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Streszczenie w języku polskim 

 

Rozprawa doktorska poświęcona jest badaniu wpływu wysokiego ciśnienia na 

struktury krystaliczne, polimorfizm oraz oddziaływania międzycząsteczkowe w 

najprostszych węglowodorach alifatycznych oraz ich pochodnych. Badania 

koncentrują się na niewielkich cząsteczkach organicznych zbudowanych z 

lekkich pierwiastków (C, H, N, O), które w warunkach normalnych występują 

jako ciecze lub gazy i są słabo reprezentowane w strukturalnych bazach danych. 

Zastosowanie wysokiego ciśnienia umożliwiło ich krystalizację oraz szczegółowe 

poznanie mechanizmów stabilizacji faz stałych. 

Celem pracy było określenie, w jaki sposób kompresja wpływa na organizację 

cząsteczek w krysztale, prowadząc do przemian strukturalnych, przejść fazowych 

oraz zmian konformacyjnych, a także określenie roli oddziaływań 

międzycząsteczkowych, od wiązań wodorowych po oddziaływania dyspersyjne. 

Badania obejmowały szeregi homologiczne amin alifatycznych, symetryczne 

etery dialkilowe, izomery butenu oraz izobutan.  

Podstawową metodą badawczą była wysokociśnieniowa monokrystaliczna 

dyfrakcja promieniowania rentgenowskiego prowadzona z wykorzystaniem 

komory diamentowej. Uzupełniająco zastosowano obliczenia kwantowo-

mechaniczne oraz analizę powierzchni Hirshfelda w celu ilościowego 

i jakościowego opisu oddziaływań międzycząsteczkowych. Wszystkie kryształy 

były otrzymywane in situ w warunkach wysokiego ciśnienia, bez użycia 

rozpuszczalników czy mediów hydrostatycznych. 

W ramach pracy wyznaczono łącznie 64 nowe struktury krystaliczne oraz 

odkryto 20 nieznanych wcześniej polimorfów. Wykazano, że podatność na 

polimorfizm i przemiany strukturalne zależy od subtelnej równowagi pomiędzy 

geometrią cząsteczki, jej symetrią, elastycznością konformacyjną oraz 

charakterem dominujących oddziaływań międzycząsteczkowych.  

Uzyskane wyniki pokazują, że wysokie ciśnienie stanowi skuteczne narzędzie 

do badania i modyfikowania krajobrazu strukturalnego prostych cząsteczek 

organicznych. Praca wnosi istotny wkład w rozwój krystalografii 

wysokociśnieniowej oraz pogłębia zrozumienie roli słabych oddziaływań 

międzycząsteczkowych w stabilizacji faz stałych, dostarczając dane i modele 

istotne zarówno dla chemii fizycznej, jak i nauk o materiałach oraz chemii 

strukturalnej. 
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Summary in English 

 

The doctoral dissertation investigates the effects of high pressure on crystal 

structures, polymorphism, and intermolecular interactions in the simplest 

aliphatic hydrocarbons and their derivatives. The research focuses on small 

organic molecules composed of light elements (C, H, N, O) that, under ambient 

conditions, exist as liquids or gases and are therefore poorly represented in 

structural databases. The application of high pressure facilitated their 

crystallization and contributed to a detailed understanding of the mechanisms 

stabilizing their solid phases. 

The aim of the study was to determine how compression influences molecular 

organization in crystals, leading to structural transformations, phase transitions, 

and conformational changes, and to assess the role of intermolecular interactions, 

ranging from hydrogen bonding to dispersion forces. The investigations covered 

homologous series of aliphatic amines, symmetric dialkyl ethers, butene isomers, 

and isobutane. 

The primary experimental technique employed was high-pressure single-

crystal X-ray diffraction using a diamond anvil cell. Complementary quantum-

mechanical calculations and Hirshfeld surface analysis were applied to provide 

both quantitative and qualitative descriptions of intermolecular interactions. All 

crystals were obtained in situ under high-pressure conditions, without the use of 

solvents or hydrostatic media. 

In total, 64 new crystal structures were determined, and 20 previously 

unknown polymorphs were discovered. It was demonstrated that the 

susceptibility to polymorphism and structural transformations depends on a 

subtle balance between molecular geometry, symmetry, conformational 

flexibility, and the nature of the dominant intermolecular interactions. 

The results show that high pressure is an effective tool for probing and 

modifying the structural landscape of simple organic molecules. This work makes 

a significant contribution to the development of high-pressure crystallography 

and deepens understanding of the role of weak intermolecular interactions in 

stabilizing solid phases, providing data and models relevant to physical 

chemistry, materials science, and structural chemistry. 
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1. Introduction 

1.1 Materials under high pressure 

From a thermodynamic perspective, pressure is one of the most fundamental 

parameters, strongly influencing the physical and chemical behavior of matter. 

Despite its importance, pressure has historically been less accessible in 

laboratory studies compared to temperature. The fundamentals of high-pressure 

science were established by Percy W. Bridgman, whose pioneering work in the 

early 20th century not only expanded the pressure range achievable in laboratory 

experiments but also established the foundation for the thermodynamic 

exploration of materials under various pressures.1 His contribution, which 

brought him the Nobel Prize in Physics in 1946, continues to influence high-

pressure techniques and theory today.2 Advances in high-pressure technology, 

thanks to the development of the diamond-anvil cell (DAC), have allowed 

reaching pressure levels exceeding 1,000 gigapascals (GPa), broadening the scope 

of materials chemistry.3,4  

In chemistry and materials science, pressure offers a unique way to tune and 

study the atomic and molecular arrangement in condensed matter. While 

temperature affects kinetic energy and can induce phase transitions by changing 

atomic vibrations, pressure directly acts on volume, reducing intermolecular 

distances and promoting new modes of atomic packing.5 As atoms are forced 

closer together, their electronic orbitals begin to overlap more significantly, 

resulting in changes in bonding patterns, molecular geometry, and electronic 

properties. Pressure strongly alters chemical bonding, reactivity, and phase 

stability, often leading to novel phases with unique properties, some of which 

may be recoverable at ambient conditions. These conditions enable the design of 

materials for energy conversion, storage, and transmission, and extend research 

into hydrogen-rich compounds for storage and superconductivity.6–9 

Compression can also cause significant disorder, amorphization, or even 

create materials in a glassy state, way below their melting points. Many 

technologically important materials, novel pharmaceuticals,10,11 superhard 
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ceramics,12–14 and framework structures,15,16 have been discovered or optimized 

through high-pressure studies.17 

While pressure at Earth’s surface rarely exceeds a few megapascals, deep 

inside Earth it can reach about 365 GPa and rise into the Terapascal range 

within giant planets or stars.18,19 At the Sun's core, pressures are estimated to 

reach around 24,000,000 GPa (i.e., 24,000 TPa).20 What we consider "extreme" 

pressure is, in fact, common beyond our narrow thermodynamic environment 

near the triple point of water. Understanding how crystal structures behave 

under pressure is therefore essential, not only in solid-state chemistry but also 

in geology, planetary science, and astrophysics.21–23 Notable examples include the 

formation of diamonds, the structure of dense silica phases like stishovite,24 and 

the propagation of seismic waves through the Earth's crust.  

