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  1 
Introduction 

 

Pressure is one of basic thermodynamic parameters, however its effect on 

chemical reactions, properties of materials and their structure remains relatively 

poorly understood, mainly due to the lack of experimental data. This deficiency of 

high-pressure information, compared to the vast amount of low- and high-

temperature data, is due to the technical requirements of high-pressure 

experiments. They could be conducted only in strong vessels with thick walls, 

capable of withstanding high pressure, but obscuring access to the sample. The 

breakthrough in the high-pressure methods was the invention of the diamond-

anvil cell, DAC (Weir et al., 1959). Its design evolved in the second half of XXth 

century and finally made the DAC a powerful tool for in situ spectroscopic and 

diffraction investigations.  

Initially, high-pressure techniques were applied mainly for geological and 

geophysical  studies. Later, they have also been used in chemical and physical 

laboratories, in order to investigate properties, high-pressure behaviour and 

phase transitions of elements, small-molecule compounds and macromolecular 

structures, such as proteins. Pressure is also used for obtaining new functional 

materials and for modifying their properties. Still today, little is known about 

effects of pressure on molecular structure, conformation and intermolecular 

interactions. A number of fascinating results in this field have been reported over 

last decades (Boldyreva, 2008). 

Polymorphism of elements is one of the most intriguing phenomena. At 39 GPa 

metallic lithium undergoes a phase transition to the semi-metallic cubic 

polymorph (Hanfland et al., 2000).  Moreover, simple compounds at high pressure 

turn out to be not so-simple anymore. Most recently new stoichiometries of 

sodium chloride were predicted under high pressure. Two of them, stable at high 

pressure, NaCl3 and two-dimensional metallic Na3Cl were synthesized (Zhang et 
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al., 2013). Several interesting examples of pressure-induced crystallizations of 

liquids, such as benzene, carbon disulphide, halomethanes, have been also 

described (Bridgman, 1914; Katrusiak et al., 2010; Dziubek & Katrusiak, 2004; 

Bujak et al., 2008). These experiments confirmed that despite preserving the 

molecular structure at high pressure, these compounds acquire new properties, 

different than in normal conditions.  

The aims of this dissertation includes high-pressure structural determination of 

intermolecular interactions and phase transitions in selected organic and hybrid 

inorganic-organic materials.  

Due to the increasing interest in highly stable and environment-friendly 

materials with giant dielectric response, ferroelectrics and relaxors, I have 

engaged into the studies of pressure-induced transformations of switchable 

NH···N hydrogen bonds in organic crystals. For this purposes one of the simplest 

and prototypic molecular NH···N-bonded compounds was chosen (Figure 1). Its 

prominent role in chemistry and biochemistry has been thoroughly investigated 

(Burt & Silver, 1973, Yoshizawa et al., 2001). Imidazole takes part in biochemical 

processes and is a component of active sites of many enzymes, such as catalytic 

triad and zinc containing alcohol dehydrogenase. In the solid state imidazole 

forms monoclinic crystals, where molecules are NH···N hydrogen bonded into 

chain, as shown in Figure 1. The crystals of imidazole were intensely studied at 

varied temperature, however, no solid state transitions were found. A pressure-

driven transformation of NH···N bonds in imidazole crystals and a unique ‘hidden’ 

phase transition are described further in this dissertation.  
 

 

Figure 1. Molecular arrangement of imidazole molecules in the ambient-pressure 

crystal. NH···N hydrogen bonds are indicated by dashed lines. 
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Another example of unusual behaviour of small-molecule crystals under high 

pressure is bis(cyclopentadienyl)iron(II), commonly known as ferrocene. Its 

serendipitous discovery in 1951 initiated the development of organometallic 

chemistry (Werner, 2012). Because of unclear relative positions cyclopentadienyl 

rings (Figure 2) and their dynamic disorder at ambient conditions, the sandwich-

like structure of ferrocene raised questions about its conformation. Combined 

synchrotron and laboratory X-ray diffraction experiments, as well as Raman 

spectroscopy, have been performed and described herein in order to explain 

pressure-induced transformations of ferrocene crystals.  

 

 

Figure 2. Molecular conformations of ferrocene with cyclopentadienyl rings eclipsed 

(left) and staggered (right). 

 

Since the late 1980s much attention has been paid to the chemistry of gold 

coordination compounds (Schmidbaur, 2000). The aurophilic phenomenon, 

described as tendency of gold atoms or ions to bind via weak interactions 

between, were observed in gold(I) complexes. Materials with these structural 

motifs show many interesting luminescent properties. One of such compounds is 

gold(I) diethyldithiocarbamate, [AuEt2DTC]2, built of helical Au···Au bonded 

chains and stabilized by S-donor ligands. Its strong pressure-dependent 

luminescence attracted my attention. I have soon found that low-temperature and 

high-pressure results are in some points inconsistent with previous reports on 

gold(I) diethyldithiocarbamate polymer.  
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Figure 3. Single chain of Au···Au bonded gold(I) diethyldithiocarbamate polymer. 

 

This dissertation is divided into three separate parts and includes a brief 

description of the transformations of imidazole, ferrocene and ligand-supported 

gold(I) polymer under high pressure. Details of these projects have been reported 

in three publications attached in Appendix A: 

 

A.1  

D. Paliwoda, K. Dziubek, A. Katrusiak, Imidazole hidden polar phase, Cryst. Growth 

Des. 2012, 12, 4302-4305. 

