture. Under pressure, the crystal displays strongly aniso-
tropic compression coupled to the conformation of BTCP
molecules. To our knowledge,** the negative linear compressi-
bility of over —30 TPa~"' is the strongest ever reported for an
organic molecular crystal; similarly, we have observed that
BTCP-dItFB-Ac displays an impressive positive linear compres-
sion of about 90 TPa™", corresponding to the reduction by 12%
at 2.5 GPa of the ¢ unit cell parameter.
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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-thienyleyclopentenes (btcps) capable of topochemical photo-
cyclisation to form stable closed-ring isomers.'”'® Btep 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(NO;), and 1,2-bis[2-methyl-5-(4-pyridyl )-3-thienyl|-per-
fluorocyclopentene (m-bicp) 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,o0ba). 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-
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,

29-31
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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,O (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
240

mebtep

2Z0(NO), 6H,0

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

Y b TN f -
i‘ ',:(Y_#:‘ e ~'i: ! :Yﬁ: ’l-.'ji_
S )

4

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).

This journal is © The Royal Society of Chemistry 2021
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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 @) is the least compressed/strained.*®

In non-penetrating media DMOF is most compressed along
¢ with g, = —1/c-dc/dp = 24(5) TPa~ ', while negative linear com-
pression (NLC) occurs along b (Fig. 2, 3 and Table S1f). 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 ¢), the pores do not
collapse. It is also important to note that the compressibilities
along both b and c 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 ¢ are reversed compared to the compressi-
bilities along these directions in non-penetrating PTMs
(Fig. 2). The mechanochemical strain along b becomes positive
(s = 27(6) TPa™"), while that along ¢ is negative (f, = —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

Dalton Trans., 2021, 50,17478-17481 | 17479
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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 15 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, P2,2,2, P2,2,2, P2,2,2, 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)
V(A% 5146.45(19) 5059(16) 4893(7) 4675(14) 5240(5) 5202(8) 5205(10) 5181(8)
D (g cm_z) 1.162 1.182 1.222 1.279 1.141 1.149 1.149 1.154

zZlz 4n 4/1 411 4/1 41 41 41 4/1

“ D, - the initial stoichiometry C35H,4FsN,0,5,Zn-C;HgNO was assumed and no water content was considered for the density calculations.

Unit cell parameters (A)

L L L

6 s L s
00 02 04 06 08 1.0 12 14 16

Pressure (GPa)
5300 .
‘ @ McOH, EtOH, H,0
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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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Self-healing ferroelastic metal—organic framework
sensing guests, pressure and chemical
environmentt

Aleksandra Pétrolniczak "= and Andrzej Katrusiak "2 *

Strong strain shuttering ferroelastic crystals that self-heal after releasing the strain have been revealed
for a new metal-organic framework [Cd(BDC)(AZPY)l, (BDC = terephthalic acid; AZPY = 4,4'-
azobispyridine), with the Cd(i) cation hepta-coordinated. It has been obtained in the form of single
crystals without and with guests, acetonitrile or DMF (dimethylformamide). This pleochroic porous
complex, hereafter referred to as AMUS3, is built of two interwoven frameworks with the planar AZPY
linkers (Czn symmetric) orientationally disordered on the Dy, sites. The disorder of AZPY linkers persists
down to 100 K at least, but it is eliminated by high pressure. The onset of AZPY ordering in the 0.2-0.9 GPa
range depends both on the guest and on the hydrostatic fluid. The mechanism of AMU3 ferroelasticity
involves the AZPY disordering in prototypic orthorhombic phase o of space-group Cmce. The AZPY
ordering reduces the symmetry of phase B to monoclinic subgroup P23/n. The shear strain in the bulk of
ferroelastic orientational-state domains is accommodated by the tilts and conformational changes of the
ordered AZPY linkers, while along the boundaries between domains the Cd—-N bonds break. On releasing

rsc.li/materials-advances

Introduction

Rational design and synthesis of functional metal-organic
frameworks (MOFs) requires a palette of accessories in the
form of chemical components of predictable features and
transitions in various thermodynamic conditions. The key
factors are the topological architectures of MOFs and a selection
of appropriate building blocks.* Usually, frameworks of desired
topologies can be obtained by selecting the size and valence of
cations, as well as geometrically defined building blocks of
organic linkers." Such materials are often thermally and
mechanically stable even after removing the guest
molecules.”™ These features are found in ligands commonly
used as organic building blocks, for example rigid benzene di-,
tri-, and tetra-carboxylates, and azolate-based ligands, as well as
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and thermal expansion analysis, framework topology scheme, survey on the
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effect, compressibility calculations, and detailed crystallographic data; supple-
mentary movie: self-healing of AMU3 (mp4); CCDC 2046185-2046192, 2046198
2046205, 2046207-2046212, 2046216-2046220 and 2046409. For ESI and crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/d1ma00111f
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the pressure the Cd-N bonds are restored and the signs of the cracks disappear.

their derivatives. Also flexible molecules, such as 4,4'-
azo(bis)pyridine (AZPY, Fig. 1), are known for effective bridging
coordination capabilities.">** The AZPY linkers often exhibit
disorder, most often in two positions due to the strong conjunction
of the alternative n-electron bonds across the molecule and the
flat pyridyl moieties.’*'* In azopyridine there are two types of
coordination sites involving the nitrogen atoms: those in
pyridyl moieties and those in the azo bridge. The pyridyl ring
has been employed in a variety of coordination geometries.
Depending on the metal center, it is possible to construct a
wide range of compounds, such as multinuclear complexes
(in the forms of dimers, squares, and rectangles), molecular
frameworks (for instance brick-wall, herringbone, or wave-like
motifs), and coordination polymers. The coordination mode
involving the azo bridge is less common. A variety of MOFs
containing AZPY have been prepared and characterized.*™**
In such sorbent materials, the primary sites of gas adsorption
in the pores are very important. As a result of free basic centers
(‘azo’ nitrogens) in the AZPY molecule, these nitrogen atoms
can serve as the primary adsorbers. Moreover, the AZPY linkers
can undergo conformational changes, activated by light."®>*
Owing to their internal structure, MOFs are highly elastic
and pressure-sensitive.>*® These features can be further
increased by flexible linkers and large voids. Pressure is a
thermodynamic variable that affects the volume of crystals
more efficiently than it is done by temperature.*** Under

Mater. Adv,, 2021, 2, 4677-4684 | 4677
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Fig. 1 The double Cd(i) centre coordinated by AZPY and BDC linkers in AMU3
under normal conditions, including both sites of disordered AZPY linkers. In the
first inset, several single-crystal AMU3 samples are aligned parallel and
perpendicular to the polarized light, then rotated by 90° for the second inset.
high pressure all (one-phase) materials contract in volume.**3*
This compression can be isotropic or anisotropic. The compression
of most materials is positive in all directions; however occasionally
the negative linear compression®*>° and negative area**™*
compression are observed. Anomalous compression can be
caused by an uptake of guest*>**™*® or its release,’*" as well
as solid-state phase transitions®>** and chemical reactions.** "
The most typical pressure-induced changes affect the voids,
which are most relevant to sorption and elastic properties of
MOFs. Many crystals undergoing phase transitions induced by
hydrostatic pressure, or when subjected to none uniform stress,
fracture and even break into pieces, which disqualifies their
application or significantly limits the scope and time of their
performance. There are also materials capable of self-healing
their fractures,®*® which is particularly needed in the active
sensor parts.®*"*®

Here we report a new MOF, Cd(BDC)(AZPY), abbreviated as
AMUS3, synthesized of 4,4’-azopyridine and terephthalic acid
(1,4-benzenedicarboxylic acid = BDC) with Cd(NO;),-4H,0, and
solvent guest molecules. We have performed the pore activation
process of AMU3-DMF (DMF = dimethylformamide) leading to
guest-free AMU3 that when soaked with acetonitrile (MeCN)
yielded AMU3-MeCN. We found that all these compounds are
ferroelastic, and that their critical pressure and orientation-
states strongly depend on the exchangeable guests. The
exchange of guests provides a convenient method for
tuning the ferroelastic properties, required for the materials
used in chemo-mechanic transducers and various sensor
applications. Under pressure the AMU3 crystals become
fractured, but they exhibit a self-healing property in the
prototypic phase.

52,53
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Experimental

We have synthesized single-crystals of AMU3 by a slow-
diffusion technique. In this method the substrates are
dissolved in low- and high-density solvents and then placed
one above another in a test tube. The speed of diffusion can be
controlled by introducing an intermediate layer, usually of a
mixture of pure solvents (1:1 vol.). Then the test tube is tightly
closed. In this way, within 8 days orange elongated block AMU3
crystals are formed. After removing from the solvent, they are
stable in air. Detailed information about the synthesis is
presented in the ESL{

Pore activation

The applications for gas storage or gas-phase catalysis are
scalable with large internal surface areas. In some MOFs the
pores are blocked by molecules of solvents or other substances
used for synthesis. Some of the frameworks collapse during the
pore activation process, i.e. the removal of guest molecules.
The most effective and general strategies for removing guest
molecules are (i) conventional heating and exposure to vacuum;
(if) solvent exchange; (iii) supercritical CO, (scCO,) processing;
(iv) freeze-drying; and (v) chemical treatment.®”

For activating the pores in AMU3 we chose the methods of (ii)
solvent exchange and (iv) scCO, processing. The Cd(BDC)(AZPY):
DMF crystals have been immersed in chloroform and left for
3 days. The subsequent single-crystal diffraction measurements
detected no guest molecules in the pores. During the pore
activation, the quality of single-crystals decreased, which was
manifested by a lower resolution of the diffraction data and
broader reflections. After immersing the activated crystals in
acetonitrile, its molecules penetrated into the pores and
the quality of single-crystals improved. In the case of scCO,
processing, we have also obtained the guest-free structure, but
mainly in the form of fine powder, naturally appearing green in
the scattered light, which is the complement of deep orange
colour of the light transmitted through the crystals. A similar
change between the complementing deep-orange and green
shades occurs between high-quality single crystals and the
damaged samples (Fig. 2).

Non-ambient X-ray diffraction

We performed three series of high-pressure studies, each for the
AMUS3 crystal with different guest molecules in the pores and for
different pressure-transmitting media (PTM). AMU3-DMF was
compressed in a 16:3:1 (vol.) mixture of methanol : ethanol : water
(MEW) and in glycerin, assuring the hydrostatic conditions up to
10.5 GPa and ~3.5 GPa, respectively.®® We observed a monotonic
compression of AMU3-DMF up to 0.4 GPa, when a phase transition
changed the crystal symmetry from orthorhombic space group
Cmce to monoclinic space group P2,/n.

High-pressure experiments on AMU3 were performed in a
Merrill-Bassett diamond anvil cell (DAC),*® modified by mounting
the diamond anvils directly onto the steel supports with
conical windows. The pressure in the DAC was calibrated by the
ruby-fluorescence method with a photon control spectrometer,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase a
¥

0.05 mm

phase 3

|

Fig. 2 AMU3.DMF crystal compressed and decompressed in methanol:
ethanol: water mixture used as the hydrostatic medium. The green shade of
the sample in phase f is the light scattered on microfractures. The crystal axes
in phase « are [z] along the viewing direction; [yl horizontal and [x] vertical.

affording the accuracy of 0.03 GPa.”*”" The gaskets were made of a
0.3 mm thick tungsten foil with spark-eroded holes of 0.5 mm in
diameter. The X-ray diffraction data were measured on an Xcalibur
EOS-CCD diffractometer with Mo Ke radiation (2 = 0.71073 A). The
DAC was centered by the gasket-shadow method.”” The collected
data were preliminarily reduced with the CrysAlisPro suite, version
171.38.46.”> OLEX2 was used.” The structure was solved by direct
methods with SHELXS and least-squares refined with SHELXL.”>"®

The ambient-pressure structure was the starting model for
the refinements of low-temperature and high-pressure struc-
tures. In high-pressure experiments the DAC absorption correc-
tions and gasket shadowing were calculated by the program
REDSHABS.”””® The low-temperature data were measured for
the single-crystal mounted on a microloop on an Xcalibur EOS-
CCD diffractometer equipped with a gas-flow Oxford Cryo-
stream attachment between 100 and 297 K in 40 K steps. All
non-H atoms were refined with anisotropic thermal para-
meters. H atoms were located in the difference Fourier map
and from the molecular geometry. The final crystal data are
summarized in Table 1 (¢f Tables S7-510, ESIt).