Pressure also enables the solidification and structural investigation of 

compounds that exist as liquids or gases at ambient pressure. Many small 

molecules, such as hydrocarbons, alcohols, and sulfur- and nitrogen-containing 

species, can be compressed into condensed phases, where they form crystals, 

enabling structural studies by X-ray diffraction or spectroscopic methods. This is 

particularly useful for understanding weak intermolecular interactions, 

molecular packing, and polymorphism in compounds that are otherwise difficult 

to study. 

In recent decades, high-pressure research has rapidly advanced through the 

integration of X-ray and synchrotron radiation, in situ spectroscopy, and 

computational modeling.25–27 These tools enable real-time observation of 

structural, vibrational, and electronic changes under compression, offering 

unprecedented insight into the mechanisms driving pressure-induced 

phenomena. In addition, theoretical approaches, particularly those based on 

density functional theory (DFT), allow exploration of phase stability, reaction 

pathways, and electronic structure in systems where experimental data are 

limited or challenging.27–29 These general aspects of high-pressure science 

provide the conceptual framework for understanding how compression can 

induce crystallization and structural transformations in the small-molecular 

systems investigated in this work. 
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1.2. Intermolecular interactions 

Intermolecular interactions are fundamental forces that enable the existence of 

liquids and solids, and they play a key role in determining the properties of gases, 

condensed phases, and molecular crystals.30 Even though they are much weaker 

than covalent or ionic bonds, they affect the equilibrium geometry, lattice energy, 

and overall stability of crystalline materials.31 These interactions can be 

classified based on the distance between the interacting species: short-range 

repulsive exchange forces (typically below ~2.2 Å), intermediate-range van der 

Waals attractions (~2.5-3.2 Å), and long-range electrostatic interactions 

(extending beyond ~4.0 Å), including dipole-dipole, quadrupole-dipole, and 

induction effects.30,32,33 

In molecular crystals, the energy of intramolecular (covalent) bonds usually 

exceeds 100 kJ mol⁻¹, whereas intermolecular attractions are typically at least 

one order of magnitude weaker. According to Kitaygorodsky,34 four main 

categories of intermolecular forces can be distinguished: 

1. Coulombic (electrostatic) interactions occur between two charged or 

partially charged molecules. Unlike ionic bonds, the charge is not localized 

on a single atom but is delocalized across several atoms in each molecule. 

2. Hydrogen bonds arise when a hydrogen atom with a partial positive 

charge is shared between two electronegative atoms carrying partial 

negative charges. 

3. Dipole-dipole interactions exist between molecules possessing 

permanent dipole moments. They are weaker than ionic or Coulombic forces 

because they involve partial charges and are often counterbalanced by 

repulsive interactions between like-charged regions. 

4. van der Waals forces result from the attraction between a permanent 

dipole and an induced dipole, or between two induced dipoles. Though 

individually weak, these forces are omnipresent and play a decisive role in 

stabilizing molecular crystals, particularly when stronger directional bonds 

are absent. 
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Among these, hydrogen bonds are often particularly important due to their 

directionality, partial covalency, and role in guiding supramolecular 

architecture. According to the IUPAC definition, a hydrogen bond is an attractive 

interaction between a hydrogen atom bound to a more electronegative atom (the 

donor) and an electron-rich region (the acceptor), typically involving linear 

geometries and observable spectroscopic or structural signatures.35 These include 

bond lengthening, red shifts in vibrational frequencies, and deshielding in NMR 

signals. However, a complete picture of crystal packing requires consideration of 

other non-covalent forces, including π–π stacking between aromatic systems, 

halogen and chalcogen bonds, and even weak hydrogen-hydrogen contacts, which 

can all critically influence molecular assembly. 

 All these interactions can be characterized by both geometric parameters 

(bond lengths and angles) and energetic descriptors, such as the positions, 

widths, and intensities of vibrational or optical absorption bands.36 

A comparative analysis of multiple structures, rather than a single-point 

examination, is especially helpful in identifying the relative contributions of 

different interactions. These comparative cases may include:  

1. Pressure-induced structural changes on compression of the atmospheric 

phase of the compound; 

2. studying new solid forms that appear as a result of pressure-induced 

phase transitions; 

3. analyzing polymorphs obtained by crystallizing compounds from solution 

or melt under non-ambient conditions. 

Classical strong O−H∙∙∙O bonds are characterized by donor-acceptor distances 

of ~2.6-2.8 Å and nearly linear angles approaching 180°, and they are regarded 

as one of the most directional and stabilizing structural motifs. Medium-strength 

contacts, such as O−H∙∙∙N or N−H∙∙∙N, are slightly longer, typically in the  

2.8-3.1 Å range. Weak hydrogen bonds, such as C−H∙∙∙O, C−H∙∙∙S, C−H∙∙∙π, or 

C−H∙∙∙F, are longer (3.2-3.6 Å or more) and often show bent geometries. 

Individually, these bonds are weak, but when many occur together, they can 

significantly influence crystal packing and polymorphism. Understanding the 
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role of weak hydrogen bonds is important for explaining their competition with 

much weaker dispersive interactions.37,38 

High-pressure crystallization offers unique insights into how different 

intermolecular interactions govern nucleation and crystal growth. Since this 

process is complex, crystallization at high pressure provides a valuable tool for 

untangling their roles in the appearance of different crystalline forms, especially 

for compounds that are liquid at ambient conditions.25,39–41  

Under high-pressure conditions, the conventional hierarchy of intermolecular 

interactions established at ambient pressure is progressively altered. 

Compression enforces close molecular packing, reducing intermolecular 

distances and making weak contacts (e.g., CH∙∙∙O, CH∙∙∙N) more structurally 

important. As a result, geometric constraints imposed by efficient packing 

increasingly compete with interaction energetics, leading to structural 

rearrangements, conformational changes, and pressure-induced phase 

transitions. 

A detailed understanding of how intermolecular interactions respond to 

compression is therefore essential for interpreting the pressure-induced 

structural rearrangements and phase transitions observed in the studied 

molecular crystals. More broadly, analyzing the balance between strong, 

directional hydrogen bonds and weaker dispersive contacts is thus essential for 

crystal engineering, for predicting and interpreting structural changes, and for 

the application of molecular crystals as functional materials.42,43 
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1.3. Molecular crystals  

Molecular crystals are composed of individual molecules arranged in periodic 

lattices, stabilized by relatively weak interactions such as hydrogen bonds, van 

der Waals forces, or dipole-dipole interactions.44 Because these interactions are 

often of comparable strength, the molecular aggregation is governed mainly by 

the size, geometry, and symmetry of the molecules.45 Even slight changes in the 

position of molecules may significantly affect solubility, compressibility, 

conductivity, or optical properties, which explains their importance in 

pharmaceuticals,46 construction elements,47 and electronic devices.48 Thus, the 

properties of molecular crystals can be tuned by modifying the molecular 

structure, enabling their optimization for specific applications.46,49,50   

An important aspect of molecular crystals is their response to the external 

environment, especially temperature and pressure.51 They are considered “softer" 

than ionic or covalent solids, and they usually exhibit higher compressibility and 

thermal expansion. Under compression, the lattice adjusts toward intermolecular 

contacts, which may lead to molecular reorientation, conformational changes, 

and, in some cases, abrupt phase transitions.52 High-pressure studies have 

shown that such transformations may reorganize hydrogen-bond networks, 

strengthen weak interactions, or, in some cases, even result in 

polymerization.53,54 These processes may be reversible, but they can also produce 

metastable phases that are preserved after decompression, thereby revealing 

new structural motifs inaccessible under ambient conditions. This dual role of 

pressure, a probe of intermolecular cohesion forces and a generator of novel 

crystalline forms, highlights the broader significance of molecular crystals as 

model systems for exploring structure-property relationships.55,56 

Small molecular crystals composed of light elements provide useful model 

systems for rationalizing these effects, due to their structural simplicity and well-

defined intermolecular contacts. Under compression, such systems allow subtle 

packing rearrangements and the emergence of otherwise secondary 

intermolecular contacts to be observed in a structurally transparent manner.  
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1.4. Polymorphism 

Polymorphism, derived from the Greek words poly (many) and morph (form), 

describes the ability of a single compound to crystallize in two or more distinct 

structural arrangements, each characterized by unique unit-cell parameters. 