 

A.2  

D. Paliwoda, K. Kowalska, M. Hanfland, A. Katrusiak, U-Turn compression to a new 

isostructural ferrocene phase, J. Phys. Chem. Lett. 2013, 9, 4034-4039. 

 

A.3 

D. Paliwoda, P. Wawrzyniak, A. Katrusiak, Unwinding Au∙∙∙Au bonded filaments in 

ligand-supported gold(I) polymer under pressure, submitted. 
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2 

High-pressure chemistry 

 

Like temperature, pressure is the thermodynamic parameter efficiently 

controlling physical processes and chemical reactions. However, the pressure 

effects on chemical reactions carried out in solution are usually neglected. The 

parameter that correlates high pressure kinetic experiments in solution is the 

volume of activation (V‡), defined as the difference between the partial molecular 

volume of the activated complex and the sum of the partial volumes of the 

reactants (Laidler, 1996). For reversible reactions V‡ can be replaced by the 

reaction volume, V°, which is correlated with the equilibrium constant (K). It is 

expressed as: 

(
    

  
)
 

  
   

  
 

where R is the ideal gas constant, T is the absolute temperature and p denotes 

pressure. 

Below 200 MPa the correlation between lnK and p is almost linear. Hence, the 

reaction volume is pressure independent. Non-linear correlation above 200 MPa 

arise from solvent compressibility and implies pressure sensitivity of reaction and 

activation volume. In general, the chemical reactions carried out under high 

pressure can be divided into two separate types: transition state reactions and 

single step reactions without intermediates.  

However, volume diagrams depend on the reaction mechanism and its 

reversibility. The intrinsic changes of bond lengths and angles, as well as 

solvational effects strongly contribute to the reaction or activation volume. When 

solvational contributions are neglected, the positive value of activation volume 

indicates bond breakage, while negative values are characteristic for new bonds 

formation.  
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Figure 4. Volume diagram of the pressure-induced reaction A + B 
 
→  A-B. The 

transition state is indicated as [A---B]# (reproduced from van Eldik & Hubbard, 2002). 

 

Several examples of pressure-induced chemical processes are known and well 

described. The first one was reported in 1892 by Wilhelm Röntgen. The acid-

catalyzed inversion of sucrose were carried out using pressures of 500 bar 

(Röntgen, 1892). Pressure-induced polymerization of liquid 2-methyl-1,3-

butadiene (isoprene) has been reported in 1929 by Bridgman and Conant 

(Bridgman & Conant, 1929). Nearly a half of century later Rimmelin and Jenner 

described the Diels-Alder cycloaddition and dimerisation in compressed isoprene 

(Rimmelin & Jenner, 1974).  

A large group of inorganic, organic or hybrid materials can be synthesized in 

high pressure autoclaves. Many of these materials are porous. The porosity is a 

highly desired aspect increasing the catalytic activity of the material. This feature 

of functional materials strongly depends on the solvent-accessible voids size. In 

general, porous materials can be separated into three classes: nanoporous, 

microporous and mesoporous. Apart from the micro- and mesoporous silica-based 

materials, much attention has been devoted to the synthesis of nanoporous metal 

organic frameworks, MOFs. Pressure-driven supramolecular Ag∙∙∙Ag bonded 

argentophilic interactions have been recently characterized in silver  

2-methylimidazolate metal organic framework (Ogborn et al., 2012). 

Many high-pressure transformations of chemical elements have been reported. 

At high pressure oxygen undergoes phase transition to the red ɛ-phase. Single 

crystal X-ray studies performed in the pressure range between 13 and 18 GPa 

confirmed that four O2 molecules  aggregate into a rhombohedral molecular unit 
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by forming new, ‘weaker’ chemical bonds (Lundegaard et al., 2006). Eventually, all 

elements become metallic under high pressure, for example iodine above 16 GPa 

(Pasternak et al., 1987). On the contrary, one of the most metallic elements, 

sodium, becomes the transparent insulator at 190 GPa (Ma et al., 2009).  

It can be concluded that contemporary chemistry gives many opportunities for 

using high pressure as an excellent tool for rational design and synthesis of new 

functional materials with exceptional properties. These chemical opportunities 

are relatively poorly supported by structural information about materials at high 

pressure and my thesis was intended to provide new data. 

  

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lundegaard%20LF%5BAuthor%5D&cauthor=true&cauthor_uid=16971946
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3 
High-pressure crystallography 

 

High pressure can be easily generated by squeezing the contents of the chamber in 

the diamond anvil cell, DAC (Figure 5). During the last decades numerous designs 

of DAC were invented (Jayaraman, 1983; Hazen & Finger, 1982; Eremets, 1996; 

Besson, 1997; Miletich et al., 2000). In this work a modified Merrill-Bassett 

diamond anvil cell was used for high-pressure crystallizations and X-ray 

diffraction experiments (Merrill & Bassett, 1974).  

 

 

Figure 5. Schematic view of the main central of a diamond anvil cell (DAC). 

 

The main part of the DAC are two diamond anvils. This carbon allotrope is the 

hardest material ever known. Typically two diamond anvils are mounted on 

beryllium or steel discs (Figure 6). However, the beryllium discs are nowadays 

rarely used because they cause high background and due to the toxicity of 

beryllium oxide. Furthermore, beryllium softens at about 500 K, which strongly 

hampers high-temperature experiments (Katrusiak, 2008).  