Results and discussion

The AMU3 crystal is built of two interwoven frameworks
Cd(BDC)(AZPY), as illustrated in Fig. 3. In phase o the CdBDC

View Article Online
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Fig. 3 (@) One CdBDC sheet, with added N-atoms of AZPY linkers, extending
along crystal plane (100); and (b) autostereogram of two interwoven frame-
works, one coloured green, with AZPY linkers penetrating through the holes of
two CdBDC sheets of another framework shown in yellow (Cd), grey (C), red
(O) and blue (N). The DMF molecules and H atoms are skipped for clarity.

sheets are perfectly planar, as they are located on mirror planes
perpendicular to the crystal [100] direction. In these sheets
there are large holes inside the rings of four BDC anions
coordinating Cd cations. The Cd cations are present in
double-core tandem arrangement coordinated by four BDC
anions, all within the planar sheet. On both sides of the CdABDC
sheets, each Cd cation forms two other coordination bonds to
AZPY molecules aligned parallel to direction [100]. Each CdBDC
sheet is connected with next CdBDC sheets by the AZPY linkers,
which on both sides penetrate through the rings of the closest
CdBDC sheets belonging to the other framework.

Lattice strain

At ambient pressure the lattice of interwoven Cd(BDC)(AZPY)
frameworks is orthorhombic, because the disordered AZPY
molecules in the planar conformation are perpendicular to
the CdBDC sheets (Fig. 3 and Fig. S5, ESIf). The disordered
AZPY molecules acquire the average D,;, symmetry, which is
higher compared to the C,;, symmetry of the ordered molecule

Table 1 Selected crystallographic data of AMU3 phases « and p compressed in methanol : ethanol : water (MEW, 16 : 3: 1 vol.) mixture and glycerin (Gly)

Phase o o o B [§] B o B o B
PTM: None None MEW MEW MEW MEW Gly Gly MEW MEW
Guest: DMF MeCN DMF DMF DMF DMF DMF DMF MeCN MeCN
Pressure (GPa] 0.0001 0.0001 0.3 0.8 1.27 3.66 0.4 1.12 0.6 0.8
Space group Cmce Cmce Cmce P24/n P24/n P2,/n Cmce P2,/n Cmce P2;/n
Unit-cell: a(A) 13.7238(4) 13.6976(4) 13.643(3) 12.162(3) 11.996(4) 11.362(6) 13.729(2) 12.241(12) 13.6195(11) 12.372(3)
b(A) 20.7039(6) 20.7250(7) 20.739(3) 13.928(18) 13.77(3) 13.31(3) 20.856(4) 13.970(11) 20.7923(17) 14.15(3)
c(A) 14.7091(4) 14.6495(5) 14.20(2) 12.574(3) 12.629(4) 13.269(8) 14.403(2) 12.627(11) 14.241(15) 12.433(4)
B() 90 90 90 113.67(3)  113.84(4) 115.07(7) 90 113.67(9) 90 113.58(3)
Vv (A 4179.4(2) 4158.7(2) 4019(6)  1951(3)  1908(5)  1818(5)  4124.0(12) 1978(3)  4033(4) 1995(4)
Z|Z' 8/0.5 8/0.5 8/0.5 4/1 4/1 4/1 8/0.5 4/1 8/0.5 41

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in the planar conformation. The ordered AZPY molecules in
their energetically optimized conformation are skew, as the
diazo-bridge shifts the axes of the pyridyls aside by 2.8 A, which
would induce a shear displacement of the sheets along the
crystal axis y, (index ‘o’ indicates the orthorhombic phase o).
No such ferroelastic strain and no ordering of the AZPY linkers
was observed on cooling the crystals down to 100 K. At such low
temperatures the dynamic disorder of either the diazo-bridge or
all of the AZPY molecule is highly unlikely. The dynamic
disorder of the azo-bridge would imply either quick rotations
of all AZPY molecules (their conformation fixed planar) along
their longest axis or a pedal-like movement of the pyridyls,
which would require overcoming the potential-energy barrier
between favoured planar conformations. Thus it is plausible
that in the AMU3 phase o the static disorder of the AZPY linkers
is present not only at low temperatures but also above room
temperature. Therefore we have studied the AMU3 crystals
under high hydrostatic pressure, which eliminates the disorder
primarily through the volume reduction, and not through the
temperature-controlled energy of vibrations. Indeed, at high
pressure an onset of ordering of AZPY molecules induces the
phase transition to monoclinic phase p. The phase transition
occurs at the critical pressure (p.), which depends on the guest
molecules and hydrostatic medium (Fig. 4).

Our X-ray diffraction structural determinations show that at
D the AZPY linkers become ordered and their conformation
changes from planar to twisted - the inclination of the pyridine
rings increases with pressure: at 1 GPa they are inclined by
2.02° (between the average planes of pyridine rings C2' C3' C4'
C5' C6' N1’ N2’ and C2” C3" C4” C5” C6" N1” N2”, as indicated
in Fig. 5) and at 3.66 GPa this inclination increases to 30.76°
(Fig. 5). Thus the flexibility of the AZPY linkers is connected
with the ferroelastic properties of the AMU3 crystal. Its proto-
typic phase a is associated with the AZPY linkers disordered,

94 100 i ; 4 > . L 3 "
o i wg(
O o5 ]
R - @Q;\;@‘x
=2 @ . ?’;Q
9 9% .n‘ ‘.»’ M‘E
t&b 9l % AMU3 DMI o, U?’P -8
< i in MEW oy _e\-\(‘\
— 5 _-m:2 o\yC
- 00 04 08 12 16 20 24 2832 36 g0 - n e
% Py ;
£ i | p=0.8 GPa
- 91 [ ! : "
pc=0.4 GPa, ’5M Cﬂ_
L o7cee SNV
Ep(-*()ﬁ (J'l_’&_l._ -4 M
909 ----H-0 Q- - - g

00 02 04 06 08 10 12 14
Pressure (GPa)

Fig. 4 Monoclinic strain in AMU3-DMF and AMU3-MeCN as a function of
pressure. The inset extends the pressure range for AMU3-DMF compressed
in methanol : ethanol : water (MEW, 16:3:1 vol.) mixture.
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Fig. 5 The AZPY linker in Cd(BDC)(AZPY): (a) disordered in phase «; (b)
ordered and somewhat distorted from coplanarity in phase B (viewed
perpendicular and parallel to the pyridyl rings); and (c) ordered-twisted at
3.66 GPa.

7 Cd

(5’ inclination angle

while the shear strain of orientational states in phase P is
regulated by the tilts of ordered AZPY linkers and their
conformation.

The transition between phases o and f can be described by
the order parameter # connected with the ordering of the AZPY
molecules:

1= |SOF(Nj) — SOF(N})|,

where N denotes azo group N2’ = N2, and N is N2 = N2},
(subscript ‘A’ indicates the symmetry operation through the
mirror plane perpendicular to crystal direction [100]), SOF(N,)
and SOF(N;) are the site occupation factors of the disordered
azo groups (¢f Fig. 5 for atomic labels N2, N2" and their
disordered sites). In phase « the SOF values are equal to 0.5,
so the order parameter n = 0, and for phase p the ordered azo
groups give = 1.

The Bravais lattice C of phase @ is orthorhombic, but in
phase B it becomes monoclinic P, as illustrated in Fig. 6. For
describing the shear strain of the lattice we have chosen the y,
angle of the unit cell in phase o (subscript ‘o’ refers to
orthorhombic phase o, ‘m’ to monoclinic phase B). The unit-
cell vectors between phases o (do, bo, o) aNd B (@my Dm, Cm) are
transformed through matrices:

tn 05 =05 0 dy
b | =10 0 -1 by
Cm 0.5 0.5 0 Co
and
do 1 0 1 i
ho | =1 0 1 bm
€o 0 -1 0 Cm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0,05 GPa L
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phase 10.05 GPa  phase 4.0 GPa

5.0 GPa 23GPa

Fig. 6 (a) Lattice relations between the prototypic orthorhombic phase o
(green) and monoclinic orientational state (red) in ferroelastic crystal
AMUS3. (b) Orthorhombic (yellow) and monoclinic (purple) AMU3 structures
(measured at 0.1 MPa and 1.27 GPa, respectively), compared by overlaying
their ball-and-stick drawings. Indexes ‘0" and ‘m'’ refer to phases « and B,
respectively. (c) Photographs of a sample crystal with defects appearing in
the compressed B phase along planes (100), and (010)., and the cleavage
of the crystal along (010),, (cf. Movie S1, ESI).

Thus the monoclinic strain 5’ of phase p can be measured as
the distortion of angle y, from 90°

1" = £(ya — 90°),
where signs plus and minus correspond to two possible ferroe-
lastic orientational states, 7, =cos™!{(an> — cn?) /(a0 - bo)},
e bo = (au + e
2am ey €08 ﬁm)m. It is also possible to choose the order
parameter n” of this ferroelastic as a difference between the

primitive cell parameters: n” = £(a, — ¢n), or the relevant
diagonals of the C-lattice cell.

do = (A’ + tm® + 20mCm €08 i) and

Crystal damage and self-healing

The lattice strain described above results in the cleavage of the
crystal samples. The cleavage occurs at about 3 GPa, i.e. well
above the phase transition when the shear strain #’ increases to
about 5° (the inset in Fig. 4), and so the angle between
the cleaved planes becomes circa 10° (Fig. 2). It appears
that between 0.4 and 2.0 GPa (for the AMU3-DMF sample
compressed in methanol:ethanol:water) the shear strain is
partly accommodated by the elasticity of the crystal, and also
by micro fractures, which produces a greenish tint of the
scattered light (Fig. 2), or as plane defects clearly visible as
thin lines in Movie S1 (see the ESIT). It is apparent from the
pleochroic colours that the domain walls are formed along
crystal planes (010), and/or (100),. The directions of defects can
be easily identified according to the pleochroic colours
(¢f Movie S1, ESIt). These domain walls along (010), and
(100), are present in the sample shown in Fig. 6¢. The orientation
of the domain walls illustrate the monoclinic strain building up in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the sample crystal and that it breaks just along one of the planes,
which is sufficient for releasing the strain. Movie S1 (ESIT) shows
that the large fractures formed above 3.0 GPa almost completely
disappear for reiterated cycles of increased and decreased pres-
sure. Such a self-healing property is sought for its practical
applications.®>”®" The structural mechanism revealed for the
AMU3 crystals, and in particular the rotations and tilts of the
linkers as well as their conformational distortions, can be used for
designing new self-healing materials.

Strain-structure coupling

As described above, the n’ strain originates from the AZPY
linkers and their N-Cd coordination bonds. The tilts of the
AZPY molecules are consistent in shifting the CdBDC sheets
along axis b,. The order and disorder of the AZPY linkers in
phases o and B have some effects on their sorption properties.
The shear strain folds the framework and in this way the voids
are reduced in volume (Fig. 7). The disordered AZPY linkers
occupy more space, so the disorder elimination in phase p
increases the space available for guests, but at still higher
pressure the shear strain is to some extent limited by the
framework stiffness. After the disorder elimination a further
volume reduction of the voids is achieved through the con-
formational twisting of the AZPY molecules. We have found
that these transformations depend on the guest and are
sensitive to the crystal environment. The guests clearly affect
the unit-cell dimensions and their compression, as shown in
Fig. S3 in the ESL{ The disorder persists even at the liquid-
nitrogen temperature, whereas it is efficiently eliminated at a
fraction of one GPa. Thus the AZPY linkers can be used for
designing the elastic properties of MOF crystals, and making

® AMU3-DMF in MEW
SO S | A AMU3MeCN in MEW

‘W AMU3-DMF in glycerin

510 F

Formula-unit volume (A3
5 & % g8 8

&

4‘75 a...l....i;;;.l..i..i....l. il
00 02 04 06 08 10 12 14

Pressure (GPa)

Fig. 7 Formula-unit volume for AMU3-DMF compressed in methanol:
ethanol : water 16: 3: 1 mixture (MEW, red circles), AMU3-MeCN (acetoni-
trile) in MEW (blue triangles), and with DMF as a guest molecule com-
pressed in glycerin (green squares). The ESDs are smaller than the plotted
symbols.
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them sensitive to chemical and mechanical stimuli, which can
change their sorption and breathing properties. Fig. S6 (ESIT)
shows that a considerable number of crystals containing AZPY
molecules is disordered. It indicates that the pressure-induced
transformations analogous to those in AMU3 may concern also
other compounds.