This phenomenon primarily occurs in molecular and ionic organic compounds.57  

The concept of polymorphism was first introduced to crystallography by 

Mitscherlich in 1822,58 who observed that certain substances could adopt more 

than one crystal form. Later, McCrone59 formalized the term, defining a 

polymorph as a distinct crystalline phase of a compound existing in at least two 

distinct molecular arrangements in the solid state. This includes conformational 

polymorphism, where flexible molecules adopt different conformations, but 

excludes changes in chemical identity, such as tautomerism.  

The interplay of thermodynamic and kinetic factors plays a central role in the 

stability and formation of polymorphs. Thermodynamics favors the structure 

with the lowest free energy, while kinetics may lead to the formation of 

metastable forms that crystallize more rapidly.60 This balance strongly influences 

which polymorphic form develops under specific conditions and whether 

transformations between forms can happen over time.61 These principles are 

often visualized as phase diagrams, with water, which includes twenty 

polymorphic ice phases, some of which are stable only under specific temperature 

and pressure conditions, being the most prominent example.62–65 Although the 

number and variety of known polymorphs continue to increase, understanding 

the fundamental mechanisms remains a key challenge in solid-state chemistry.66 

Besides structural and energetic distinctions, polymorphism also highlights the 

complexity of molecular recognition and self-assembly within solids. The 

formation of a particular polymorph is influenced not only by the interplay of 

molecular conformations, intermolecular interactions (such as hydrogen bonding, 

π–π stacking, and van der Waals forces), but also by the choice of solvent and 

even subtle variations in nucleation conditions.67–69 Advances in crystallography, 

computational modeling, and structural databases, such as the Cambridge 

Structural Database (CSD), have deepened our understanding of these 

phenomena.70–72 Nevertheless, reliably predicting or controlling the appearance 
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of specific polymorphs and their properties remains a significant challenge; 

however, the modification of the intrinsic properties of different polymorphs, 

along with their possible application areas, illustrated in Figure 1, indicates that 

this is an important area of research.71 

 

Figure 1. Schematic illustration of the physical properties that differ among polymorphs. 

Despite significant progress in understanding polymorphism, it remains 

highly unpredictable. A comprehensive statistical analysis has shown that 

approximately half of all screened compounds exhibit polymorphism, including a 

wide range of salts and cocrystals, with a slightly lower occurrence among 

solvates and hydrates.5 McCrone famously noted that “every compound has 

different polymorphic forms, and that, in general, the number of forms known for 

a given compound is proportional to the time and money spent in research on that 

compound,” highlighting the inherently empirical nature of polymorph 

screening.59 

Chiral molecules are less likely to exhibit polymorphism than achiral 

compounds, and the possibility of forming hydrogen bonds only slightly increases 

the chance of observing a polymorphic transition.73 These findings challenge 

earlier assumptions that molecular rigidity or the presence of functional groups 

can be directly translated into the polymorphic behavior of a compound. The 

latest investigation on polymorphic phenomena suggests that the energetic 
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differences between polymorphs are usually minor, with most differing in lattice 

energy by less than 4 kJ·mol⁻¹.67 Moreover, the studies also indicate that the 

energy difference between polymorphs exhibiting these same or almost identical 

conformations is even smaller.73 Ultimately, to this point, it is hard to elucidate 

universal rules that could be used to determine how many polymorphs a given 

compound can form, how to obtain them, or what their physical properties might 

be, all of which underscores the importance of the experimental work in the area 

of polymorph discovery.5,72,74–76 

These considerations highlight the relevance of high-pressure studies for 

exploring polymorphic landscapes and provide the basis for the systematic 

investigation of pressure-induced phase transitions presented in this work. In 

this context, high-pressure serves as a controlled external variable that enables 

access to polymorphic forms and phase transitions that are often inaccessible 

under ambient conditions.  



14 

1.5. Aims and objectives 

Despite numerous high-pressure studies on inorganic and complex organic 

systems, simple aliphatic hydrocarbons and their derivatives remain poorly 

characterized at the structural level under compression, particularly with respect 

to polymorphism, conformational response, and intermolecular interactions. 

Therefore, the main aim of this thesis is to investigate how the simplest aliphatic 

hydrocarbons and their derivatives, specifically amines, ethers, butene isomers, 

and isobutane, respond to compression and how their molecular and 

supramolecular features determine their high-pressure behaviour. 

The research focuses on identifying the mechanisms of structural 

transformations, conformational changes, and pressure-induced polymorphism. 

Particular attention is given to the hierarchy of intermolecular interactions, 

including hydrogen bonding, CH∙∙∙N contacts, van der Waals forces, which 

contribute to the stabilization of the observed packing motifs. By systematically 

comparing compounds of increasing molecular size and structural complexity, 

this work aims to establish general relationships between molecular structure 

and the stability and flexibility of crystal phases under high pressure. 

The investigated amines, ethers, and simple hydrocarbons were selected as 

representative model systems because they differ in molecular symmetry, 

conformational flexibility, and dominant intermolecular interactions. This 

analysis enables the assessment of how these molecular features influence 

structural behaviour, packing preferences, and polymorphism during 

compression. 
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The results of my PhD research have been published in five papers, highlighting 

my main achievements. These articles are listed below, with copies included in 

Appendices P1−P5.  

Articles described within this thesis:  

Paper 1 

(P1) 

Polymorphism, Intermolecular Interactions, and Properties of Primary 

Amines at High Pressure 

Sacharczuk, N.; Olejniczak, A.; Bujak, M.; Podsiadło, M. 

Cryst. Growth Des. 2023, 23, 7119−7125 

 

Paper 2 

(P2) 

High-Pressure Crystal Structure of n-Hexylamine 

Kuleczka, B.; Sacharczuk, N.; Olejniczak, A.; Podsiadło, M. 

Acta Cryst. 2025, C81, 346−350 

 

Paper 3 

(P3) 

Conformation-Aggregation Interplay in The Simplest Aliphatic Ethers 

Probed Under High Pressure 

Sacharczuk, N.; Olejniczak, A.; Bujak, M.; Dziubek, K. F.; Katrusiak, A.; 

Podsiadło, M. 

IUCrJ 2024, 11, 57−61 

 

Paper 4 

(P4) 

Molecular Aggregations in Crystals of Butene Isomers Determined at 

High Pressure 

Sacharczuk, N.; Olejniczak, A.; Bujak, M.; Podsiadło, M. 