The sample, a small ruby chip for pressure calibration and liquid pressure-

transmitting medium are loaded into a miniature reaction chamber, confined 

between the walls of a spark-eroded hole in the metal gasket and the tips of two 
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vertically opposed diamonds. In this work, ruby-fluorescence method was used for 

pressure calibration. The method is based on the red shift of the two narrow 

bands (692.8 and 694.2 nm at ambient conditions) of ruby fluorescence resulting 

from the increased pressure. This correlation has been thoroughly investigated 

and described in the literature (Piermarini et al., 1975; Mao et al., 1986; Chijioke et 

al., 2005; Syassen, 2008).  

 

 

Figure 6. CCD images of imidazole crystals in a DAC recorded on a KUMA KM4 CCD 
diffractometer under high pressure. The characteristic feature of diffraction patterns of  
a  DAC with diamonds mounted on steel discs (left) and a DAC with beryllium backing 
plates (right). The sample-crystal reflections are indicated with letters R, powder rings 
from the steel gasket (G); beryllium-powder rings (Be); and diamond reflections (D). 

 

The single-crystal sample can be placed in the pressure chamber in different 

ways:  

(1) it can be glued to the diamond surface (culet), topped by pressure-transmitting 

medium and closed inside the DAC;  

(2) it can be obtained directly in a diamond anvil cell by in situ isochoric or 

isothermal crystallization.  
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3.1 X-Ray diffraction studies 

In this thesis a single crystal KUMA KM4 and Xcalibur Eos diffractometers  with 

a CCD detector and a monochromated Mo sealed-tube source (Kα radiation, λ = 

0.71073 Å) were used for X-ray single-crystal measurements. For high pressure 

experiments a gasket-shadow centering alignment procedure of a DAC 

(Budzianowski & Katrusiak, 2004) was used.  The CrysAlisPro program suite was 

used for data collections, determination of the UB-matrices and initial data 

reduction. Then the reflection intensities were corrected for the DAC absorption 

and gasket shadowing and the diamond-anvil reflections were eliminated 

(Katrusiak, 2003). The structures were solved by using direct methods by 

program SHELXS and refined by full-matrix least squares with SHELXL (Sheldrick, 

2008). H-Atoms were located from the molecular geometry, with the  

C–H and N–H (for imidazole) distances set to 0.93 and 0.86 A˚, respectively. 
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4  
Polar crystals of imidazole 

 

At ambient and low-temperature conditions, imidazole forms monoclinic crystals, 

space group P21/c. Combined piston-cylinder compressibility measurements and 

high-pressure diffraction studies of imidazole show that it can be compressed in 

the monoclinic phase to 2.7 GPa at least. However, high-pressure in situ 

recrystallization of imidazole leads its new polar phase, stable above 1.2 GPa.  

 

4.1 NH∙∙∙N bonded ferroelectrics and relaxors 

 

The most intriguing and characteristic feature of ferroelectric materials is their 

reversible spontaneous polarization in the presence of external electric field. Non-

linear polarization of such systems implies a hysteresis loop (Figure 7),  

is a condition for their application as memory function.  

 

 

Figure 7. Dielectric and ferroelectric polarizations (P – polarization, E – external 

electric field). Hysteresis loop is characteristic for ferroelectric materials. 

 

Ferroelectric materials are applied in highly efficient and miniaturized 

capacitors, used in the construction of ferroelectric RAM memories (Scott, 2000). 
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Still today, a vast majority of ferroelectric materials is based on ionic systems, 

mainly inorganic salts, such as ceramic perovskites doped with lead. Due to this 

heavy metal contents, the most serious drawback of these materials is their 

relatively high toxicity. Hence, their organic substitutes seem to be more green 

and environment-friendly alternative.  

A few examples of switchable, KDP-type (KH2PO4; Nazario & Gonzalo, 1969) 

hydrogen bonded organic ferroelectrics have been reported recently. OH∙∙∙O 

bonded croconic acid exhibits ferroelectric behavior (Horiuchi et al., 2010). 

Another type of organic materials include  1,4-diazabicyclo[2.2.2]octane (dabco) 

monosalts dabcoHX with NH+∙∙∙N hydrogen bonds in the structure. Salts with 

tetrahedral ClO4–, BF4– and ReO4– anions, are ferroelectrics and the ones with small 

Br– and I– anions are stoichiometric anisotropic relaxors (Olejniczak et al., 2010; 

Szafrański et al., 2010, Szafrański & Katrusiak, 2004).  

Compared to the ionic systems, molecular materials can be more advantageous.  

The NH∙∙∙N bonded molecular materials, imidazoles and their derivatives, such as 

pyrazole (Sikora & Katrusiak, 2013), benzimidazole (Zieliński & Katrusiak, 2013) 

and ferroelectric 2-methylbenzimidazole (Horiuchi et al., 2013) have been 

described recently.  

Liquid imidazole exhibits ionic conductivity, which has been associated with the 

proton transfer in NH∙∙∙N bonds and explained previously by possible molecular 

reorientations (Figure 8; Daycock et al., 1968; Kawada et al., 1970). 

 

 

Figure 8. Molecular reorientation model protonic conductivity in imidazole in the 

molten state (after Daycock et al., 1968). 