1t should be noted that the AMU3 crystals strongly change
their volume under pressure and that this effect depends both
on the guest molecules and on the PTM (Fig. 7 and Tables S1-
$6, ESIT). The compression of phase a-AMU3-DMF compressed
in MEW is over three times stronger compared to that of
2-AMU3 -DMF compressed in glycerin. Surprisingly, the largest
volume change is observed for AMU3-DMF compressed in
MEW, which in principle should allow the water and methanol
molecules to penetrate easily into the pores, while the compression
of AMU3-DMF in glycerin is least responsive to pressure. We have
connected the observed compressibility differences with large voids
in the AMU3 structure, and with the ability of the crystals to extrude
the DMF molecules. This extrusion requires the presence of the
MEW mixture, possibly because of the substitution of the DMF
guests with much smaller water and methanol molecules from the
crystal environment. Such an exchange is not possible for signifi-
cantly more viscous glycerin liquid and with molecules much larger
than the MEW components. The strong compression of o-AMU3-
DMF is most likely caused by the altered contents of the voids. This
reasoning is consistent with the transition pressure of o-AMU3-
DMF compressed in MEW being lower than that of «-AMU3-DMF
compressed in glycerin. The crystal with smaller guests or with
partly filled voids can be expected to transform to the § phase at a
lower pressure than that with the filled voids, and hence are better
supported from inside and less prone to collapse.** The volume
reduction of a-AMU3-MeCN compressed in MEW is intermediate
between those of o-AMU3-DMF compressed in glycerin and in
MEW, which strongly suggests that the contents of voids in
#-AMU3-DMF compressed in MEW is reduced. All these observa-
tions indicate that the large volume reduction of a-AMU3-DMF
compressed in MEW cannot be regarded as compressibility in the
physical sense, but that it is connected to the reduced composition
of the crystal.

Pleochroism of AMU3

Phase %-AMU3 has the structural property that all AZPY linkers
are aligned parallel in the crystal structure, and all BDC linkers
are perpendicular to this direction. Consequently, the optical
properties of AMU3 crystals are strongly anisotropic, which
leads to their strong pleochroism. The crystals are either
transparent or red, as shown in Fig. 1 and Fig. S8 (ESIt).
In phase B their perpendicular positions are off-set by a few
degrees only, and the strong pleochroism remains.

Conclusions

Pleochroic crystals of AMU3 display several features attractive
for sensor applications, as they are prone to the guest exchange,
but are hardly affected by temperature and only the pressure
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leads to the ferroelastic strain. The crystals exhibit self-healing
properties, which repair the damage induced by the phase
transition to the ferroelastic orientational states. This type of
damage disqualifies many ferroelastic materials from practical
applications. We have shown that the interplay of the frame-
work topology with the flexibility of linkers can lead to specific
types of structural transformations of MOFs. In AMU3 the rigid
sheets of Cd(n)-BDC contrast with the AZPY linkers disordered
in two orientations. The disorder is coupled to the lattice strain
and is sensitive to the guest types and to the crystal environ-
ment, which can be applied in chemo-mechanical transducers
in sensors. The survey of MOFs involving AZPY linkers reveals a
considerable number of similarly disordered structures (76 out
of 173), which can display analogous properties. Furthermore,
the number of disordered azopyridine linkers in any kind of
compound is similarly high: there are 466 structures with the
‘disorder’ descriptor in the CCDC version 2020.0, and some
properties of AMU3 can be applicable to those structures, too. These
numbers show that the possible disorder and conformational
properties of AZPY molecules can be considered when designing
the structures of MOFs aimed at specific properties and applications.
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ABSTRACT: Coordination polymers and metal—organic frameworks
can be modified by high pressure, according to its effects on the radii of
central and ligand atoms. The pressure reduces the ligands” radii, and the
coordination number is usually increased. Such transformations of the
coordination quite generally conform to the inverse rule of pressure and
temperature effects, although the temperature-induced transformations
are much less frequently observed. The two-dimensional coordination
polymer Cd(APP),NO,;NO; [APP = 1,4-bis(3-aminopropyl)-
piperazine] undergoes a pressure-induced isostructural phase transition
triggered by a topochemical reaction, yielding Cd(APP),(NOj3),. The

Ligancy 7

Ligancy 6

transition retains the symmetry of both phases, and their structures have
been determined by X-ray diffraction for the single crystals compressed in a diamond-anvil cell. The reaction increases the Cd
coordination, from 6-fold in phase I to 7-fold in phase II, where the new Cd—O bond involves an additional nitrate anion in the

Cd coordination sphere.

- AT
- I

High pressure has become an established highly efficient tool
for inducing strong structural transformations in various types
of chemical compounds.' ™ In their structures, the parameters
most susceptible to pressure are intermolecular contacts and
soft conformational rotations. Unsaturated compounds ex-
posed to the pressure exceeding 10 GPa often polymerize
randomly and yield amorphous phases, difficult for structural
characterization." ™ Therefore, invaluable are pressure-in-
duced reactions retaining the crystalline products,"*~** suitable
for determining the atomic positions by X-ray diffraction at
subsequent stages of the reaction. Such transformations of a
coordination polymer (CP)* ™% can also fine-tune its
properties and induce new functionalities, leading to their
practical applications.

It was shown recently that the postsynthetic modification
(PSM) of porous coordination polymers (PCPs)*® is an
efficient way for obtaining new modified materials. To date, the
PSM was performed in several ways, but the categories of
pressure-enforced and mechanochemical modifications belong
to the most efficient methods. Two types of pressure-induced
PSMs can be distinguished: ligand-exchange and bond-
rearrangement reactions. This transformation often involves
the breaking>~** and formation'?>***7>*2%3%3% of new bonds
with metallic centers. Such nonoxidative and oxidative
reactions usually change the coordination number, and in
some cases, coordination complexes polymerize into
CPs."*'>'” However, no systematic analysis generalizing
these pressure effects has been performed.

Presently, we report a pressure-controlled reaction of a CP,
where NO; anions “detached” in the voids at 0.1 MPa, above

v ACS Pub“caﬁons © 2018 American Chemical Society
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0.4 GPa forms a coordination bond to the Cd cation. As a
result, the coordination number of this CP is increased. To our
knowledge, this is the first pressure-induced topochemical
reaction of a CP, where the metal cation becomes coordinated
by an NO;~ anion unbonded in nearby voids at ambient
conditions. This unprecedented pressure-catalyzed associative
reaction has been rationalized by the compression of ionic radii
of ligands coordinating Cd** and those in its vicinity.

B RESULTS AND DISCUSSION
At 0.4 GPa, complex Cd(APP),NO;-NO,; [APP = 1,4-bis(3-

aminopropyl)piperazine] undergoes an associative reaction,
leading to the product Cd(APP),(NO;),, as shown in Scheme
1. In this reaction, a new coordination bond is formed and the
coordination number increases from 6 to 7. This reaction
proceeds around the central cation, while the strain in its more
distant crystalline environment is absorbed by flexible APP
linkers and their displacements. Therefore, this reaction can be
classified as a solid-state phase transition, as described below.

Crystal Strain. At ambient conditions, the crystal of
hydrated Cd(APP),NO;NO; is built of polymeric sheets
extending along the crystal plane (102), separated by water
molecules (Figures 1 and S1). In this two-dimensional
polymer, cation Cd** is 6-fold-coordinated by four amine N
atoms of four APP molecules and two O atoms of one nitrate
group. The voids between the APP struts accommodate
another NO;™ anion and two water molecules per formula
unit. The structure and properties of the Cd(APP),NO;-NO;
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Scheme 1. Solid—Solid Reaction of Cd(APP),NO,°NO; at
0.4 GPa, Leading to 7-Fold-Coordinated Cd** in
Cd(APP),(NO;),

P 0
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i

J‘ nitrate gruupfl- bent APP bcnt extended APP @ Cd** cataion

Figure 1. (Left) Cation Cd** 6-fold-coordinated by four APP
molecules and one bidentate nitrate anion in Cd(APP),NO,NO;.
(Right) 7-Fold coordination in Cd(APP),(NO;), after the reaction.
Schemes of the corresponding polymeric layers are shown in the
bottom; note two APP conformers. E-bent and bent-extended,
discriminated in the legend (cf. Figure $3).

crystal strongly depend on the conformation of amine APP
struts. The shapes of two independent APP linkers are very
similar in their central parts. This central part consists of a
piperazine ring, which is relatively rigid in the chair
conformation. However, the flexible N-substituted equatorial
3-aminopropyl chains can be considerably bent or extended.

The typical structural effects of compression, i.e., shortened
intermolecular contacts, reduced voids, and distorted soft
conformational parameters, proceed monotonically in Cd-
(APP),NO;-NO;-2H,0 at 0.2 GPa. At 0.4 GPa, a strong
discontinuous anomaly in the crystal compression (Figure 2)
marks a first-order transition from the low-pressure phase I to
the high-pressure phase IL
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At this transition, the unit-cell parameter a lengthens by ca.
4%, the parameter b shrinks by ca. 6%, and the crystal volume
is reduced by 4%, while the space-group symmetry P2,/c
remains preserved, consistent with the isostructural type of
phase transition. The strong strain caused by the transition in
the crystal sample resulted in its fragmentation into the
coexisting portions of the Cd(APP),NO;NO,; and Cd-
(APP),(NO;), phases. Their superimposed diffraction pat-
terns in the recorded images were manifested as split
reflections (see the insets in Figure 2). The split reflections
occurred because of the strong strain between phases I and II,
although their space-group symmetry remained unchanged.
Because of the hysteresis of the transformation, both phases I
and II (Table 1) coexisted at 0.4 GPa, and the unit-cell
dimensions and structural model obtained at this pressure
point are the averages of both contributing compounds
Cd(APP),NO,;'NO; and Cd(APP),(NO;),, but not an
intermediate stage of the reaction. In some of our experiments,
particularly on small crystals, they became fully monocrystal-
line again after the phase transition above 0.5 GPa. Similar
single-crystal-to-single-crystal isostructural transitions were
previously observed also for other compounds.”®*® However,
some larger samples of CA(APP),NO;NO; above the
transition broke into several smaller pieces of phase II, albeit
with a very strong preferential orientation maintained during
the compression, which allowed structural studies using the
single-crystal diffraction technique. We have also observed
visually that new elongated very thin crystals grew on the
surface of the sample in phase II (cf. the Experimental
Section); however, their diffraction could not be detected in
the recorded images.

High-Pressure Association. At ambient pressure, the Cd-
coordinated octahedron is distorted, mainly because of one
bidentate nitrate ligand N10; (Figure 1). Consequently, the
corresponding edge O1—02 of the octahedron is significantly
shorter, of 2.159 A, than others, between 3.238 A (03—N8)
and 4.103 A (N1-O1). The nitrate ligand can be either
symmetrically bidentate, asymmetrically bidentate, or un-
identate.’”*® Cd cations display a strong preference for the
symmetric bidentate coordination by the nitrate ligands, which
is mamfested in the exceptionally high stability of such
complexes.”

In this context, the associative reaction induced by pressure
in Cd(APP),NO;NO; is quite surprising (Figures 3 and S3).
When hydrostatic pressure reaches 0.4 GPa, the structure
collapses because the associative reaction increases the 6-fold
Cd** coordination in phase I to the 7-fold coordination in
phase II (Scheme 1). The new Cd—O4 bond is formed when
nitrate N20;" is pushed closer to Ccl2+ Thus, at the transition
point, the compressibility increases,*® and the crystal abruptly
transforms into the more dense phase II.