Cryst. Growth Des. 2024, 24, 9909−9913 

 

Paper 5 

(P5) 

Mechanism of Isostructural Phase Transition in Isobutane 

Sacharczuk, N.; Kuleczka, B.; Olejniczak, A.; Katrusiak, A.; Podsiadło, M.  

J. Phys. Chem. C 2025, 129, 14196−14203 

 

  



16 

2. Experimental methods 

The following sections summarize all conducted experiments and theoretical 

calculations. Detailed descriptions are available in the individual articles and the 

Supporting Information (SI). 

2.1. High-pressure methods  

The diamond-anvil cell (DAC), developed over 70 years ago,3 remains the most 

effective device for generating static high pressure. Over the decades, various 

DAC designs have been introduced. During my PhD, I used a modified Merrill-

Bassett DAC;25 a graphical representation of the DAC is presented in Figure 2. 

Due to diamonds' high spectral transparency and low X-ray absorption, the DAC 

can be used for in-situ direct observation of a sample and for studying its 

structure by diffraction methods.  

 

Figure 2. Diamond Anvil Cell used in my research. On the left, the open DAC with screws used 

to close the DAC; on the right, the DAC goniometer head. 

Under ambient conditions, the compounds examined in my doctoral research 

were either gaseous or low-boiling liquids; consequently, no solvents or 

hydrostatic media were used. A schematic diagram of the gas-loading procedure 

is shown in Figure 3.  
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Figure 3. Schematic representation of gas loading to the Diamond Anvil Cell. The figure 

represents the cross-section of the DAC. 

All single crystals were grown in-situ under high-pressure conditions, using 

either isochoric or isothermal methods.77,78 The process involved obtaining the 

polycrystalline mass (Figure 4a) and then, depending on the method, either 

adjusting the temperature or increasing the chamber's volume until the 

polycrystalline mass was melted down to a single grain (Figure 4c). Then, the 

DAC was cooled, or its volume was reduced to grow a single crystal. Figure 4 

shows an example of this process. The steel gasket used in the DAC had a 

thickness of 0.3 mm and a central hole with a diameter of ca. 0.4 mm. The 

diamond culets had diameters of 0.75 mm. 

 

Figure 4. Stages of growing a single crystal inside the DAC chamber.  

Pressure inside the DAC was measured with a BETSA spectrometer using 

the ruby fluorescence method, where the shift of the R1 line is linear with 

pressure, allowing measurements with an accuracy of 0.02 GPa.79,80 The 
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calibrations were performed before and after each X-ray diffraction 

measurement. Additional compressibility measurements were performed with a 

piston-cylinder apparatus,81,82 achieving a pressure resolution of 0.01 GPa. 

2.2. Structural studies: high-pressure single crystal X-ray 

diffraction  

Structural measurements were carried out using four-circle single-crystal 

diffractometers, including Rigaku Xcalibur EOS and Xcalibur ATLAS, and the 

KUMA KM4-CCD. All of them were equipped with graphite-monochromatic 

MoKα (λ = 0.71073 Å) radiation. DAC centering was performed using the gasket-

shadow method.83 Data collection, UB matrix determination, and integration 

were carried out using the CrysAlisPro84 software suite. Programs OLEX2-1.5,85 

SHELX-T,86 and SHELX-L87 were used to solve the structures by direct methods, 

and to the full-matrix least-squares refinement of the models.  

2.3 Quantum mechanical calculations 

The quantum-mechanical calculations were performed using GAUSSIAN 16W 

and GaussView software.88,89 This program is widely used for forecasting 

spectroscopic data, including infrared (IR), Raman, and ultraviolet (UV) 

measurements. The software was employed to examine the thermodynamic 

properties of molecules, conformational variations, and potential energy.  

 Quantum-mechanical analyses of intermolecular interactions were performed 

using the program CrystalExplorer.90,91 Hirshfeld surface analysis and 

interaction energy calculations were performed to assess the nature and strength 

of intermolecular interactions in the crystals. These tools enabled quantitative 

evaluation of hydrogen bonding, van der Waals interactions, and other stabilizing 

forces that influence the molecular packing and cohesion of the studied 

structures. 
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3. Results and discussion 
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P1+P2 

The systematic investigation of the C2-C6 primary amines: ethylamine (EA), 

propylamine (PA), butylamine (BA), pentylamine (PEA), and hexylamine (HA) 

under high-pressure conditions provides a comprehensive view of how the 

competition between hydrogen bonding and dispersion interactions governs 

polymorphic behaviour and structural stability among this homologous series. 

The chosen amines constitute a good model for studying the subtle interplay 

between strong, directional NH∙∙∙N hydrogen bonds and weak, cumulative 

dispersion forces. Previous research by Maloney et al.,92 demonstrated that 

hydrogen bonds primarily govern aggregation in short-chain amines. However, 

as the alkyl chain becomes larger than 6 carbon atoms, dispersion interaction 

energy becomes more significant and ultimately dominates the crystal packing of 

decylamine.92

 

Figure P1.1. Overview of the phase behavior from ethylamine to hexylamine. Low-temperature 

polymorphs reported previously (left)92 are compared with the high-pressure phases determined 

in this study (right). EA and HA preserve the symmetry of the LT phases upon compression, 

while PA, BA, and PEA undergo pressure-induced transformations, revealing new phases 

II and III. 
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The high-pressure phases of investigated amines, as well as their previously 

known low-temperature forms, are summarized in Figure P1.1. In total, six new 

high-pressure polymorphs were identified in PA, BA, and PEA, whereas the 

high-pressure forms of EA and HA reveal the same crystal symmetry as their 

low-temperature forms. Selected crystallographic parameters for the highest-

pressure form of each phase are summarized in Table 1, while complete 

structural details are provided in Tables S1-S4 in SI of P1 and Table 1 of P2.  

Table 1. Selected crystal data of all phases of SPA, from the highest investigated pressures (all 

at 295 K). 

 C2H7N C3H9N C3H9N C4H11N C4H11N C5H13N C5H13N C6H15N 

EA II PA II PA III BA II BA III PEA II PEA III HA I 

Pressure (GPa) 5.05(2) 2.45(2) 4.90(2) 1.45(2) 4.00(2) 3.55(2) 4.10(2) 1.40(2) 

Space group P21/c P21/c P21/c Pbc21 Pbc21 Pbc21 P21cn Pca21 

Volume (Å3) 244.0(3) 349.6(3) 314.04(5) 458.83(9) 803.7(4) 971.5(8) 473.6(2) 611.9 (5) 

Unit cell 

dimensions 
a (Å) 8.310(8) 9.5576(15) 4.7444(2) 12.8348(9) 4.8802(14) 3.7562(6) 3.7101(11) 6.7241 (19) 

 b (Å) 4.798(4) 5.0525(12) 4.8586(4) 6.5975(11) 7.0738(10) 8.170(4) 4.0956(12) 17.052 (13) 

 c (Å) 6.775(3) 7.265(6) 13.8145(19) 5.4185(4) 23.282(9) 31.66(2) 31.167(6) 5.3367 (7) 

 β (°) 115.40(6) 94.82(3) 99.537(8) 90 90 90 90 90 

Z, Z’ 4, 1 4, 1 4, 1 4, 1 8, 2 8, 2 4, 1 4, 1 

Rint (all data) 0.0263 0.0307 0.0188 0.0377 0.0397 0.0537 0.035 0.068 

Dx (g cm−3) 1.227 1.123 1.250 1.059 1.209 1.192 1.222 1.098 

R1 [F2 > 2σ(F2)] 0.0941 0.0661 0.0403 0.0449 0.0596 0.0608 0.0469 0.061 

 

The pressure dependence of molecular volumes for all identified phases is 

shown in Figure P1.2. All high-pressure phases are denser than their 

corresponding low-temperature forms. However, the mechanisms of compression 

differ markedly across the series. PA, BA, and PEA exhibit discontinuities in the 

molecular volume evolution, while EA and HA display monotonic compression in 

the investigated pressure regions. 
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Figure P1.2. Pressure dependence of molecular volumes (Å3) for C2-C6 primary amines. Empty 

circles and a vertical dotted line (pink) indicate the freezing pressures. Full circles show the 

volumes measured at high pressure, while those from low temperature (LT)* are represented by 

empty diamonds.92 The critical pressures were indicated with vertical dashed lines. The 

estimated standard deviation (ESD) is smaller than the plotted symbols. 