 

It was established that the activation energy of reorientations measured by 1H DQ 

and 15N NMR spectroscopies is much lower in amorphous grains than in the 
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crystalline state (Hickman et al., 1999; Fischbach et al., 2004). Furthermore, in the 

solid state, imidazole forms centrosymmetric and non-polar crystals, which means 

that it does not meet the symmetry requirements of ferroelectrics materials. Only 

pressure-induced recrystallization of imidazole leads to its new polar phase, 

where the crystal acquires spontaneous polarization.  

 

4.2 Compressibility of imidazole 

 

Compression of imidazole is monotonic and do not reveal any anomalies. In this 

work, two experimental procedures were used to investigate imidazole 

compressibility and possible phase transitions.  

A piston-cylinder device was used for the compressibility measurements 

(Baranowski & Moroz, 1982). First, the compressibility of kerosene was measured 

up to 1.9 GPa. The results of this measurement are listed and plotted in Appendix 

B. Then the 9.8 ml cylinder was filled with 8 g of imidazole and topped with 

kerosene to the final volume. Compressibility of imidazole was measured up to 

1.72 GPa (Figure 1 in Appendix A, Article A1). Finally, the compressibility of 

imidazole was calculated for the measured kerosene compressibility and the 

known kerosene : imidazole ratio (v/v:3.5/6.5).  

In the second approach, a single KUMA KM4 diffractometer was used for high-

pressure single-crystal diffraction experiments. 

 

4.3. High-pressure crystallization 

0.5g of imidazole (from Polskie Odczynniki Chemiczne S.A. without further 

purification) was dissolved in 1ml of pure methanol, yielding the saturated 

solution.  Tungsten gaskets of 0.2 mm thickness and with 0.45 mm diameter hole 

were used. A small ruby chip for pressure calibration was placed in the DAC 

(Diamond-Anvil-Cell) chamber. After filling the chamber, the DAC was 

immediately closed. Promptly after closing the DAC, a polycrystalline mass 

precipitated inside the chamber.  The polycrystalline sample was heated with  

a hot-air gun until all but one crystallites dissolved at 365 K.  Then, the DAC was 

slowly cooled down to room temperature and a single crystal of monoclinic  

α-phase imidazole was obtained at 0.5 GPa. The pressure in the DAC was gradually 
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increased and  for each pressure point X-ray data were collected up to 2.7 GPa.   

In the new experiment, a single crystal of imidazole was isochorically 

recrystallized above 1.2 GPa yielding a new orthorhombic β-form of imidazole.  

A series of X-ray measurements were performed for compressed and  

decompressed crystals of β-imidazole in the pressure range from 0.5 to 3.35 GPa.  

The process of crystal growth of phases α and β is illustrated in Figures 9 and 10.  

 

 

Figure 9.  Isochoric crystal growth of α-imidazole: one crystal seed at a) 370 K;  

b) 350 K; c) 330 K; d) 320 K; e) 310 K; and f) 296 K and 0.5 GPa before the data 

collection. The ruby chip for pressure calibration lies by the upper-edge of the 

chamber. 

 

Figure 10.  The same DAC chamber as in Figure 9 and isochoric crystal growth of  

β-imidazole: one crystal seed at a) 450 K; b) 440 K; c) 420 K; d) 380 K; e) 330 K; and 

f) 296 K and 0.8 GPa before the data collection. The ruby chip for pressure calibration 

lies at the upper-edge of the chamber. 

 

4.4 Polar high-pressure structure 

High pressure and temperature-induced crystallization of imidazole results in its 

new polar phase. It has been established, that above 1.2 GPa imidazole does not 

crystallize in the centrosymmetric monoclinic α-polymorph, but in the non-
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centrosymmetric orthorhombic β-phase, space group Aba2.  The polar imidazole 

phase is stable in the pressure range from 1.2 GPa to 3.4 GPa at least, but it can 

also survive the decompression to 0.2 GPa or less. The region of pressure 

hysteresis, where both phases can exist independently, allowed the measurements 

for these different phases at the same thermodynamic conditions (Table 1 in 

Article A.1). 

Like in the monoclinic α-phase, the orthorhombic β-phase is built of NH∙∙∙N 

bonded chains (Figure 2 in Article A.1). However, the environment of molecules in 

the crystal is different. The neighbouring molecules engaged in NH···N hydrogen 

bonds in imidazole β are related by translation. Furthermore, in both imidazole 

phases the initial lengthening of N(1)∙∙∙N(3)’ distances (Figure 3 in Article A.1), and 

their subsequent shortening are observed. The compression of N(1)∙∙∙N(3)’ 

distance gradually reduces the energy barrier between the two  

H-sites, and can facilitate the H-atom hopping. The shortest N(1)∙∙∙N(3)’ distance, 

of 2.756(8) Å evidenced in β-imidazole at 3.35 GPa, is by 0.093 Å shorter than in α-

imidazole at 0.1 MPa. 