The activation process of this association reaction requires
that the associating group (N2O,;”) be located near the
metallic center. At ambient pressure, the anion N20,™ lies in
the vicinity of the octahedrally coordinated Cd" cation. With
increased pressure, the Cd--O4 distance reduces from 3.884 A
at 0.1 MPa to 3.849 A at 0.25 GPa (Figure 3a). At 0.4 GPa,
this distance abruptly shortens to about 2.70 A in phase II,
which clearly marks the formation of the new coordination
bond, Cd—0Q4. This associative reaction is accompanied by a
lengthening of the bond Cd—02, from 2.639 to 2.855 A, and a
somewhat smaller lengthening of Cd—01, from 2.504 to 2.612
A. Of all four Cd—N coordination bonds, only one, Cd—N1,
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Figure 2. Relative changes of the unit-cell dimensions of crystal Cd(APP),NO;'NO;: (left) cooled at 0.1 MPa; (right) compressed in isopropyl
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Table 1. Selected Crystallographic Data of Dihydrates Cd(APP),NO;"NO; and Cd(APP),(NO;),”

phase 1 phase /11 phase 11
00001 GPa 00001 GPa 020(3) GPa 0.40(3) GPa  0.70(3) GPa  0.90(3) GPa  120(3) GPa  1.50(3) GPa  2.00(3) GPa

temperature (K) 100 298 298 298 298 298 298 298 298
space group P2,/c P2 /c P2 /c P2)/c P2 /c P2 /c P2,/c P2 /c P2,/c
unit-cell parameters

a (A) 184776(15)  18.5224(1)  18.500(9) 19.130(2) 18.8771(14)  18.8295(6) 187012(11)  18.6563(9) 18.4820(11)

b (A) 12.3500(10) 12.4128(9) 12.3460(9) 11.987(4) 11.6650(17) 11.6345(9) 11.5450(15) 11.5005(12) 11.3833(12)

< (A) 13.3403(11)  134718(8)  134265(2)  13.126(6) 13.032(3) 13.0109(15)  12.951(3) 12.919(2) 12.815(3)

B (deg) 95.072(9) 95.580(6) 95.356(11) 95.263(19)  94.664(11) 94.543(5) 94.148(10) 94.078(7) 93.572(10)
volume (A%) 3032.3(4) 3082.7(4) 3053.3(16)  2997.1(17)  2860.2(9) 2841.4(4) 2788.8(7) 2764.8(6) 2690.8(7)
Z/z' 4/1 4/1 4/1 4/1 4/1 4/1 4/1 4/1 4/1
D, (g cm™) 1474 1.450 1464 1.492 1.563 1.574 1.603 1.617 1.662

“D, is calculated for the empirical formula C,gHs,CdN,,O5 (M, = 673.11), excluding the guest molecules (cf. Tables S4 and S5).

lengthens by ca. 0.1 A. All coordination bonds hardly change in
length at 0.20 GPa in phase L

Our survey in the Cambridge Structural Database (Nov
2017 release)4l shows that the distributions of the Cd—O/N
distances in 6- and 7-fold-coordinated complexes with N and
O donors are similar. In these complexes, the average Cd—N/
O bond length is 2.4 A and the longest bonds are 2.8—2.9 A
(Figure $8). According to these data, the associative reaction at
0.4 GPa increases the coordination number from 6 to 7. The
changes of the APP conformations from 0.1 MPa to 2 GPa and
of the lengths of the Cd—N and Cd—O bonds within phases I
and II are very small (Figure S2 in SI), which testifies that the
associative reaction is the main driving force of the
transformation at 0.4 GPa.

The work contribution of the crystal compression f pdVito
0.4 GPa, when the reaction is triggered, is 1.9 kJ mol™" (Figure
2), and the work performed at 0.4 GPa pAV is 7.4 kJ mol™".
The summed energy of 9.3 k] mol™ is about 20 times smaller
than the energy of Cd*—N/O bonds;* however, it does not
include the entropy and chemical potential contributions or
the significant energy changes of elongated Cd—N/O bonds.*
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Compressed-Coordination Effects. The changes in
coordination in compressed Cd(APP),NO;NO; can be
connected with a significant distortion of the CdN,O,
octahedron. Because of the bidentate bonds of nitrate N10;,
the coordination octahedron O1--O2 edge is significantly
shorter than the other edges NN and N--O involving
monodentate APP ligands (Figure 3). This significantly
distorts the Cd-coordination sphere and opens a gap between
O1 and NI: angle O1-Cd—N1 is close to 120° at ambient
conditions, compared to O1-Cd—O2 of less than S0°(cf.
Figure S5). At 0.4 GPa, atom O4 of nitrate N20; is pushed
into the gap between Ol and NI1. This pressure-induced
reaction can be rationalized in terms of the reduced radii of
ligand atoms. Goldschmidt and Pauling’s radius—ratio rule
connects the coordination number with the radii of the ligands
tightly arranged around the cation. It can be expected than the
anionic and atomic radii are more affected by the pressure than
the small cation at the center. In principle, the valence
electrons in anions interact weaker with the nucleus, and they
easier adjust to their environment than the outer electrons in
the cations. This reasoning is consistent with our present result

DOI: 10.1021/acs.inorgchem.8b00913
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Figure 3. (a) Distances Cd—ligand. The insets show the coordination
polyhedra in phases I (0.2 GPa) and II (2.0 GPa). The lines are for
guiding the eye only. (b) Idealized coordination polyhedra and
lengths of their edges in phases I (0.2 GPa) and II (0.75 GPa) (<f.
their pressure dependences plotted in Figures $4—57).

that high pressure increases the coordination number in
Cd(APP),NO;NO,;. The compressed anionic radii result in
increased Ry;g,na/ Reygion ratios, consistent with the radius—ratio
rule, and the number of ligands increases. Also, this reaction
affects the electronic configuration of the cation, which is the
response for its decreasing repulsion with ligands (Figure
3)‘ 2,44—46

In the literature, there is a number of structural reports on
the pressure-induced changes of the coordination of metal
cations. We have established that for most of these
transformations the increasing pressure either increases the
number of ligands or causes their exchange. The trans-
formation of Cd(APP),NO;-NO; conforms to this rule that
high pressure increases the coordination number. The
literature and our results have been compiled and are
illustrated in Figure 4.

For example, Cai et al.** showed that in [Zn(L),(OH),],-
Guest [where L is 4-(1H-naphtho[2,3-d]imidazol-1-yl)-
benzoate and Guest is water or methanol (MeOH)] in
pressure-induced phase II the tetrahedral coordination ZnO;N
changes to the 5-fold-coordinated ZnO,N; Andrzejewski and
Katrusiak'” observed, along with the piezochromic phase
transition in CoCl,bpp, that the tetrahedral coordination
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Figure 4. Coordination-number changes in CPs, MOFs, and
complexes from the low-to-high-pressure structures indicated by
arrows (see the text). The asterisk marks a rearrangement without the
coordination-number change, and the dotted lines indicate that the
coordination number decreases when the pressure increases.

CoCLN; increases to the octahedral coordination CoCINs;
Lanza et al.”® reported in [Co;(OH),btca,] a transformation
from S-fold to octahedral coordination, involving a nucleo-
philic addition of MeOH/N,N-dimethylformamide (DMF)
molecules to the Co?* center; McKellar et al.*’ described a
similar process that under hydrostatic pressure Cu-based
metal—organic framework (MOF) STAM-1 (St. Andrews
MOF-1) exchanges a water ligand at the axial metal site with
MeOH and acetonitrile (MeCN); Spencer et al.”* showed a
rearrangement of bonds in the coordination sphere of
[tmenH,][Er(HCOO),],; Allan et al.'* described a unique
polymerization within [PdCL([9]aneS;)] ([9]aneS; = 1,4,7-
trithiacyclononane), transforming a square-planar coordination
to an octahedral coordination; Gould et al.'” by compressing
[Cu(r-Asp)(H,0),] (Asp = aspartate) increased the 5-fold
coordination of Cu®* to 6-fold coordination. Pressure-induced
conversions of long contacts into primary bonds were observed
also in the perovskite CsHgCl, (the octahedral coordination of
Hg" becomes nearly ideal)*® and in CsGeBr,.*” A pressure-
induced solid-state reaction was observed in Cs,[PdX,] ‘I, (X
= Cl, Br, or I): the redox reaction converts Cs,[Pd*'1,]'I, to
Cs,[Pd*14] at 2.5 GPa." A closely related reaction Au' + Au™
= 2Au" of 0.52 GPa in CsAu'Au"'Cl,, containing the chains of
alternating square-planar [AuCl,]” and linear [AuCl,]" anions,
transforms all of the 4-fold-coordinated Au' to octahedrally
coordinated Au"*! Tidey et al.* reported for B-[PdCL([9]-
ane$,0)] the 4-to-5-fold coordination change, coupled with
the dimeric complex formation. Bujak and Angel®® postulated
that above 1 GPa half of the Sb atoms in [Me,NHMe,NH;]-
[SbCl;] become 6-fold-coordinated and the other half retain
their initial 5-fold coordination. Prescimone et al.** reported
the pressure-induced elimination of one of the coordinating
water molecules from half of the Cu?* cations in
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[Cu,(OH),(H,0),(tmen),](ClO,), (tmen = tetramethylethy-
lenediamine), leading to a change from S$-fold pyramidal
coordination to a 6-fold distorted-octahedral coordination,
where the sixth vertex is a perchlorate O atom. To our
knowledge, the generally increased or rearranged coordination
in compressed complexes has only two exceptions, which can
be connected with competing compressed contacts, changing
conformations, and other pressure-induced effects in the
crystal structure (see the Supporting Information).">"®

It is noteworthy that MOFs and CPs are often classified as
the intermediate compounds between the coordination and
inorganic chemistry.”> According to the TUPAC definition,
MOFs constitute a subclass of CPs with organic ligands and
voids accessible for guest molecules.’® No such pores are
present in CPs. The absence of pores in CPs is considered
disadvantageous because they cannot be used as adsorbers of
gases and other small-molecule compounds The associative
reaction in Cd(APP),NO;NO; at 0.4 GPa withdraws the
NO,™ anions from the voids, but they immediately collapse
and no pores open up. However, it is possible that in other CPs
high-pressure associative reaction can widen or open pores,
which would allow the adsorption of some molecules from the
environment, and then by the release of pressure, the pores
would be closed and the guest molecules trapped inside. Such
materials are sought for separating compounds, eliminating
undesired Somponents from air, and storing poisonous
substances.”” ™"

Pressure-induced transformations are often compared to
those induced by lowering of the temperature, and indeed the
rule of inverse effects of temperature and pressure was
formulated (abbreviated here as the “inverse p/T rule”).®”
This relationship is associated with the reduction of thermal
vibrations both at low temperature and under high pressure.”
Compared to pressure-induced changes of the coordination
number, there are relatively few reports on the coordination
transformations resulting from temperature changes, partic-
ularly when one considers the much more frequent varied-
temperature than varied-pressure studies.

All reports on temperature-induced associative reactions
found by us in the literature have been scrutinized in the text
below and are schematically illustrated in Figure 5. Zhang et
al.> observed that in [AgCl(atz),]OH-6H,0 (atz = 3-amino-
1,2,4-triazole anion) the coordination number of Ag cations is
reduced from 4 to 2 above 293 K and it increases back to 4
below 103 K. Hu and Englert®* showed that in [ZnCl,(bipy)],
(bipy = 4,4'-bipyridine) the Zn ligancy decreases from 6 to 4
above 360 K and it increases back below 130 K. Xie et al.*®
reported that UO,(C,3H,,N,0,@CB6),Br, [with a pseudor-
otaxane motif C6BPCA@CB6, where C6BPCA = 1,1'-
(hexane-1,6-diyl)bis(4(carbonyl)pyridin-1-ium and CB6 =
cucurbit[6]uril)] transforms between the 7-coordinated form
in phase f-UP and the 6-coordinated one in phase a-UP
respectlvely upon cooling and heating in the 170—320 K range.
Zhu et al.°° recorded a remarkable reversible association of free
cations Bu** in (H,0")Euys[EuNaysL(DMF)(H,0)]-(sol-
vent), [L = 5,5,5"-(1,3,5-triazine-2,4,6-triyltriimino)-
triisophthalate hexaanion], below 193 K becoming
(H,0%), [Eu3NaLz(DMF)5(HZO)2] (solvent), with 8-coordi-
nated Eu®. Bernini et al.®’ changed the Yb3+ coordination in
[Yb(C4H4O4)].5] between 8 and 7 by cooling it below 374 and
heating it above 403 K, respectively (Figure S).

All of the examples listed above agree with the inverse p/T
rule. We have found only one exemption, the [(Cl)Hg(m-
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4).

CI),(hep-H)] [hep-H = 2-(2-hydroxyethyl)pyridine] structure
reported by Mobin et al,”® where the coordination number
increases from 4 to 5 and the framework dimensionality
increases also when heated to 383 K. The reaction reverses
when the high-temperature compound [(Cl)Hg(m-CI),(hep-
CI)] is cooled and kept for 3 days at 298 K.

It is apparent from Figure 5 that most of the structures (six
compounds) comply with the inverse p/T rule, and at present,
only one exemption supporting the direct p/T relationship is
known. These systematic changes can be connected with the
above-mentioned reduction of thermal vibrations. Indeed, it is
known that the ionic radii are often established from the crystal
structures determined at normal conditions.”””” Conse-
quently, these experlmentally determined radii incorporate
the Debye—Waller factors,”* which are both temperature- and
pressure-dependent.