The pressure-volume relations show that differences in the structural 

response to compression cannot be explained solely by compressibility. This 

indicates that the distribution of space within the crystal lattice must also be 

considered. This aspect is examined by analyzing intermolecular voids. 

Further structural information is obtained from the void-volume analysis 

presented in Figure P1.3.a. In PA, BA, and PEA phases II, the amount of free 

intermolecular space was 9.4%, 14.9%, and 6.2%, respectively.93 These voids are 

located in regions that enable local molecular reorientation and provide the 

structural freedom needed to relieve compression through shortening of CH∙∙∙N 

distances and rearrangement of the NH∙∙∙N chains. All three systems show a 

reduction in voids during the pressure-induced transition, with free volumes of 

2.5% in PA III, 4.9% in BA III, and 5.3% in PEA III, consistent with the 

formation of more tightly packed structures. 
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Figure P1.3. (a) Light, striped bars represent LT void volumes, darker bars represent the 

highest-pressure structures of phase II (EA, PA, BA, PEA) and phase I (HA). The darkest bars 

correspond to phase III (PA, BA, PEA). Void volumes were calculated as the intermolecular space 

accessible to a probe with a radius of 0.3 Å and a grid spacing of 0.2 Å. (b) Two shortest 

intermolecular H∙∙∙N distances from NH∙∙∙N hydrogen bonds from each phase were chosen from 

the highest pressures of each phase. 

In contrast, EA and HA, despite having moderate free-volume space, 6.9% 

and 11.9% at 5.05(2) and 1.40(2) GPa, respectively, do not undergo such 

rearrangements. Crucially, these voids are located around the alkyl chain, which 

is dominated by stabilizing methyl-methyl dispersion interactions that limit local 

molecular reorientation. This observation indicates that the mere presence of free 

volume is insufficient to induce polymorphism; rather, the spatial distribution of 

voids relative to the hydrogen-bond network determines whether pressure-

induced structural transformations can occur.  

The structural response to pressure can be described by considering the 

topology of the hydrogen-bond networks using Etter’s graph-set notation.94 Upon 

compression, all investigated amines form NH∙∙∙N hydrogen-bonded infinite 

chains described by the 𝐶1
1(2) motif, as shown in Figure P1.4., in which each 

nitrogen atom acts simultaneously as one hydrogen-bond donor and one acceptor; 

however, pressure induces geometrical rearrangements within the hydrogen-

bond network and promotes the formation of additional secondary interactions. 
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Figure P1.4. Etter’s graph notation of hydrogen-bonded motifs observed in phases I and II of 

SPA: ethylamine (EA II), propylamine (PA II), butylamine (BA II), pentylamine (PEA II), and 

hexylamine (HA I). The dominant NH∙∙∙N hydrogen-bonded chains are highlighted in green. 

In EA, compression is associated with shortening of intermolecular NH∙∙∙N 

distances and with the formation of short CH∙∙∙N contacts, which in EA are 

observed to be more compressible than the primary NH∙∙∙N bonds. These contacts 

lead to the formation of mixed NH∙∙∙N and CH∙∙∙N ring motifs of the 𝑅3
2(8) type, 

while the underlying chain topology remains unchanged. 

PA and PEA exhibit a more complex evolution of hydrogen-bond motifs. At 

low temperature, the combination of two independent 𝐶1
1(2) chains leads to the 

formation of hydrogen-bonded layers containing 𝑅4
3(8) ring motifs. Under high 

pressure, the 𝐶1
1(2) chains remain the dominant structural element, but pressure 

induces rearrangements that generate additional 𝑅3
2 (8) rings involving both 

NH∙∙∙N and CH∙∙∙N interactions. These changes occur together with the pressure-

induced transformations observed in these systems. 
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BA represents an intermediate case. Although the 𝐶1
1(2) NH∙∙∙N hydrogen-

bonded chains persist across all observed phases, pressure induces successive 

rearrangements of the surrounding molecular packing, accompanied by the 

formation of additional short CH∙∙∙N contacts and changes in ring motifs. This 

behavior is consistent with the transitional character of BA within the 

homologous series. 

This behavior can be discussed in the context of the odd-even effect previously 

described for SPA. In their study of low-temperature phases, Maloney et al. 

showed that the packing of primary amines depends on whether the alkyl chain 

contains an odd or even number of carbon atoms. In even-numbered amines such 

as EA and HA, the terminal methyl group lies on the opposite side of the 

molecular axis relative to the NH2 group, favoring a more regular packing 

arrangement. In contrast, odd-numbered amines (PA and PEA) adopt a different 

hydrogen-bond arrangement, which provides greater geometrical freedom within 

the crystal structure. 

Butylamine (BA), although formally an even-numbered amine, does not fully 

follow this trend under high-pressure conditions. Unlike EA and HA, BA exhibits 

two new high-pressure polymorphs. This suggests that, for this chain length, the 

structural response to compression is not governed solely by the odd-even relation 

described for the low-temperature series. Instead, BA may be regarded as an 

intermediate case, in which the balance between NH∙∙∙N hydrogen bonding, 

molecular packing, and dispersion interactions remains sensitive to compression.  
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The odd-even effect is also reflected in the alternation of melting temperatures 

(Figure P1.5). PA and PEA exhibit lower melting points, consistent with their 

more flexible NH∙∙∙N hydrogen-bond motif, whereas EA, BA, and HA adopt the 

more rigid motif and therefore melt at higher temperatures. In this respect, the 

melting behavior follows the expected odd-even alternation. In contrast, the 

freezing pressures do not follow a strictly alternating trend. While PA 

crystallizes at a higher pressure than EA, the freezing pressure of PEA is lower 

than that of BA, as shown in Figure P1.5. This suggests that freezing under high-

pressure conditions is affected not only by the odd-even relation but also by other 

structural factors, including molecular packing and the pressure response of 

intermolecular interactions. 

 

Figure P1.5. Ambient-pressure melting points (K) (blue, left axis) and ambient-temperature 

freezing pressures (GPa) (red, right axis) of methylamine95 and the other SPA (P1+P2). 