In order to obtain the potential energy surface for proton transfer in the chain 

of hydrogen-bonded imidazole molecules arranged as in the crystal β phase, 

partially constrained geometry computational optimizations of the system were 

carried out using one-dimensional periodic boundary conditions. The calculations 

were performed with the GAUSSIAN09 program at the B3LYP/6-311G(d,p) level of 

theory (Gaussian 09, 2010). The translation vector Tv = |b+c|/2 between NH∙∙∙N 

bonded molecules located at the nodes of Bravais lattice A (cf. Figure 1. in Article 

A.1) was gradually shortened from 5.1 to 4.5 Å with a step of 0.01 Å, while the 

N(1)···H(1) distance was probed from 1.0 to 2.1 Å with a step of 0.05 Å. It was 

established experimentally that the length of the translation vector, with a good 

approximation, linearly depends on pressure (Figure 11). Therefore the results of 

potential-energy of  the proton transfer path in the chain of hydrogen-bonded 

molecules calculated in the function of the translation Tv can be easily related to 

the scale of pressure. As expected, the height of energy barrier decreases with the 

translation vector shortening (Figure 12). The proton-transfer energy reaches the  

RT = 2.43 kJ mol-1 (product of the molar gas constant and the temperature at  

296 K) at the translation vector length of about 4.6 Å, which corresponds to the 
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pressure of 12.3 GPa. This pressure is somewhat higher than that roughly 

estimated from linear compression of NH∙∙∙N bonds. The calculations of N(1)-H(1) 

bond length and N(1)···N(3)’ distance dependence as a function of translation 

vector (pressure) were aimed at comparing the compression of the isolated chain 

(GAUSSIAN calculations) with the chain compression in the crystal environment 

(experiment). 
 

 

Figure 11. The pressure dependence of translation vector (|b+c|/2 crystal translation) 

in the crystal structure of imidazole β phase. The experimental points are shown with 

bidirectional error bars. The regression line (marked by dashes)  

is Tv = -0.0411∙ p + 5.106 (Å). 

 

Figure 12. Proton-transfer energy barrier Ep plotted in the function of translation vector 

Tv in NH···N bonded chain of imidazole molecules arranged as in the β phase. The 

vertical dashed lines indicate the translation vector magnitudes determined 

experimentally, labeled with the corresponding pressure values. The horizontal dashed 

line represents the RT energy threshold at room temperature. 
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The calculations were performed stepwise for the chain of molecules defined as 

above, with the translation vector changing in the range from 5.1 to 4.5 Å. The 

results are presented in Figures 13 and 14, respectively. In Figure 13 the 

experimental structural data for crystal has been added to the plot to show their 

agreement with the calculated values. This consistence suggests that other effects 

of crystal environment are minor for the compression of N∙∙∙N and H∙∙∙N distances. 

 

 

Figure 13. The N-H bond length between NH···N bonded imidazole molecules,  

as a function of the chain translation vector. 

 

Figure 14.  The N(1)···N(3)' distance in NH···N bonded chain of imidazole molecules 

arranged as in the crystal β phase, in the function of translation vector. The small dots 

represent the experimental data, shown in red with bidirectional error bars. 

 

 

 



 
26 

4.5 Conclusions 
The pressure evolution of hydrogen bond parameters in polar β-phase agrees very 

well with the theoretical predictions computed for periodic imidazole chains. The 

calculations have also helped to model double-well energy potential in the 

function of pressure. Interestingly, polar β-phase of imidazole can be obtained 

only by high pressure recrystallization of monoclinic phase. It remains puzzling 

why the ambient-pressure α-phase is centrosymmetric and why high pressure is 

needed for obtaining the polar  β-phase.  
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5 
Pressure-induced transition in ferrocene I 

Ferrocene, Fe(η5-C5H5)2, is the most stable example of all known till now sandwich 

complexes, in which metal ions are connected with cyclopentadienyl rings. 

Although its molecular and crystal structure was thoroughly investigated, several 

aspects remained unclear. For example, it was postulated that ferrocene 

undergoes a phase transition under high pressure at about 1.1 GPa (Duecker & 

Lippincott, 1967). However, in the late 1970s, the observation of this pressure 

transition was hampered mainly because of the technical hindrances, such as 

sample size and its relatively high melting point. Within this thesis a series of 

laboratory and synchrotron diffraction experiments were performed in order to 

investigate the high-pressure behavior of ferrocene. 

 

5.1 Ambient-pressure ferrocene phases and conformations 

Ambient-pressure and low-temperature structural studies of ferrocene give many 

significant information about the conformation and environment of ferrocene 

molecules in the crystal. So far, there are three well-known and structurally 

characterized forms of ferrocene in the literature, and also deposited in the 

Cambridge Structural Database. At ambient pressure and room temperature 

ferrocene forms monoclinic crystals of form I, space group P21/a, (Takusagawa & 

Koetzle, 1979). At 165 K form I transforms to triclinic form II (Seiler & Dunitz, 

1982), of space group F ̅ and the unit cell with almost doubled dimensions. 

Another phase was obtained at still lower temperature, when ferrocene was 

recrystallized at 98 K. This phase III is orthorhombic, space group Pnma (Seiler & 

Dunitz, 1979).  

The energy barrier between eclipsed and staggered molecular conformation 

(Figure 2) is relatively low, of about 4 kJ/mol (Coriani et al., 2006; Haaland & 

Nilsson, 1968).  However, the molecular conformation in the ferrocene crystalline 



 
28 

phases is different. According to the neutron diffraction experiments, the 

cyclopentadienyl rings are disordered around the staggered conformation in 

monoclinic phase I (Takusagawa & Koetzle, 1979). By lowering the temperature 

rings disorder is eliminated, and after phase transition to triclinic form II, the 

independent molecules are ordered in somewhat distorted staggered 

conformations. In the structure of phase III below 98 K the molecules assume 

energetically favoured eclipsed conformation. The atomic displacement 

parameters in these conditions are very small. Table 1 summarizes 

crystallographic data for ferrocene phases at 98, 101 and 173 K.  