Fewer cases of temperature-induced changes in the
coordination number compared to pressure-induced changes
indicate that the effects of temperature are more subtle and
susceptible to phase transformations, desorption, and other
effects.”>’® This conclusion is further supported by the
considerable hysteresis of the transformations induced by
temperature, of tens of Kelvin and even over 200 K. Therefore,
the coordination changes at varied temperatures are less
predictable compared to the systematic increase of the
coordination number under high pressure, as described in
this paper.

The changes in the magnitudes of atomic displacement
parameters (ADPs) in Cd(APP),NO;-NO;, plotted in Figure
6, show that, despite the stronger reduction in the ADP
magnitudes at 100 K/0.1 MPa than those in phase II at 296 K/
2.0 GPa, the temperature lowered at 0.1 MPa does not induce
transformations of the crystal. However, the reaction is
triggered by high pressure when the ADPs are hardly changed
from their magnitudes at 296 K/0.1 MPa. It confirms that the
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high pressure is very efficient in inducing structural trans-
formations and that the associated ADP changes play a minor
role. It is characteristic that the considerable reduction of the
ADP magnitude of the associatively bonded atom O4 is
reduced after the reduction, and no pretransitional effect can
be noted for this parameter.

B CONCLUSIONS

Structural changes and chemical reactions induced by pressure
in coordination complexes and polymers can be rationalized
according to relatively simple rules describing (i) the effect of
pressure on the radii of ligand atoms, (ii) the arrangement of
ligands around the central cation, and (iii) the vicinity of other
potential ligands. Rule i relies on the observation that the
pressure reduces the radii of the ligand atoms and, hence,
increases the Reuon/Ryjgna Tatio, which is favorable for the
coordination number increase. The changes of the ligand-atom
radii can originate from several effects, including the electronic
structure and thermal vibrations of the atoms. Rule ii is based
on the pressure effects eliminating gaps and voids around the
central cation, which, in turn, favor even distributions of
ligands and reduce the distortions of polyhedra in the
compressed structures. Rule iii states that the reacting
molecules or ions must be located in the vicinity of the
cation. Most of pressure-induced reactions in coordination
compounds reported so far conform to these rules (i—iii), as
well as to the inverse p/T rule.

These coordination-compression rules complement the
general knowledge on the microscopic changes of soft
structural parameters in compressed compounds. It can be
applied for employing the pressure techniques for obtaining
new CPs by modifying specifically designed substrates.

B EXPERIMENTAL SECTION

Synthesis. Single crystals of the coordination polymer Cd-
(APP),NO;'NO, were obtained using a diffusion method, similar
to those described previously (Figure 7)."”?*”7~7 In our present
study, the two layers containing the substrates, 0.075 g (1 mmol) of
cadmium nitrate (Sigma-Aldrich) dissolved in 5 mL of MeCN and 0.1
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Figure 7. Single crystal of Cd(APP),NO;:NO; isothermally com-
pressed in isopropyl alcohol in the DAC, as indicated at the top of the
photographs. Several ruby chips for the pressure calibration lie by the
left side of the crystal.

mL (0.5 mmol) of 1,4-bis(3-aminopropyl)piperazine dissolved in
mL of xylene, were separated by the mixture of 1 mL of MeCN with 1
mL of xylene providing the diffusion environment. After 1 week, many
transparent crystals appeared, a few of which were the desired
product. Their block morphology was significantly distinct from other
mainly needle-shaped crystals.

High-Pressure Measurements. High-pressure experiments on
Cd(APP),NO;:NO; were performed in a Merrill-Bassett diamond-
anvil cell (DAC),* modified by mounting the diamond anvils directly
onto the steel supports with conical windows. The pressure in the
DAC was calibrated by the ruby-fluorescence method with a photon
control spectrometer, affording an accuracy of 0.03 GPa.®"¥ The
gaskets were made of a 0.3-mm-thick tungsten foil with the spark-
eroded holes 0.5 mm in diameter. Isopropyl alcohol was used as the
hydrostatic medium. The X-ray diffraction data were measured on a
KUMA4-CCD diffractometer with Mo Ka radiation (4 = 0.71073 A).
The DAC was centered by the gasket-shadow method.*® The
collected data were preliminarily reduced with the CrysAlisPro suite,
version 171.38.46.*" OLEX2 was used.”® The structure was solved by
direct methods with SHELXS and least-squares refined with
SHELXL.***" The ambient-pressure structure was the starting
model for the low-temperature and high-pressure structures below
the reaction pressure. High-pressure absorption corrections were
calculated by the program REDSHABS.**® The final crystal data are
summarized in Table 1 (cf. Tables S4 and S5) and have been
deposited in the Cambridge Structural Database as supplementary
publications CCDS 1549093, 1558178, 1558180, 1558181, 1558183,
and 1830173—1830180. These deposits can be obtained free of
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charge from www.ccdc.cam.ac.uk and from the Crystallography Open
Database (www.crystallography.net).

Low-Temperature X-ray Diffraction. The low-temperature data
were measured on an Xcalibur EOS-CCD diffractometer equipped
with a gas-flow Oxford Cryostream attachment, as a function of the
temperature between 100 and 297 K in 40 K steps. All non-H atoms
were refined with anisotropic thermal parameters. H atoms were
located in the difference Fourier map and from the molecular
geometry. Parameters U, of H atoms were set to 1.2 times Ueq of
their carriers.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.8b00913.

Exceptional reduction of the coordination number under
pressure, schematically presented layers in Cd-
(APP),NO;NO;, an overlay of structures before and
after reaction, full X-ray diffraction images for 0.2, 0.4,
and 0.7 GPa, CCSD database analysis of Cd—O/N
distances, pressure dependence of all Cd-ligand
distances and angles between them, schematically
illustrated idealized coordination polyhedra formed in
phases I and II, thermal expansion, compressibility
analysis, and detailed crystallographic data including
ambient- and high-pressure measurements (DOCX)

Accession Codes

CCDC 1549093, 1558178, 1558180—1558181, 1558183, and
1830173—1830180 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: katran@amu.edu.pl. Phone: 48 61 8291590.
ORCID

Szymon Sobczak: 0000-0001-8234-2503

Andrzej Katrusiak: 0000-0002-1439-7278

Author Contributions

"These authors contributed equally.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to Dr. Michal Andrzejewski of
Department of Chemistry and Biochemistry, University of
Bern, for his advice and encouragement. This research was
supported by funding from the Polish National Science Centre
(OPUS 10 No. UMO-2015/19/B/ST5/00262).

B REFERENCES

(1) Boldyreva, E; Dera, P. High-Pressure Crystallography: From
Fundamental Phenomena to Technological Applications; Springer
Science & Business Media, 2010.

(2) Katrusiak, A; McMillan, P. High-Pressure Crystallography;
Springer Science & Business Media, 2004; Vol. 140.

(3) McMillan, P. F. New Materials from High-Pressure Experiments.
Nat. Mater. 2002, 1, 19-25.

(4) Wang, Y; Wang, L; Zheng, H.; Li, K; Andrzejewski, M;
Hattori, T.; Sano-Furukawa, A.; Katrusiak, A; Meng, Y,; Liao, F;
Hong, F.; Mao, H. Phase Transitions and Polymerization of CsHg—
C4Fs Cocrystal under Extreme Conditions. J. Phys. Chem. C 2016,
120, 29510-29519.

(5) Blank, V. D,; Buga, S. G. B.; Dubitsky, G. A.; Serebryanaya, N.
R.; Popov, M. Y.; Sundqvist, B. High-Pressure Polymerized Phases of
C60. Carbon 1998, 36, 319—343.

(6) Sakashita, M.; Yamawaki, H.; Aoki, K. FT-IR Study of the Solid
State Polymerization of Acetylene under Pressure. . Phys. Chem.
1996, 100 (23), 9943—9947.

(7) Eremets, M. I; Popov, M. Y,; Trojan, I. A;; Denisov, V. N;
Boehler, R; Hemley, R. J. Polymerization of Nitrogen in Sodium
Azide. . Chem. Phys. 2004, 120, 10618—10623.

(8) Aoki, K; Usuba, S; Yoshida, M.; Kakudate, Y.; Tanaka, K;
Fujiwara, S. Raman Study of the Solid-State Polymerization of
Acetylene at High Pressure. J. Chem. Phys. 1988, 89, 529—534.

(9) Badding, J. V.; Parker, L. J.; Nesting, D. C. High Pressure
Synthesis of Metastable Materials. J. Solid State Chem. 1995, 117,
229-235.

(10) Chelazzi, D.; Ceppatelli, M.; Santoro, M.; Bini, R.; Schettino, V.
Pressure-Induced Polymerization in Solid Ethylene. J. Phys. Chem. B
200, 109, 21658—21663.

(11) Nicol, M; Yin, G. Organic chemistry at high pressure: can
unsaturated bonds survive 10 GPa ? J. Phys. Collog 1984, 45, C8-163—
C8-172.

(12) Bastron, V. C.; Drickamer, H. G. Solid State Reactions in
Organic Crystals at Very High Pressure. . Solid State Chem. 1971, 3,
550—-563.

(13) Yoo, C. S; Nicol, M. Kinetics of a Pressure-Induced
Polymerization Reaction of Cyanogen. J. Phys. Chem. 1986, 90,
6732—6736.

(14) Allan, D. R;; Blake, A. J.; Huang, D.; Prior, T. J.; Schroder, M.
High Pressure Co-Ordination Chemistry of a Palladium Thioether
Complex: Pressure versus Electrons. Chem. Commun. 2006, 2, 4081—
4083.

(15) Moggach, S. A,; Galloway, K. W,; Lennie, A. R.; Parois, P;
Rowantree, N.; Brechin, E. K.; Warren, J. E.; Murrie, M.; Parsons, S.
Polymerisation of a Cu(I) Dimer into 1D Chains Using High
Pressure. CrystEngComm 2009, 11, 2601.

(16) Moggach, S. A.; Parsons, S. High Pressure Crystallography of
Inorganic and Organometallic Complexes. Spectroscopic Properties of
Inorganic and Organometallic Compounds; The Royal Society of
Chemistry, 2009; Vol. 40, pp 324—354.

(17) Gould, J. A; Rosseinsky, M. J.; Moggach, S. A. Tuning the
Coordination Chemistry of a Cu(li) Complex at High-Pressure. Dalt.
Trans. 2012, 41, 5464.

(18) Clegg, J. K; Brock, A. J.; Jolliffe, K. A.; Lindoy, L. F.; Parsons,
S; Tasker, P. A; White, F. J. Reversible Pressure-Controlled
Depolymerization of a Copper(II)-Containing Coordination Polymer.
Chem. - Eur. J. 2017, 23, 12480—12483.

(19) Andrzejewski, M.; Katrusiak, A. Piezochromic Topology Switch
in a Coordination Polymer. J. Phys. Chem. Lett. 2017, 8, 929—935.

(20) Lanza, A.; Germann, L. S;; Fisch, M.; Casati, N.; Macchi, P.
Solid-State Reversible Nucleophilic Addition in a Highly Flexible
MOF. J. Am. Chem. Soc. 2018, 137, 13072—13078.

(21) Li, M; Liu, B; Wang, B; Wang, Z; Gao, S; Kurmoo, M.
Erbium-Formate Frameworks Templated by Diammonium Cations:
Syntheses, Structures, Structural Transition and Magnetic Properties.
Dalt. Trans. 2011, 40, 6038.

(22) Spencer, E. C; Angel, R. J; Ross, N. L; Hanson, B. E;
Howard, J. A. K. Pressure-Induced Cooperative Bond Rearrangement
in a Zinc Imidazolate Framework: A High-Pressure Single-Crystal X-
Ray Diffraction Study. J. Am. Chem. Soc. 2009, 131, 4022—4026.

(23) Spencer, E. C,; Kiran, M. S. R. N,; Li, W.; Ramamurty, U.; Ross,
N. L,; Cheetham, A. K. Pressure-Induced Bond Rearrangement and
Reversible Phase Transformation in a Metal-Organic Framework.
Angew. Chem., Int. Ed. 2014, 53, 5583—5586.

DOI: 10.1021/acs.inorgchem.8b00913
Inorg. Chem. 2018, 57, 89428950



Inorganic Chemistry

(24) Ortiz, A. U,; Boutin, A,; Gagnon, K. J.; Cleatfield, A.; Coudert,
F. X. Remarkable Pressure Responses of Metal-Organic Frameworks:
Proton Transfer and Linker Coiling in Zinc Alkyl Gates. J. Am. Chem.
Soc. 2014, 136, 11540—11545.