Overall, the comparison across the SPA series shows that high-pressure 

polymorphism is favored when two structural conditions occur together:  

(1) sufficient free volume is present in geometrically accessible regions, and  

(2) this space is located close to hydrogen-bonded motifs, allowing CH∙∙∙N and 

NH∙∙∙N interactions to participate in packing reorganization. 
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Understanding the subtle differences in intermolecular interactions arising 

from molecular size and geometry not only clarifies the mechanisms governing 

polymorphism in simple organic systems but also provides valuable guidance for 

interpreting pressure-induced transformations in related hydrogen-bonded 

materials, including alcohols, amides, and amino acids.96,97   
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P3 

The study aimed to understand how high pressure influences the crystal 

structure, conformational changes, and aggregation patterns of the simplest 

symmetric dialkyl ethers (CnH2n+1)2O for n=1−3. In contrast to primary amines, 

where hydrogen bonding defines the aggregation motif, ethers highlight the role 

of internal torsional flexibility. Rotation about the C−O bonds directly affects the 

steric environment of the oxygen atom and, consequently, the balance between 

CH∙∙∙O and H∙∙∙H interactions under compression. 

An overview of the phase behaviour of dimethyl ether (DME), diethyl ether 

(DEE), and dipropyl ether (DPE), including their known low-temperature 

polymorphs98,99 and the high-pressure phases identified in this work, is presented 

in Figure P3.1. While DEE and DPE have a labile ether oxygen bond, their 

ability to adapt to pressure strain varies from conformational switching to purely 

intermolecular reorganization. 

Figure P3.1. Phase behavior of DME, DEE, and DPE. Previously reported low-temperature 

polymorphs (left)98,99 are compared with the high-pressure phases determined in this study 

(right). Under high-pressure conditions, phases β and γ were identified for both DME and DEE. 

In DEE, phase δ was obtained through pressure-induced transitions from phases β and γ. DPE 

remains in a single monoclinic phase across the entire investigated pressure range. 
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The conformational flexibility of dialkyl ethers arises from rotation about the 

C−O bonds and can be described by the dihedral angle τ, as illustrated in 

Figure P3.2. Among the three ethers, DEE shows the most complex high-

pressure response. At 295 K, DEE crystallizes at 1.50 GPa in phase β, built of 

trans-trans (TT) conformers, and the phase is stable up to 2.70 GPa.  

Figure P3.2. Definition of the dihedral angle τ 

describing the C−O−C torsion in dialkyl ethers. 

Rotation around the C−O bonds leads to two main 

conformational families: trans-trans (TT), in which 

both C−O−C−C dihedral angles are close to 180°, and 

trans-gauche (TG), in which one of these angles 

adopts a gauche orientation (|τ| ≈ 60°). These torsional states determine the accessibility of the 

oxygen atom and the steric environment that governs the formation of short CH∙∙∙O contacts 

under pressure. 

Phase γ was observed only once, when the sample was quickly compressed 

from 0.1 MPa directly to 2.65 GPa. This shows that γ is a kinetically accessible 

polymorph that requires rapid compression for nucleation, while under slow or 

stepwise compression, the system consistently crystallizes as phase β. Upon 

further compression, both β and γ phases transform into the triclinic phase δ, 

where all molecules adopt the trans-gauche (TG) conformation. Although the TG 

conformer has approximately 12.6 kJ mol⁻¹ higher potential energy, as indicated 

by quantum-mechanical calculations in the gas phase, pressure stabilizes it by 

reducing steric shielding around the oxygen atom. A detailed analysis of the 

quantum-mechanical calculations is presented in Section 3 of the P3. This leads 

to the formation of additional short CH∙∙∙O contacts, stabilizing the structure. 

The reverse δ → β transition on decompression below ~2.70 GPa confirms that 

the conformational change is fully reversible. DEE therefore provides a clear 

example of a system in which pressure acts as a conformational switch, with the 

nucleation pathway determining which phase can be accessed. The pressure 

evolution of the shortest intermolecular H∙∙∙O and H∙∙∙H distances observed in 

the high-pressure structures of DME, DEE, and DPE is summarized in Figure 

P3.3. 
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Figure P3.3. Evolution of the selected intermolecular distances of DME (red), DEE (green), 

and DPE (blue) as a function of pressure. The two shortest distances for the two types of 

interactions are presented: filled symbols correspond to H∙∙∙H, while open symbols correspond to 

H∙∙∙O distances. Black horizontal lines indicate the sum of the van der Waals radii for H∙∙∙O (2.72 

Å)100 and H∙∙∙H (2.40 Å)100. Vertical dashed lines mark the pressure stability ranges of the 

individual crystal phases. Lines connecting data points are guides to the eye only. The estimated 

standard deviations are smaller than the plotted symbols. Ambient pressure points come from 

previous works.98,99 

At ambient pressure and low temperature, DME crystallizes in the tetragonal 

phase α (P42/n). At 295 K, compression to 3.30 GPa yields a monoclinic phase β 

(P21/c), which subsequently transforms into a triclinic phase γ (P1) at 4.40 GPa. 

Due to the smaller steric demand of the methyl groups, the oxygen atom in DME 

is already relatively accessible to interact with the surroundings, as shown in 

Figure S24 in SI of P3, and the strain of compression is accommodated mainly 

by tightening and reorganization of existing CH∙∙∙O and CH∙∙∙H interactions.  

At 295 K, DPE crystallizes at 1.70 GPa in a monoclinic phase α (P21/c). This 

phase remains stable up to at least 5.30 GPa, and no additional polymorphs of 

DPE were observed in the investigated pressure range. Compression of phase α 

is mainly reflected in the gradual shortening of intermolecular distances and 
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small molecular reorientations in the crystal, and is stable across the entire 

investigated pressure range. 

The high-pressure behavior of DME, DEE, and DPE shows that the 

aggregation of simple aliphatic ethers in the solid state is controlled by the 

balance between molecular conformation and the formation of CH∙∙∙O 

intermolecular contacts. Compression enables the crystallization of several 

distinct solid phases across the series, revealing different packing motifs 

accessible under high-pressure conditions. In DEE, the occurrence of structures 

built from TG conformers indicates that pressure can stabilize higher-energy 

conformations by increasing the accessibility of the oxygen atom and promoting 

more CH∙∙∙O contacts. In DME, different crystal structures mainly differ in the 

arrangement of intermolecular interactions. DPE retains a single structural 

motif across the investigated pressure range, with compression accommodated 

by continuous structural adjustments within the same phase. Taken together, 

these results demonstrate that even small changes in alkyl chain length lead to 

different structural responses to pressure, and that weak but directional CH∙∙∙O 

interactions play a key role in shaping aggregation patterns in dispersion-bound 

molecular crystals under high-pressure conditions.  
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P4 

Butene isomers are the simplest unsaturated hydrocarbons and exhibit 

structural isomerism, making them a useful model system for studying how 

molecular shape and molecular symmetry affect crystal packing and stability 

under high pressure. The crystal structures of all four isomers, 1-butene (B), cis-

2-butene (CB), trans-2-butene (TB), and isobutene (IB), have been determined 

for the first time by high-pressure single-crystal X-ray diffraction. Under ambient 

conditions, all four compounds are gases; however, when compressed at room 

temperature, they crystallize at different pressures. The observed freezing 

pressures at 295 K follow the sequence: TB (0.50 GPa) < IB (1.40 GPa) < CB 

(1.55 GPa) < B (3.65 GPa). This order indicates significant differences in 

solidification resistance among the isomers. A schematic representation of the 

molecular structures of the investigated compounds is shown in Figure P4.1. 