Table 1. Crystal data of ferrocene phases: monoclinic ferrocene I (Takusagawa  

& Koetzle, 1979), triclinic ferrocene II (Seiler & Dunitz, 1982) and orthorhombic 

ferrocene III (Seiler & Dunitz, 1979). 

 

 ferrocene I ferrocene II ferrocene III 

crystal system monoclinic triclinic orthorhombic 

space group P21/a F ̅ Pnma 

temperature (K) 173 101 98 

a (Å) 10.443 20.960 6.987 

b (Å) 7.572 15.019 8.995 

c (Å) 5.824 11.421 12.196 

α (°) 90 89.47 90 

β (°) 120.95 119.93 90 

γ (°) 90 90.62 90 

V (Å3) 394.957 3115.61 766.495 

Z 2 16 4 

R (%) 5.3 1.9 1.9 

 
5.2  Compression of ferrocene 

 

A series of synchrotron and laboratory diffraction studies have been performed 

for ferrocene crystals up to 11.6 GPa (Figure 1 in Article A.2). The compression of 

ferrocene is unusual in this respect that one of the unit cell dimensions, parameter 

b, increases with increasing pressure in the pressure range between 2.0 and 4.0 

GPa (the effect termed as the U-turn compression), and that at 3.24 GPa angle β 

suddenly drops across 90° (Figure 2 in Article A.2).  
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It has been established that this anomalous compression can be associated with 

the changes of intermolecular contacts between cyclopentadienyl rings, which 

leads in consequence to the pressure-induced elimination of their disorder, 

described in Article A.2. 

It is amazing that above 3.24 GPa the intermolecular distances d[111] along 

diagonal [111] are shorter than d[-111] along diagonal [-111], and therefore the 

lattice strain proceed toward angle β equal 90°, when both these distances become 

equal above 4.0 GPa (Figure 6 in Article A.2). Further compression of ferrocene is 

monotonic and do not show any clear anomalies up to 11.6 GPa 

 

5.3 Mechanism of pressure-induced transition  

 

It can be postulated, basing on the U-turn compression of parameter b and 

subsequent ordering of the cyclopentadienyl rings conformation, that ferrocene 

undergoes a pressure-induced isostructural transition. This unusual phase 

transition results from the potential energy of intermolecular contacts interfering 

with the ferrocene molecular conformation. It is characteristic of isostructural 

phase transitions that, according to Ehrenfest, they are of the first-ordered type 

(Jaeger, 1998). 

For the isolated ferrocene molecule the minimum of potential energy function 

corresponds to the eclipsed position of cyclopentadienyl rings. However, crystal 

environment of ferrocene molecules enforces a twisted conformation with the 

rings disordered. The potential function of molecular conformation has two wells 

(Figure 4 in Article A.2), consistently with the two-sites disorder model 

(Takusagawa & Koetzle, 1979) and with the magnitudes of atomic displacement 

parameters. High pressure gradually enhances the crystal-environment forces and 

reduces the amplitudes of thermal vibrations till 3.24 GPa, when the molecule 

locks in at the metastable position.  

This type of phase transition, directly connected with the U-turn compression 

of crystal dimensions, for the first time proposed for ferrocene, can explain the 

nature of the unusual and puzzling compression of some other compounds. 
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5.4  Conlusions 

 

The anomalous U-turn compression have been observed for ferrocene crystals. It 

has been postulated that above 3.24 GPa ferrocene I undergoes a unique phase 

transition to its isostructural phase I’ and that this transition can be associated 

with the strongly anomalous compression affecting the molecular conformations.  
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6 
Helical patterns in gold(I) 

diethyldithiocarbamate 

 

 

Au(I) diethyldithiocarbamate polymerize into gold-gold bonded helices. At 

ambient conditions, these molecular filaments assume Au8 turn intervals in 

tetragonal polymorph α. Under pressure it exhibits the negative area 

compressibility, due to the shortening of the length of the springs and their 

increased diameter. Above 0.05 GPa, the crystal transforms to the orthorhombic 

phase β, with the Au···Au wires assuming Au16 turn intervals. In this work, the 

compression of both phases and their transition were rationalized in the terms of 

the Au···Au bonds compression and transformation of the Au···Au bonded helices.  

 
6.1 Aurophilic interactions 

 

The phenomenon of aurophilicity can be defined as the tendency of the low-

coordinate gold complexes to associate into dimers, oligomers, polymers and 

conglomerates via direct gold-gold contacts (Schmidbaur, 2000). However, this 

feature is characteristic mainly for closed-shell gold(I) compounds, with the 5d10 

configuration of gold atoms. It can be assumed, that the distance between two 

neighbouring gold(I) centres should not exceed the sum of van der Waals radii. 

Generally, the average distance is 2.7-3.3Å. The energy of such interactions is 

relatively low, but often comparable with the energy of hydrogen bonds. 