(25) Im, J; Seoung, D.; Hwang, G. C;; Jun, J. W,; Jhung, S. H.; Kao,
C. C,; Vogt, T.; Lee, Y. Pressure-Dependent Structural and Chemical
Changes in a Metal-Organic Framework with One-Dimensional Pore
Structure. Chem. Mater. 2016, 28, 5336—5341.

(26) Coudert, F. X. Responsive Metal-Organic Frameworks and
Framework Materials: Under Pressure, Taking the Heat, in the
Spotlight, with Friends. Chem. Mater. 2015, 27, 1905—1916.

(27) McKellar, S. C; Moggach, S. A. Structural Studies of Metal-
Organic Frameworks under High Pressure. Acta Crystallogr,, Sect. B:
Struct. Sci, Cryst. Eng. Mater. 2018, 71, 587—607.

(28) Wang, Z.; Cohen, S. M. Postsynthetic Modification of Metal—
organic Frameworks. Chem. Soc. Rev. 2009, 38, 1315.

(29) Su, Z.; Miao, Y.-R; Zhang, G.; Miller, J. T.; Suslick, K. S. Bond
Breakage under Pressure in a Metal Organic Framework. Chem. Sci.
2017, 8, 8004—8011.

(30) Andrzejewski, M.; Casati, N.; Katrusiak, A. Reversible Pressure-
Preamorphization of a Piezochromic Metal-Organic Framework. Dalt.
Trans 2017, 46, 14795—14803.

(31) Hu, Y. H; Zhang, L. Amorphization of Metal-Organic
Framework MOF-5 at Unusually Low Applied Pressure. Phys. Rev.
B: Condens. Matter Mater. Phys. 2010, 81, 1-5.

(32) Bennett, T. D.; Simoncic, P.; Moggach, S. A; Gozzo, F;
Macchi, P,; Keen, D. A; Tan, J.-C.; Cheetham, A. K. Reversible
Pressure-Induced Amorphization of a Zeolitic Imidazolate Framework
(ZIF-4). Chem. Commun. 2011, 47, 7983,

(33) Cai, W.; Gladysiak, A.; Aniola, M,; Smith, V. J.; Barbour, L. J;
Katrusiak, A. Giant Negative Area Compressibility Tunable in a Soft
Porous Framework Material. J. Am. Chem. Soc. 2018, 137, 9296—
9301.

(34) Moggach, S. A.; Parsons, S. High Pressure Crystallography of
Inorganic and Organometallic Complexes. Spectroscopic Properties of
Inorganic and Organometallic Compounds; The Royal Society of
Chemistry, 2009; Vol. 40, pp 324—354.

(35) Patyk, E.; Jenczak, A; Katrusiak, A. Giant Strain Geared to
Transformable H-Bonded Network in Compressed f-d-Mannose.
Phys. Chem. Chem. Phys. 2016, 18, 11474—11479.

(36) Katrusiak, A. High-Pressure X-Ray Diffraction Study on the
Structure and Phase Transition of 1,3-Cyclohexanedione Crystals.
Acta Crystallogr., Sect. B: Struct. Sci. 1990, 46 (2), 246—256.

(37) Kleywegt, G. J.; Wiesmeijer, W. G. R; Van Driel, G. J;
Driessen, W. L.; Reedijk, J; Noordik, J. H. Unidentate versus
Symmetrically and Unsymmetrically Bidentate Nitrate Co-Ordination
in Pyrazole-Containing Chelates. The Crystal and Molecular
Structures of (Nitrato-O)[tris(3,5-Dimethylpyrazol-1-Ylmethyl)-
amine]copper(II) Nitrate, (Nitrato-O,0’)[tris(3,5-dimethylpyrazol-
1-ylmethyl)amine ]Jcopper(1I) nitrate, (nitrato-O,0")[tris(3,5-dime-
thylpyrazol-1-ylmethyl)amine]nickel(II). J. Chem. Soc, Dalton Trans.
1985, 10, 2177—2184.

(38) Addison, C. C.; Logan, N.; Wallwork, S. C; Garner, C. D.
Structural Aspects of Co-Ordinated Nitrate Groups. Q. Rev., Chem.
Soc. 1971, 25, 289.

(39) Parkin, G. Alkyl, Hydride, and Hydroxide Derivatives of the s-
and p-Block Elements Supported by Poly(pyrazolyl)borato Ligation:
Models for Carbonic Anhydrase, Receptors for Anions, and the Study
of Controlled Crystallographic Disorder. In Advances in Inorganic
Chemistry; Sykes, A. G., Ed.; Academic Press, 1995; Vol. 42, pp 291—
393.

(40) Papon, P.; Leblond, J.; Meijer, P. H. E. The Physics of Phase
Transition—Concepts and Applications; Springer-Verlag: Berlin 2002;

419.
p(41) Groom, C. R;; Bruno, L J; Lightfoot, M. P.; Ward, S. C. The
Cambridge Structural Database. Acta Crystallogr., Sect. B: Struct. Sci,
Cryst. Eng. Mater. 2016, 72, 171—-179.

8949

(42) Glidewell, C. Metal-Ligand Coordinate Bond Energy Terms in
Complexes of Ammonia and 1, 2-Diaminoethane. J. Coord. Chem.
1977, 6, 189—192.

(43) Nimmermark, A.; Ohrstrom, L.; Reedijk, J. Metal-Ligand Bond
Lengths and Strengths: Are They Correlated? A Detailed CSD
Analysis. Z. Kristallogr. - Cryst. Mater. 2013, 228 (7), 311-317.

(44) Slichter, C. P.; Drickamer, H. G. Pressure-Induced Electronic
Changes in Compounds of Iron. J. Chem. Phys. 1972, 56, 2142—2160.

(45) Drickamer, H. G.; Frank, C. W. Electronic Structure, Electronic
Transitions, and the High Pressure Chemistry and Physics of Solids;
Annual Reviews, 1972; Vol. 23.

(46) Schettino, V.; Bini, R.; Ceppatelli, M.; Ciabini, L.; Citroni, M.
Chemical Reactions at Very High Pressure. Advances in Chemical
Physics; Wiley-Blackwell, 2005; Vol. 131, pp 105—242.

(47) McKellar, S. C.; Graham, A. J; Allan, D. R; Mohideen, M. L.
H.; Morris, R. E.; Moggach, S. A. The Effect of Pressure on the Post-
Synthetic Modification of a Nanoporous Metal—organic Framework.
Nanoscale 2014, 6, 4163—4173.

(48) Albarski, O.; Hillebrecht, H.; Rotter, H. W.; Thiele, G. Uber
Caesiumtrichloromercurat(II) CsHgCl3: Losung Einer Komplexen
Uberstruktur Und Verhalten Unter Hohen Driicken. Z. Anorg. Allg.
Chem. 2000, 626, 1296—1304.

(49) Schwarz, U.; Wagner, E.; Syassen, K.; Hillebrecht, H. Effect of
Pressure on the Optical-Absorption Edges of And. Phys. Rev. B:
Condens. Matter Mater. Phys. 1996, 53, 12545—12548.

(50) Heines, P; Keller, H.-L.; Armbriister, M.; Schwarz, U; Tse, J.
Pressure-Induced Internal Redox Reaction of Cs,[Pdl,] I,,
Cs,[PdBr,] I, and Cs,[PdCl,]-I,. Inorg. Chem. 2006, 45, 9818—9825.

(51) Denner, W.; Schulz, H; d’Amour, H. The Influence of High
Hydrostatic Pressure on the Crystal Structure of Cesium Gold
Chloride (Cs,Au'Au'Cly) in the Pressure Range up to 52 X 10° Pa.
Acta Crystallogr, Sect. A: Cryst. Phys, Diffr, Theor. Gen. Crystallogr.
1979, 35, 360—365.

(62 Tidev T P.-Woro LT T €. M Mocton T. C L1 M. Blolo
\52) iiaey, j. P Wong, ri. L. 5.j McMaster, j.j SCAroaer, M. DiaKe,

A. ]. High-Pressure Studies of Three Polymorphs of a Palladium(II)
Oxathioether Macrocyclic Complex. Acta Crystallogr,, Sect. B: Struct.
Sci, Cryst. Eng. Mater. 2016, 72, 357-371.

(53) Bujak, M.; Angel, R. J. High-Pressure- and Low-Temperature-
Induced Changes in [(CH;),;NH(CH;);NH,][SbCl;]. J. Phys. Chem.
B 2006, 110, 10322—10331.

(54) Prescimone, A.; Sanchez-Benitez, J.; Kamenev, K. K.; Moggach,
S. A.; Warren, J. E.; Lennie, A. R;; Murrie, M,; Parsons, S.; Brechin, E.
K. High Pressure Studies of Hydroxo-Bridged Cu(II) Dimers. Dalt.
Trans. 2010, 39, 113—123.

(55) Batten, S. R;; Champness, N. R.; Chen, X.-M.; Garcia-Martinez,
J.; Kitagawa, S.; Ohrstrém, L.; O’Keeffe, M.; Paik Suh, M.; Reedijk, J.
Terminology of Metal—organic Frameworks and Coordination
Polymers (IUPAC Recommendations 2013). Pure Appl. Chem.
2013, 85, 1715.

(56) Batten, S. R.; Champness, N. R.; Chen, X.-M.; Garcia-Martinez,
J.; Kitagawa, S; Ohrstrom, L,; O’Keeffe, M.; Suh, M. P; Reedijk, J.
Coordination Polymers, Metal—organic Frameworks and the Need for
Terminology Guidelines. CrystEngComm 2012, 14, 3001.

(57) Zhang, J. P.; Chen, X. M. Exceptional Framework Flexibility
and Sorption Behavior of a Multifunctional Porous Cuprous
Triazolate Framework. J. Am. Chem. Soc. 2008, 130, 6010—6017.

(58) Mason, J. A; Oktawiec, J.; Taylor, M. K; Hudson, M. R;
Rodriguez, J; Bachman, J. E; Gonzalez, M. L; Cervellino, A;
Guagliardi, A.; Brown, C. M.; Llewellyn, P. L.; Masciocchi, N.; Long,
J. R. Methane Storage in Flexible Metal-Organic Frameworks with
Intrinsic Thermal Management. Nature 2015, 527, 357—361.

(59) Zhang, J. P; Lin, Y. Y; Zhang, W. X; Chen, X. M.
Temperature- or Guest-Induced Drastic Single-Crystal-to-Single-
Crystal Transformations of a Nanoporous Coordination Polymer. J.
Am. Chem. Soc. 2005, 127, 14162—14163.

(60) Zhang, J.-P.; Zhou, H.-L.; Zhou, D.-D.; Liao, P.-Q.; Chen, X.-
M. Controlling Flexibility of Metal—organic Frameworks. Natl. Sci.
Rev. 2017, March, 1—13.

DOI: 10.1021/acs.inorgchem.8b00913
Inorg. Chem. 2018, 57, 8942—-8950

76



77

Inorganic Chemistry

(61) Chapman, K. W.; Sava, D. F; Halder, G. J; Chupas, P. J;
Nenoff, T. M. Trapping Guests within a Nanoporous Metal-Organic
Framework through Pressure-Induced Amorphization. J. Am. Chem.
Soc. 2011, 133, 18583—18585.

(62) Hazen, R. M; Finger, L. W. Comparative Crystal Chemistry:
Temperature, Pressure, Composition, and the Variation of Crystal
Structure; John Wiley, 1982.

(63) Katrusiak, A. High-Pressure x-Ray Diffraction Studies of
Organic Crystals. High Pressure Res. 1990, 4, 496—498.

(64) Hu, C; Englert, U. Crystal-to-Crystal Transformation from a
Chain Polymer to a Two-Dimensional Network at Low Temper-
atures. Angew. Chem., Int. Ed. 2005, 44, 2281—2283.

(65) Xie, Z.; Mei, L; Wu, Q; Hu, K; Xia, L; Chai, Z.; Shi, W.
Temperature-Induced Reversible Single-Crystal-to-Single-Crystal Iso-
merisation of Uranyl Polyrotaxanes: An Exquisite Case of
Coordination Variability of the Uranyl Center. Dalt. Trans 2017,
46, 7392—7396.

(66) Zhu, M.; Song, X. Z.; Song, S. Y.; Zhao, S. N.; Meng, X.; Wu, L.
L; Wang, C; Zhang, H. ]. A Temperature-Responsive Smart
Europium Metal-Organic Framework Switch for Reversible Capture
and Release of Intrinsic Eu** Ions. Adv. Sci. 2015, 2, 1500012.