 

Figure P4.1. Schematic representations of the four investigated butene isomers, their 

abbreviations, the molecules' symmetries, and melting points are indicated.101 

Once crystallized, all butene isomers form molecular crystals that remain 

stable within the investigated pressure ranges. Each isomer adopts a distinct 

centrosymmetric space group: B crystallizes in the orthorhombic space group 
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Pnma, CB and TB in monoclinic C2/c and P21/c, respectively, while IB forms a 

hexagonal structure in P63/m with orientationally disordered molecules 

occupying special positions in the unit cell. Despite having the same molecular 

formula (C4H8), these differences in crystal symmetry and packing reflect 

variations in molecular geometry and symmetry. (Figure P4.1.) 

The four isomers exhibit different molecular symmetries in the isolated state: 

B belongs to the Cs point group, CB and IB to C2v, and TB to C2h. These 

differences are reflected in their melting points: B, with the lowest molecular 

symmetry, has the lowest melting point (87.8 K); TB, the most symmetric isomer, 

exhibits the highest melting point (167.6 K); CB and IB display intermediate 

melting points of 134.3 K and 132.5 K, respectively. (Figure P4.1.) 

An inverse relationship is observed between the ambient-pressure melting 

points and the room-temperature freezing pressures. The isomer with the highest 

melting point, TB, crystallizes at the lowest pressure, while B, with the lowest 

melting point, requires the highest pressure to solidify (cf. Figure 2 in P4). The 

densities of the crystal structures determined just above the freezing pressures 

increase in the order TB < IB < CB < B, mirroring the sequence of freezing 

pressures. These observations indicate that denser molecular packing is 

associated with higher crystallization pressure in these simple hydrocarbons.  

Among the studied compounds, B shows the strongest tendency toward 

pressure- and temperature-assisted polymerization. As a result, its crystal 

structure could be determined only at 4.40 GPa, where it adopts the orthorhombic 

Pnma structure with four molecules in the unit cell. IB also shows a pronounced 

tendency toward polymerization at elevated temperatures, which limits crystal 

growth at higher pressures. In both cases, polymerization hindered the 

preparation of single crystals, as the sample no longer contained a liquid phase 

suitable for crystal growth, but only solid material together with polymeric 

products. After opening the DAC, the recovered sample often appeared as a gel-

like mass. Although single crystals of B and IB were obtained in selected 

experiments, in many cases, crystal growth was disrupted and elongated, and 

fibrous structures formed instead (Figure P4.2).  In contrast, CB and TB isomers 



34 

remain chemically stable and do not polymerize within the investigated pressure 

and temperature range. 

 

Figure P4.2. Photographs of 1-butene (B) and isobutene (IB) confined in a DAC after 

compression and heating at high pressure. Upon cooling, the samples do not resume regular 

single-crystal growth but retain elongated, fibrous morphologies. This behavior suggests partial 

polymerization under high-pressure and high-temperature conditions. 

To analyze packing efficiency and steric effects, the six shortest 

intermolecular C∙∙∙C distances were examined as a function of pressure for each 

structure, presented in Figure P4.3. In the structure of B at 4.40 GPa, all six 

shortest C∙∙∙C distances are shorter than the sum of the van der Waals radii of 

two carbon atoms (3.40 Å), indicating close molecular contacts and significant 

steric strain. CB shows a more gradual evolution: at 2.25 GPa, only two of the 

shortest distances are below this limit, while above 3 GPa, all six distances 

become shorter than 3.40 Å. It should be emphasized that the presence of short 

intermolecular C∙∙∙C distances reflects increased packing strain under 

compression but does not, by itself, imply chemical reactivity; the tendency 

toward polymerization is primarily governed by the intrinsic reactivity and 

accessibility of the C=C bond. 

In contrast, all intermolecular C∙∙∙C distances in TB and IB remain longer 

than the van der Waals threshold throughout the investigated pressure ranges. 

This observation implies looser packing and reduced steric strain, consistent with 

the greater structural stability and lack of phase transitions observed for these 

isomers. Detailed analysis of these contacts, including Hirshfeld surface analysis, 

is presented in Figures S14-S18 in the Supporting Information. 
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Figure P4.3. Six shortest intermolecular C∙∙∙C distances (Å) for each high-pressure butene 

isomer determined at 295 K. The sum of van der Waals radii of two carbon atoms of 3.40 Å is 

indicated by a horizontal black dashed line. Hirshfeld surfaces for the highest pressures of each 

isomer are presented, mapped with dnorm (from −0.1 to 0.7).90  

The systematic differences in intermolecular distances provide a structural 

explanation for the observed variations in stability and polymerization behavior. 

The presence of short contacts in B and CB suggests that further compression 

may promote structural rearrangements or chemical reactions. In contrast, the 

more loose packing in TB and IB favors the persistence of the molecular crystal. 

The observations made for butene isomers fit into the broader picture of 

transformation pathways of unsaturated hydrocarbons under extreme 

thermobaric conditions reported in the literature.102 Previous experimental 

studies have shown that for nonaromatic, noncondensed unsaturated 

hydrocarbons, the dominant pressure-induced transformations are 

polymerization and, at higher energies, dissociation. It has been shown that 

increasing pressure lowers the temperature required for polymerization, in some 
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cases to values below 500 K, and that pressures above approximately 1 GPa can 

promote the initiation of such reactions.103–105 

The present results show that polymerization does not occur in every butene 

isomers subjected to compression. This suggests that, in addition to pressure and 

temperature, factors such as molecular geometry, the accessibility of the double 

bond, and constraints imposed by crystal packing also need to be considered when 

discussing possible pressure-induced reactivity. Overall, the study of butene 

isomers demonstrates that the response of unsaturated hydrocarbons to 

compression, including their resistance to polymerization, depends not only on 

thermodynamic conditions but also on molecular geometry and crystal-packing 

effects. 
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P5 

Isobutane represents the simplest, branched hydrocarbon in which crystal 

packing is dominated by dispersion forces.106 In contrast to linear n-butane,107 

the branched molecular shape leads to a different distribution of short 

intermolecular contacts and steric effects. The present study extends earlier 

investigations of simple aliphatic hydrocarbons under high pressure, including 

ethane,108,109 propane,107,110 and butane.111 Under compression, isobutane 

undergoes an isostructural phase transition between two closely related 

polymorphs, denoted α and β, which can be accessed by different nucleation 

routes (Figure P5.1). 

  

Figure P5.1. Schematic representation of the nucleation process of phases α and β of isobutane 

under high pressure, and their thermal phase transition, together with their characteristic 

molecular tilt angles (φ ≈ +13° for α and φ ≈ −15° for β). 

When the liquid is compressed at room temperature, it crystallizes exclusively 

as phase β at 1.55 GPa. In contrast, phase α nucleates only after cooling the 

sample to 273 K at pressures above 1.41 GPa. To enable a consistent comparison 

of the crystal packing at the crystallization phase, the molecular volumes of 

phases α and β, as well as n-butane,107 were extrapolated to their respective 

freezing pressures (cf. Figure P5.2). According to previous high-pressure 
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investigations on n-butane, it has a much smaller molecular volume and lower 

void fraction than isobutane (Figure P5.2). The molecular volume at 

crystallization indicates that phase α is slightly more efficiently packed, whereas 

phase β becomes denser at higher pressures. With compression, phase β becomes 

a more energetically favorable phase and ultimately, as indicated by the 

quantum-mechanical calculations, becomes dominant above 1.64 GPa (cf. Figure 

5 in P5). These observations are further confirmed by the experimental 

observation that, once formed, phase α remains stable at room temperature up 

to 3.10 GPa; upon heating, it undergoes a phase transition to phase β. Details of 

the experimental procedure are provided in the Experimental Section of P5, and 

the evolution of unit-cell parameters with pressure is shown in Figure S15 of the 

SI.  