(Runeberg at al., 1999; Schmidbaur, 2000) 

In this work, high pressure techniques have been used in order to investigate 

the compression of gold-gold weak interactions in gold(I) diethyldithiocarbamate 

polymer.  
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6.2 Synthesis 

Sodium diethyldithiocarbamate was synthesized in  the reaction of diethylamine 

with carbon disulphide in the presence of sodium hydroxide. 5.15 ml of 

diethylamine (50 mmol) in 15 ml of methanol and 2 g of sodium hydroxide (50 

mmol) dissolved in 5 ml of distilled water were mixed together in a 50 ml 

Erlenmeyer flask. The mixture was cooled in the ice bath and stirred. Through a 

dropping funnel 3 ml (50 mmol) of carbon disulphide in 15 ml of methanol was 

carefully added to the mixture drop by drop. After 30 minutes the pale-yellow 

powder precipitated. The resulting precipitate was filtered off on a Büchner funnel, 

washed with distilled water and left to dry. Yield 67%. 

Gold(I) diethyldithiocarbamate polymer [Au2(C4H10NCS2)2]n was synthesized in 

the reaction of sodium diethyldithiocarbamate trihydrate with PPh3AuCl gold(I) 

complex (from Sigma-Aldrich without further purification) in the dichloro-

methane/methanol  (v:v / 1:1) solution. 0.1 g of PPh3AuCl dissolved in 2 ml of 

dichloromethane was added to a 2 ml of the methanol solution of sodium 

diethyldithiocabamate. The resulting mixture was stirred for 8 hours until 

colourless crystals of triphenylphosphine precipitated. The precipitate was 

filtered off and the solution was left for crystallization. After one day needle-like 

orange crystals formed in the mother-liquor.  

 

6.3 Temperature and pressure studies 

Low-temperature and high-pressure X-Ray diffraction measurements of gold(I) 

diethyldithiocarbamate crystals were performed using KUMA KM4 and Oxford 

Diffraction Xcalibur Eos diffractometers. However, high-pressure experiments 

were challenging in this respect that because of long unit-cell parameter  

c exceeding 45 Å the sample-detector distance had to be increased to 110 mm.  

It allowed optimizing the experimental conditions between x-rays absorption in 

air, coverage of recorded data by more distant detector and the resolution of 

closely located reflections. Another consequence of long lattice constants was the 

large number of densely distributed sample reflections of which many overlapped 

with the reflections from the diamond anvils. Hundreds of so overlapped 

reflections were scrupulously eliminated.  
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6.4 Corresponding phases α and β of Au2EtDTC and its solvates 

Two polymorphs of gold(I) diethyldithiocarbamate polymer, AuEt2DTC, were 

reported: tetragonal form α, of space group I41/a, and orthorhombic form β, space 

group Fddd. I found that at ambient pressure the formation of crystals can be 

controlled by solvent. It has been established that the CH2Cl2:CH3OH 1:1 mixture 

favours the formation of α-AuEt2DTC·xCH2Cl2, whereas of the solutions with a low 

contents of CH2Cl2, form β can be obtained. The formation of phases α and β is 

associated with the incorporation of CH2Cl2 molecules in the voids of AuEt2DTC 

crystals (Figure 2 in Article A.3). Single-crystal low-temperature and high-pressure 

structural studies confirmed the formation of solvated AuEt2DTC·xCH2Cl2, where x 

for different samples can assume values between ½ and 0. The guest CH2Cl2 

molecules are strongly disordered in several orientations and their detection is 

hampered at room temperature because of very high atomic displacement 

parameters (ADP’s) of CH2Cl2 and very strong scattering of X-rays by Au atoms 

(relative electron density of other atoms is low). The solvation of AuEt2DTC by 

CH2Cl2 at ambient conditions results in the significantly larger, by nearly 10 Å3, 

molecular volume (unit-cell V/Z) of phase α larger than that of phase β. 

Above 50 MPa (0.05 GPa) the tetragonal α-phase transforms to orthorhombic 

phase β, and that this transition is repetitively reversible, while the unsolvated 

orthorhombic β-phase does not transform to phase α even after long time at 

ambient pressure, or after hydrostatic compression. The channel-like voids in 

AuEt2DTC have narrowings preventing the transport of guest molecules to and out 

of the crystal. The CH2Cl2 molecules trapped in the voids are unlikely to be 

removed at normal conditions and reversely, high pressure do not push new 

guests into the voids. In principle, polymorphs should have the same composition. 

At ambient conditions the AuEt2DTC·xCH2Cl2 forms α and β indicate their different 

solvation (larger x in form α and lower in β). On the other hand, the solvate of  

α form can be transformed to form β of the same composition by high pressure.  
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6.5 Compressibility of AuEt2DTC 

 

High pressure study of AuEt2DTC has shown that the orthorhombic polymorph  

β can be compressed to 1.0 GPa without any apparent symmetry changes. 

Interestingly, the crystal compression can be correlated to its structure built of 

AuAu bonded helices and to the collapse of channel voids. The transformation 

between phases α and β hardly affects the distances between the close filaments 

(along directions [100]α and [010]α in phase α). In phase α these distances slightly 

increase with pressure along aα and bα, which leads to the negative-area 

compression of this phase. This effect originates from the increased radius of  

a compressed spring. The crystal discontinuous compression on the transition to 

phase β mainly results of collapsed voids, becoming longer along [010]β and 

shorter along [100]β. This indicates that the interactions between neighbouring 

filaments are very important for the helical modulation of filaments. Owing to the 

similar parallel arrangement of the filaments, phase α is a prototypic ferroelastic 

form and phase β is its orientational state. The mechanism of collapsing voids in 

phase β leads to increasingly different parameters aβ and bβ with increasing 

pressure (Figure 3 in Article A.3). The shorter parameter aβ is considerably softer 

than the longer bβ parameter. At still higher pressure the crystal gradually 

becomes more soft along [010]β, however this direction remains the hardest in the 

crystal and at 1.0 GPa the difference between aβ and bβ increases to nearly 2.5 Å.  