(67) Bernini, M. C.; Gandara, F.; Iglesias, M.; Snejko, N.; Gutierrez-
Puebla, E; Brusau, E. V;; Narda, G. E; Monge, M. A. Reversible
Breaking and Forming of Metal-Ligand Coordination Bonds:
Temperature-Triggered Single-Crystal to Single-Crystal Transforma-
tion in a Metal-Organic Framework. Chem. - Eur. J. 2009, 15, 4896—
4905.

(68) Mobin, S. M,; Srivastava, A. K; Mathur, P,; Lahiri, G. K.
Reversible Single-Crystal to Single-Crystal Transformations in a
Hg(II) Derivative. 1D-Polymeric Chain 2D-Networking as a
Function of Temperature. Dalt. Trans 2010, 39, 8698.

(69) Slater, J. C. Atomic Radii in Crystals. J. Chem. Phys. 1964, 41,
3199-3204.

(70) Pauling, L. The Sizes of lons and the Structure of Ionic
Crystals. J. Am. Chem. Soc. 1927, 49, 765—790.

(71) Shannon, R. D. Revised Effective lonic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr., Sect. A: Cryst. Phys, Diffr, Theor. Gen. Crystallogr. 1976,
32, 751-767.

(72) Pauling, L. Determination of lonic Radii from Cation-Anion
Distances in Crystal Structures; Discussion. Am. Mineral. 1987, 72,
1016.

(73) Shannon, R. D.; Prewitt, C. T. Effective Ionic Radii in Oxides
and Fluorides. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.
1969, 25, 925—946.

(74) Miller, V. L,; Tidrow, S. C. Perovskites: Temperature and
Coordination Dependent Ionic Radii. Infegr. Ferroelectr. 2013, 148,
1-16.

(75) Kole, G. K; Vittal, J. J. Solid-State Reactivity and Structural
Transformations Involving Coordination Polymers. Chem. Soc. Rev.
2013, 42, 1755—-1775.

(76) Vittal, J. J. Supramolecular Structural Transformations
Involving Coordination Polymers in the Solid State. Coord. Chem.
Rev. 2007, 251, 17811795,

(77) Sobczak, S.; Katrusiak, A. Zone-Collapse Amorphization
Mimicking the Negative Compressibility of a Porous Compound.
Cryst. Growth Des. 2018, 18, 1082—1089.

(78) Andrzejewski, M.; Katrusiak, A. Piezochromic Porous Metal—
Organic Framework. J. Phys. Chem. Lett. 2017, 8, 279—284.

(79) Cai, W,; Katrusiak, A. Giant Negative Linear Compression
Positively Coupled to Massive Thermal Expansion in a Metal-Organic
Framework. Nat. Commun. 2014, 5, 4337.

(80) Merrill, L.; Bassett, W. A. Miniature Diamond Anvil Pressure
Cell for Single Crystal X-Ray Diffraction Studies. Rev. Sci. Instrum.
1974, 45, 290—294.

(81) Mao, H. K; Xu, J.; Bell, P. M. Calibration of the Ruby Pressure
Gauge to 800 Kbar under Quasi-Hydrostatic Conditions. J. Geophys.
Res. 1986, 91, 4673.

.

8950

(82) Piermarini, G. J,; Block, S.; Barnett, J. D.; Forman, R. A.
Calibration of the Pressure Dependence of the R1ruby Fluorescence
Line to 195 Kbar. J. Appl. Phys. 1975, 46, 2774—2780.

(83) Budzianowski, A.; Katrusiak, A. High-Pressure Crystallographic
Experiments With a CCD-Detector. High Press. Crystallogr. 2004, 140,
101—-112.

(84) Agilent CrysAlisPro Software System; Technol. UK Ltd.: Yarnton,
Oxford, UK, 2014; Vol. 44

(85) Dolomanov, O. V,; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. Olex2: A Complete Structure Solution, Refine-
ment and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339—341.

(86) Sheldrick, G. M. A Short History of SHELX. Acta Crystallogr.,
Sect. A: Found. Crystallogr. 2008, 64, 112—122.

(87) Sheldrick, G. M. Crystal Structure Refinement with SHELXL.
Acta Crystallogr,, Sect. C: Struct. Chem. 2015, 71, 3—8.

(88) Katrusiak, A. REDSHABS—Program for Correcting Reflections
Intensities for DAC Absorption, Gasket Shadowing and Sample Crystal
Absorption; Adam Mickiewicz University: Poznan, Poland, 2003.

(89) Katrusiak, A. Shadowing and Absorption Corrections of Single-
Crystal High-Pressure Data. Z. Kristallogr. - Cryst. Mater. 2004, 219,
461—-467.

DOI: 10.1021/acs.inorgchem.8b00913
Inorg. Chem. 2018, 57, 89428950



Author contribution

Poznan, 30 June 2023

Aleksandra Pétrolniczak %
Department of Materials Chemistry
Adam Mickiewicz University
Uniwersytetu Poznanskiego 8,
63-714 Poznan,

Poland

PhD candidate declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznar, | declare that | am a co-author of the publication:

e S. Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji,
“Dynamic Resolution of Piezosensitivity in Single Crystals of n-Conjugated Molecules”, Chem.
—Eur. J.,, 2019, 25, 6092-6097.

My contribution to this paper concerns the performance of project conceptualization;
designing and performing experiments; preparation of the sample in diamond anvil cell; data
collection and analysis; taking photographs and preparing a movie; discussing the results,
conducting structural analysis and its discussion, and providing relevant literature
background to support the findings; writing the draft & editing the manuscript.

¢ S.Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gladysiak, V. I. Nikolayenko, D. C. Castell,
L. J. Barbour, A. Katrusiak; , Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327.
My contribution to this paper concerns the performance of project conceptualization;
designing and performing experiments; preparation of the sample in diamond anvil cell; data
collection and analysis; discussing the results, conducting structural analysis and its
discussion, and providing relevant literature background to su pport the findings; writing the
draft & editing the manuscript.

® A. Pdtrolniczak, S. Sobczak, V.I. Nikolayenko, L.J. Barbour, A. Katrusiak; , Solvent-controlled

5
elongation and mechanochemical strain in a metal-organic framework” Dalton Transactions
50(47), 17478-17481.

My contribution to this paper concerns the performance of project conceptualization;
designing and performing experiments; preparation of the sample in diamond anvil cell; data
collection and analysis; discussing the results, conducting structural analysis and its
discussion, and providing relevant literature background to support the findings; writing the
draft & editing the manuscript.

/2

78



79

® A Pétrolniczak, A. Katrusiak; “Self-healing ferroelastic metal-organic framework sensing

guests, pressure and chemical environment” Materials Advances 2 (14), 4677-4684.

My contribution to this ?)aper concerns the performance of project conceptualization;
sample synthesis; designing and performing experiments; preparation of the sample in
diamond anvil cell; data collection and analysis; taking photographs and preparing a movie;
discussing the results, conducting structural analysis and its discussion, and providing

relevant literature background to support the findings; writing the draft & editing the
manuscript.

A. Pétrolniczak, S. Sobczak, A. Katrusiak; ,Solid-state associative reactions and the
coordination compression mechanism” Inorganic Chemistry 57 (15), 8942-8950.

My contribution to this paper concerns the performance of project conceptualization;
sample synthesis; designing and performing experiments; preparation of the sample in
diamond anvil cell; data collection and analysis; discussing the results, conducting structural
analysis and its discussion, and providing relevant literature background to support the
findings; writing the draft & editing the manuscript.

/Q- W‘Mh\@ﬁw Al savghy o rPo'TuTa ‘ol

2/2.



Poznan, 30 June 2023

Prof. Andrzej Katrusiak %
Department of Materials Chemistry
Adam Mickiewicz University
Uniwersytetu Poznanskiego 8,
63-714 Poznan,

Poland

Supervisor’s declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

® S Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji,
“Dynamic Resolution of Piezosensitivity in Single Crystals of n-Conjugated Molecules”, Chem.
—Eur.J., 2019, 25, 6092-6097. My contribution to this paper included discussing the design
of the experiments and the obtained results; supervision of the project and reviewing of the
manuscript.

® S.Sobczak, A. Potrolniczak, P. Ratajczyk, W. Cai, A. Gladysiak, V. I. Nikolayenko, D. C. Castell,
L. J. Barbour, A. Katrusiak; ,Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327. My contribution to this paper included
discussing the design of the experiments and the obtained results; supervision of the project
and reviewing of the manuscript.

® A Pdtrolniczak, S. Sobczak, V.I. Nikolayenko, L.J. Barbour, A. Katrusiak; ,Solvent-controlled
elongation and mechanochemical strain in a metal-organic framework” Dalton Transactions
50 (47), 17478-17481. My contribution to this paper included discussing the design of the
experiments and the obtained results; supervision of the project and reviewing of the
manuscript.

® A Pétrolniczak, A. Katrusiak; “Self-healing ferroelastic metal-organic framework sensing
guests, pressure and chemical environment” Materials Advances 2 (14), 4677-4684. My
contribution to this paper included discussing the design of the experiments and the
obtained results; supervision of the project and reviewing of the manuscript.

® A Pétrolniczak, S. Sobczak, A. Katrusiak; ,Solid-state associative reactions and the
coordination compression mechanism” Inorganic Chemistry 57 (15), 8942-8950. My
contribution to this paper included discussing the design of the experiments and the
obtained results; supervision of the project and reviewing of the manuscript.

A bakn—

80



81

Poznan, 30 June 2023

Dr. Szymon Sobczak 2
Department of Materials Chemistry
Adam Mickiewicz University
Uniwersytetu Poznariskiego 8,
63-714 Poznan,

Poland

Co-author declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Pozna, | declare that | am a co-author of the publication:

® S. Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji,
“Dynamic Resolution of Piezosensitivity in Single Crystals of m-Conjugated Molecules”, Chem.
—Eur. J., 2019, 25, 6092-6097. My contribution to this paper included project
conceptualization, design of experiments, high-pressure X-ray diffraction data analysis, and
writing and editing of the manuscript.

® S.Sobczak, A. Péfrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. I. Nikolayenko, D. C. Castell,
L. J. Barbour, A. Katrusiak; ,Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327. My contribution to this paper included
project conceptualization, design of experiments, high-pressure X-ray diffraction data
analysis, and writing and editing of the manuscript.

e A.Pétrolniczak, S. Sobczak, V.1. Nikolayenko, L.J. Barbour, A. Katrusiak; ,Solvent-controlled
elongation and mechanochemical strain in @ metal-organic framework” Dalton Transactions
50 (47), 17478-17481. My contribution to this paper included project conceptualization,
design of experiments, high-pressure X-ray diffraction data analysis, and writing and editing
of the manuscript.

e A. Pdtrolniczak, S. Sobczak, A. Katrusiak; ,Solid-state associative reactions and the
coordination compression mechanism” Inorganic Chemistry 57 (15), 8942-8950. My
contribution to this paper included project conceptualization, design of experiments, high-
pressure X-ray diffraction data analysis, and writing and editing of the manuscript.

d;\ﬁlrbbh%&gcza y)@“‘&"’



Limerick, 06 July 2023
Dr. Varvara |. Nikolayenko
Department of Chemical Sciences,
Bernal Institute,
University of Limerick
Limerick V94T9PX
Ireland

Co-author declaration

With reference to Aleksandra Péfrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

e S.Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. I. Nikolayenko, D. C. Castell,
L. J. Barbour, A. Katrusiak; ,Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327. My contribution to this paper concerns the
initial idea development, performance of sample synthesis and editing of the manuscript. My
percentage contribution is 20%

e A Pétrolniczak, S. Sobczak, V.I. Nikolayenko, L.J. Barbour, A. Katrusiak; , Solvent-controlled
elongation and mechanochemical strain in a metal-organic framework” Dalton Transactions
50(47), 17478-17481. My contribution to this paper concerns the initial idea development,
performance of sample synthesis and editing of the manuscript. My percentage contribution
is 20%

Varvara |. Nikolayenko

82



83

Bangalore, 5 July, 2023
Dr. Sohini Bhattacharyya
Molecular Materials Laboratory,
Chemistry and Physics of Materials Unit,
School of AdvancedMaterials (SAMat),
Jawaharlal Nehru Centre for Advanced Scientific Research,

Bangalore 560 064, India

Co-author declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

S. Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji, “Dynamic
Resolution of Piezosensitivity in Single Crystals of m-Conjugated Molecules”, Chem. — Eur. J., 2019, 25,
6092-6097. My contribution to this paper concerns the synthesis and purification of the OPE-5
molecule, its structure determination by single crystal X-ray diffraction, experimental design, collecting
and analveic Af DYRN nattarne nf C5_DDR hafara and aftar i +aking nhnatnoran

and analysis of PXRD patterns of C5-PPB befeore and after taking photograpgh
under a UV lamp before and after grinding, measuring and analysis of emission spectra of the sample
before and after grinding, conductivity measurements and analysis, data interpretation, and writing

and editing of the manuscript.