 

Figure P5.2. Molecular volumes and void space of isobutane phases α (pink) and β (green) 

compared with those of n-butane* (blue).107 Phase α is slightly denser near its freezing point, 

whereas phase β becomes the denser isobutane phase at higher pressures. In the entire pressure 

range, n-butane remains more efficiently packed than isobutane, with lower molecular volumes 

and smaller void fractions. 

At this point, it is useful to relate these observations to Carnelley’s rule, which 

states that the more symmetric isomer typically exhibits a higher melting point 

due to the more efficient crystal packing.112 The butane isomers are an exception 

to Carnelley’s rule at ambient pressure: the less symmetric n-butane melts at 

134.9 K, whereas the more symmetric isobutane melts at 113.7 K. Thus, despite 
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its lower molecular symmetry, n-butane packs more efficiently in the solid state 

than isobutane.107 Under isothermal compression at 295 K, however, the 

crystallization behaviour shows the opposite trend. Isobutane freezes at 1.41 GPa 

into phase α, whereas n-butane requires higher pressure to crystallize. Hence, 

under compression, the higher-symmetric isomer solidifies at lower pressure, in 

apparent agreement with Carnelley’s symmetry argument. 

The transformation between phases α and β is isostructural and displacive: 

the space-group symmetry and molecular positions in the lattice are preserved, 

while the unit cell undergoes a pronounced deformation. The structural 

mechanism of the phase transition involves a reorientation of the isobutane 

molecules within a crystal lattice. To quantify this reorientation, a molecular tilt 

angle, φ, is defined as the angle between the molecular pseudo-C3 axis and [x] 

direction (see Figure 4 in P5). In phase α, the molecules are tilted by 

approximately +13°,  whereas in phase β, the tilt is −15°. This suggests that the 

transformation between phases α and β should involve a rotation around the 

molecular axis through an intermediate position near φ ≈ −1°, which marks the 

barrier between the two free-energy minima. Detailed analysis of the energy 

barrier is shown in Figure 5 and Table 2 in P5. 

The molecular reorientation has direct consequences for the macroscopic 

deformation of the crystal. As illustrated schematically in Figure P5.3, the 

change in tilt angle from φα in phase α to φβ in phase β changes the molecular 

length L projected onto the crystallographic axes. As a result, the unit cell 

elongates along the a axis while simultaneously contracting along the c axis, 

producing the characteristic anisotropic strain observed experimentally during 

the α → β transition. This deformation is fully consistent with the tilt-driven 

geometric mechanism and does not require changes in molecular identity or 

symmetry. 
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Figure P5.3. Schematic illustration of the geometric mechanism responsible for the anisotropic 

deformation of the unit cell during the α → β transition. The change in molecular tilt angle from 

φα to φβ affects how the molecular length L aligns with the crystallographic a and c axes, causing 

the a axis to elongate (by δa) and the c axis to shorten (by δc). Values of φα and φβ are exaggerated 

for clarity. 

With increasing pressure, the tilt-driven rearrangement leads to more 

efficient packing in phase β, in agreement with the evolution of C∙∙∙H contacts 

(cf. Figure 7 in P5). Taken together, these results show that the α → β transition 

in isobutane arises from a subtle interplay between molecular shape, symmetry, 

and rotational degrees of freedom. Pressure acts here as a driving force that 

reorganizes dispersion-bound molecular crystals through continuous molecular 

reorientation rather than reconstructive transformations. Isobutane, therefore, 

provides a clear and instructive example of how pressure can reshape 

polymorphic landscapes in simple hydrocarbons by coupling molecular geometry 

with packing efficiency. 
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4. Conclusions 

This project presents a systematic high-pressure crystallographic investigation 

of simple organic molecules composed of light elements. Such compounds are 

strongly underrepresented in structural databases, despite their fundamental 

importance for understanding molecular packing and intermolecular 

interactions. Small, single-component organic molecules containing only C, H, O, 

and N atoms with up to ten carbon atoms account for only about 1% of the 

Cambridge Structural Database, while very small C H N systems represent less 

than 0.1%.113 In this context, the present work addresses a clear gap in 

experimental crystallography by providing detailed structural data for simple 

molecular systems under non-ambient conditions. 

In total, 64 previously unknown crystal structures were determined and fully 

characterized for a series of small amines, ethers, hydrocarbons, and their 

isomers, including ethylamine, propylamine, butylamine, pentylamine, 

hexylamine, dimethyl ether, diethyl ether, dipropyl ether, butene and its isomers, 

and isobutane. In addition, 20 new polymorphic forms were discovered across 

these systems, significantly expanding the known solid-state landscapes of 

compounds that are often regarded as structurally simple. 

Beyond structural determination, the project elucidated the mechanisms of 

pressure-induced phase transitions in several key systems. These include the 

isostructural α→β phase transition of isobutane and two distinct phase 

transitions observed for diethyl ether under high pressure (β→δ and γ→δ). These 

cases demonstrate that even small, weakly interacting molecules can exhibit 

complex, non-trivial phase behavior under compression. The results clearly show 

that pressure acts as an efficient external parameter, capable of driving 

conformational rearrangements and reorganizing molecular packing without 

altering chemical composition. 

A central outcome of this work is the systematic identification of the role 

played by weak intermolecular interactions, including N−H∙∙∙N, C−H∙∙∙N, 

C−H∙∙∙O, O∙∙∙O, C∙∙∙C, and H∙∙∙H contacts, in stabilizing high-pressure and low-

temperature phases. The balance between directional interactions and dispersion 
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forces was shown to control polymorphic stability. These findings provide direct 

experimental evidence that weak interactions, often considered secondary at 

ambient conditions, play an important role under compression and govern the 

structural response of small organic molecules. 

The project also substantially extends experimental pressure–temperature 

phase diagrams for numerous compounds by providing crystallization pressures 

at room temperature, melting temperatures under high pressure, and 

thermodynamic conditions of newly discovered phase transitions. These data fill 

gaps in the experimental literature and offer reliable reference points for future 

experimental and computational studies. 

Overall, the results significantly advance crystallography, physical chemistry, 

and materials science by deepening the understanding of gas and liquid 

crystallization under extreme conditions, pressure-driven phase stabilization, 

conformational flexibility of small molecules, and the structural consequences of 

weak intermolecular interactions. The structural and mechanistic models 

developed in this work are expected to be broadly applicable to polymorphism 

prediction, the design of materials stabilized by weak interactions, and the 

interpretation of chemical behavior under planetary conditions. In a broader 

context, the findings are relevant to geochemistry and planetary science, where 

the investigated pressure range corresponds to conditions present in the interiors 

of giant planets, as well as to pharmaceutical science and chemical engineering, 

where understanding pressure-dependent molecular organization is important 

for solid-state stability, separation processes, and gas storage technologies.  
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