Sohini Bhattacharyya.

Date: 5% July, 2023.



Bangalore, 30 June 2023
Dr. Syamantak Roy
Molecular Materials Laboratory,
Chemistry and Physics of Materials Unit,
School of AdvancedMaterials (SAMat),
Jawaharlal Nehru Centre for Advanced Scientific Research,

Bangalore 560 064, India

Co-author declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

S. Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji, “Dynamic
Resolution of Piezosensitivity in Single Crystals of m-Conjugated Molecules”, Chem.—Eur. J., 2019, 25,
6092—-6097. My contribution to this paper concerns the performance of sample synthesis,
experimental design, ambient conditions X-ray diffraction analysis, collecting and analysis of PXRD
patterns of C5-PPB before and after grinding,
before and after grinding, measuring and analysis of emission spectra of the sample before and after
grinding, conductivity measurements and analysis, data interpretation, and writing and editing of the

manuscript.

ranhe nf tha camnla uindar a 11V lamn
apns O tne sampie UnGera vv iamp

Yours Sincerely,

(SYAMANTAK ROY)

84



Bangalore, 30 June 2023

Dr. Debabrata Samanta

Molecular Materials Laboratory,
Chemistry and Physics of Materials Unit,
School of AdvancedMaterials (SAMat),

Jawaharlal Nehru Centre for Advanced Scientific Research,

Bangalore 560 064, India

Co-author declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

S. Bhattacharyya, S. Sobczak, A. Polrolniczak, S. Roy, D. Samanta, A. Katrusiak, T. K. Maji, “Dynamic
Resolution of Piezosensitivity in Single Crystals of n-Conjugated Molecules”, Chem. — Eur. J., 2019, 25,
6092-6097. My contribution to this paper concerns to get a deeper insight into the structural
changes associated with the mechanochromic behaviour with the help of time-dependent density

functional theory (TD-DFT) computations.

/@Z)Qbob 5040 Q@Gm&ﬂ)ﬁ/
©4for/ 2022

85



Poznan, 30 June 2023
Paulina Ratajczyk -

Department of Materials Chemistry
Adam Mickiewicz University
Uniwersytetu Poznanskiego 8,
63-714 Poznan,

Poland

Co-author declaration

With reference to Aleksandra Pétrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

S. Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gladysiak, V. I. Nikolayenko, D. C. Castell, L. J.
Barbour, A. Katrusiak; ,,Large Negative Linear Compressibility of a Porous Molecular Co-Crystal”

Chem. Commun., 2020, 56, 4324-4327. My contribution to this paper concerns a comprehensive
review of relevant literature.

Powline &fﬂ&fa b

86



87

Oregon State Materials Discovery Laboratory

Department of Chemistry

UniverSiw Oregon State University

153 Gilbert Hall
Corvallis, Oregon 97331

P 541-905-1671

7/4/2023

Co-author declaration

With reference to Aleksandra Pé6trolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, I declare that [ am a co-author of the publication:

e S.Sobczak, A. Potrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. I. Nikolayenko, D. C. Castell,
L.]. Barbour, A. Katrusiak; ,Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327. My contribution to this paper concerns the
performance of editing of the manuscript.

Andrzej Gtadysiak
Dot b nan ] Cl 1o
rosuwuouciuurdl oLiuiadl

Oregon State University



Chengdu, 30 June 2023
Prof. Weizhao Cai
School of Materials and Energy,
University of Electronic Science and Technology of China,
Chengdu, Sichuan 611731,

People’s Republic of China

Co-author declaration

With reference to Aleksandra Péfrolniczak’s application for the Doctoral degree in Chemical Sciences
at the Adam Mickiewicz University in Poznan, | declare that | am a co-author of the publication:

e S.Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. I. Nikolayenko, D. C. Castell,
L. J. Barbour, A. Katrusiak; ,Large Negative Linear Compressibility of a Porous Molecular Co-
Crystal” Chem. Commun., 2020, 56, 4324-4327.

My contribution to this paper concerns the performance of editing of the manuscript.
Wb

88



89

1)

2)

3)

4)

5)

6)

7)

The list of published articles

S. Bhattacharyya*, S. Sobczak*, A. Pétrolniczak*, S. Roy, D. Samanta, A. Katrusiak, T. K.Maji
Dynamic Resolution of Piezosensitivity in Single Crystals of m-Conjugated Molecules
Chemistry—A European Journal 25 (24), 6092-6097 2019  IFy019= 4.857

DOI: 10.1002/chem.201900054

S. Sobczak, A. Pétrolniczak, P. Ratajczyk, W. Cai, A. Gtadysiak, V. | Nikolayenko, D. C Castell, L. J
Barbour, A. Katrusiak

Large negative linear compressibility of a porous molecular co-crystal

Chemical Communications 56 (31), 4324-4327 2020  IF3020=6.222

DOI: 10.1039/D0CC0O0461H

A. Pétrolniczak, S. Sobczak, V. Nikolayenko, L. Barbour, A. Katrusiak

Solvent-controlled elongation and mechanochemical strain in a metal-organic framework
Dalton Transactions 50, 17478-17481 2021  IFy021=4.569

DOI: 10.1039/D1DT01937F

A. Pétrolniczak, A. Katrusiak

Self-healing ferroelastic metal-organic framework sensing guests, pressure and chemical
environment

Materials Advances 2, 4677-4684 2021  IF022=5.0

DOI: 10.1039/D1MAQ0111F

A. Pétrolniczak*, S. Sobczak*, A. Katrusiak

Solid-state associative reactions and the coordination compression mechanism
Inorganic chemistry 57 (15), 8942-8950 16 2018  IF3018=4.85

DOI: 10.1021/acs.inorgchem.8b00913

HY Wong, XL Zhou, CT Yeung, WL Man, P. Wozny, A. Pétrolniczak, A. Katrusiak, M. Runowski, GL
Law

Stress to distress: Triboluminescence and pressure luminescence of lanthanide diketonates
Chemical Engineering Journal Advances 11, 100326 2022 1F2022=0.13

DOI: 10.1016/j.ceja.2022.100326

A. Pétrolniczak, S. Sobczak, A. Katrusiak

Engineering anomalous elastic properties of metal-organic polymers and their amorphization by
employing flexible linkers

Just Accepted in Journal of Materials Chemistry C [F202,=6.4

* These authors contributed equally.



1)

2)

3)

4)

5)

6)

7)

8)

9)

10

-

The list of conferences

International

Poster - Aleksandra Pétrolniczak, Szymon Sobczak, Andrzej Katrusiak; “Flexible amines —a new
route for designing advanced, porous materials.”; ECS4 - 4" European Crystallography School; 2-7
July 2017; Warszawa, Poland

Poster - Aleksandra Poétrolniczak, Szymon Sobczak, Andrzej Katrusiak; “Flexible amines —a new
route for designing advanced, porous materials.”; 55 European High Pressure Research Group
Meeting; 3-8 September 2017; Poznan, Poland

Poster - Potrolniczak Aleksandra, Sobczak Szymon, Andrzej Katrusiak, “Pressure-induced solid-
state reactions of coordination polymers”, The 315 European Crystallographic Meeting, ECM31,
22-27 August 2018, Oviedo, Spain

Poster - Pétrolniczak Aleksandra, Sobczak Szymon, Andrzej Katrusiak, ”Pressure-induced solid-
state reactions of coordination polymers”, 12 HIGH-PRESSURE DIFFRACTION WORKSHOP IN
POZNAN - FROLIC GOATS, 14-16 April 2019, Poznan, Poland

Poster - Aleksandra Pétrolniczak, Szymon Sobczak and Andrzej Katrusiak; “Kinetically driven
frowning of the crystal phase”; 57" European High Pressure Research Group Meeting on High
Pressure Science and Technology (EHPRG2019); 1-6 September 2019; Prague, Czech Republic

Oral presentation - Aleksandra Pétrolniczak, Szymon Sobczak, Andrzej Katrusiak; “Structural
diversity, phase transition and pores activation of Cd(ll)-metal organic frameworks based on 4,4"-
azopyridine and terephthalic acid”; Joint Polish-German Crystallographic Meeting 2020 (JPGCM-
2020); 24-27 February 2020,Wroctaw, Poland

Oral presentation - Aleksandra Potrolniczak, Szymon Sobczak and Andrzej Katrusiak; “Kinetically
driven frowning of the crystal phase”; 13t Frolic Goats High-Pressure Workshop, 4-5 May, 2020
Poznan, Poland (online)

Oral presentation - Aleksandra Potrolniczak, Andrzej Katrusiak; “SELF-HEALING METAL-ORGANIC
FRAMEWORK?”; IUCr High-Pressure Commission Workshop HPW-21; 1-6 February 2021,
Novosibirsk, Russian Federation (Online)

Poster - Aleksandra Pétrolniczak, Andrzej Katrusiak; “Highly sensitive, self-healing metal-organic
framework”; 33" European Crystallographic Meeting; 23-27 August 2022, Versailles, France

Poster - Aleksandra Pétrolniczak, Szymon Sobczak and Andrzej Katrusiak; “INFLUENCE OF THE
PRESSURE TRANSMITTING MEDIUM ON THE PRESSURE EFFECT IN METAL-ORGANIC
FRAMEWORK”; 25t International Conference on the Chemistry of the Organic Solid State 3-8 July
2022, Ohrid, Macedonia

90



91

1)

2)

3)

4)

1)

2)

1)

2)

3)

4)

Domestic

Poster - Aleksandra Pétrolniczak, Szymon Sobczak, Andrzej Katrusiak; “Two similar cadmium
coordination polymers and their different behaviour under high pressure” 11" HIGH- PRESSURE
DIFFRACTION WORKSHOP FROLIC GOATS; 13-15 May 2018; Poznan, Poland

Poster - Aleksandra Pétrolniczak, Szymon Sobczak, Andrzej Katrusiak; ,,Indukowana cisnieniem
reakcja polimeru koordynacyjnego, zwiekszajaca liczbe koordynacyjng centrum metalicznego”; 60
Konwersatorium Krystalograficzne; 28-29 June 2018; Wroctaw, Poland

Poster - Potrolniczak Aleksandra, Sobczak Szymon, Andrzej Katrusiak, “Negative linear
compressibility of a chiral metal-organic framework”, 61. Konwersatorium Krystalograficzne, 27-
28 June 2019, Wroctaw, Poland

Poster - Aleksandra Pétrolniczak, Andrzej Katrusiak; “ENVIRONMENT SENSITIVE SELF-HEALING
FERROELASTIC METAL-ORGANIC FRAMEWORK?”; 62 Konwersatorium (Online)

Scientific internships

European Synchrotron Radiation Facility, Grenoble, France; 05.11.2021-16.11.2021

Departamento de Fisica Fundamental y Experimental, Electrénica y Sistemas; Facultad de Fisicas.
Universidad de La Laguna, La Laguna, Spain; 05.01.2022 — 19.04.2022

Research projects

07/2020-10/2023 Principal Investigator
Project Manager and principal investigator in the National Science Center PRELUDIUM 18 No.

UMO-2019/35/N/ST5/01838 project ‘Examination of sorption abilities and pressure induced
effects on 4,4'-azo(bis)pyridine based metal-organic frameworks’ at the Department of Materials
Chemistry, Adam Mickiewicz University in Poznan, Poland

10/2016-10/2020 Co-investigator
Co-investigator in the NCN grant OPUS 10 No. UMO-2015/19/B/ST5/00262 ‘Porous materials

under extreme conditions’ at the Department of Materials Chemistry, Adam Mickiewicz

University in Poznan, Poland

10/2017-10/2023 Participant
Participant of POWR.03.02.00-00-1026/16 grant co-financed by the EU European Social Fund

under the Operational Program Knowledge Education Development at Adam Mickiewicz
University in Poznan, Poland

07/2022-07/2023 Co-investigator

Co-investigator in the NCN grant OPUS 21 No. UMO- 2021/41/B/ST8/03758 ‘Development of new
high entropy nitrides composites synthesized at high pressure and temperature’ at the

Department of Materials Chemistry, Adam Mickiewicz University in Poznan, Poland