 

6.6 Helices of the monoatomic Au∙∙∙Au filaments 

 

Phases α and β are centrosymmetric and there are both left- and right-handed 

helices. The helical modulation can be connected with the intramolecular and 

intermolecular strain between the AuEt2DTC units. Annular S-Au-Au angles inside 

the AuEt2DTC monomers are between 81.4 and 95.2°. The annular torsion angles 

S-Au-Au-S are on average -37°, and extra-annular ones of about -63°. The 

compression of phase α increases the annular S-Au-Au-S angles and decreases the 

extra-annular ones by about 5°. The Au-Au-Au angles are of about 171° and 177°, 

which illustrates the directional flexibility of Au···Au bonds and their sensitivity to 



 
35 

the crystal environment. Despite the similar structure of phases α and β, the 

ligands are considerably shifted, according to the changed modulation of filaments. 

This modulation change can be rationalized by increased interactions between 

neighbouring filaments. In phase α their helix modulation is of the opposite 

handiness, as illustrated in Figure 6 in Article A.3. The opposite handiness of 

helices is unfavourable for close packing, as the threads cannot efficiently fit into 

the grooves running in the opposite sense. The close packing can be improved 

when the turns at least partly reverse their handiness, as observed in the β phase 

(Figure 5 in Article A.3).  

 
6.7 Conclusions 

 

The monoatomic gold-gold bonded helical filaments have been observed in gold(I) 

diethyldithiocarbamate polymer. In the solid state, they form two different 

crystalline phases built of one-dimensional Au···Au bonded wires with solvent-

accessible pores in between. The tetragonal α-form is built of Au···Au bonded 

filaments modulated into molecular Au8-pitch helices, while in the orthorhombic  

β-form Au16-pitch helices are observed. In this work a mixture of dichloromethane 

and methanol was used for gold(I) complex crystallization. In general, it can be 

concluded that tetragonal α-form is favoured by larger contents of CH2Cl2 in the 

solvent mixture, whereas its lower content leads to phase β. Moreover, it has been 

established that the formation of β phase can be also controlled by pressure and 

that above 50 MPa tetragonal form transforms to the orthorhombic β-form.  

As a consequence, gold-gold bonded helices are partly unwound by pressure. 
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7 
Non-bonding interactions under pressure 

 

It can be concluded that pressure is an effective tool for tuning crystal structure by 

changing energetical hierarchy of non-bonding forces. Pressure can induce phase 

transitions and structural changes, leading to new molecular arrangements, of 

varied physical properties, such as crystal polarity and optical properties.  

Three examples of pressure-induced transformations of molecular crystals 

have been presented in this thesis. 

High-pressure recrystallization of imidazole has led to its new polymorph, 

where the infinite NH···N bonded chains of molecules assume polar arrangement. 

The lengths of NH···N bonds are shorter in the high pressure polymorph, which 

facilitates proton hopping in a double-well potential. This mechanism is also 

supported  by periodic quantum chemical calculations.  

The conformation of metallocene molecules has been intensively investigated 

due to the very low energy barrier between staggered and eclipsed forms. It was 

postulated previously that at ambient conditions cyclopentadienyl rings in 

ferrocene are dynamically disordered in two sites.  These disorder is eliminated at 

high pressure leading to unexpected anomalous evolution of lattice parameters 

with pressure.  

Aurophilic interaction is a very unusual type of intermetallic bonds, in which 

relativistic effects play a substantial role. So far studies on the high-pressure 

evolution of Au···Au distances  are very limited abd this work reports the first 

compressibility measurements of this effect. It was shown in this thesis that  

pressure can partly unwind helical Au···Au bonded filaments. 

These three examples illustrate the fascinating variety of structural changes 

imposed by pressure, which in this case are unattainable in temperature studies. 
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8 
Summary in Polish 

Streszczenie w języku polskim 

 

Ciśnienie, tak jak temperatura, jest jednym z podstawowych parametrów 

termodynamicznych, dzięki któremu możliwe jest kontrolowanie warunków 

procesów chemicznych i reakcji. Przełomem w chemii wysokich ciśnień było 

skonstruowanie komory z kowadłami diamentowymi, w której generowane 

ciśnienie może osiągnąć bardzo duże wartości. Co więcej, badania dyfrakcyjne  

w warunkach wysokiego ciśnienia stanowią unikatową technikę badawczą 

pozwalającą na poznanie oraz zrozumienie zjawisk zachodzących w warunkach 

ekstremalnych, takich jakie panują np. we wnętrzu Ziemi czy w kosmosie.  

Celem mojej pracy doktorskiej było otrzymanie oraz charakterystyka 

strukturalna nowych materiałów na bazie kryształów molekularnych, w aspekcie 

ich przemian strukturalnych związanych z transformacjami oddziaływań między-

cząsteczkowych  oraz agregacją molekuł w sieci krystalicznej. W ramach 

doktoratu podjąłem próby otrzymania pierwszego molekularnego ferroelektryka 

z wiązaniami wodorowymi typu NH···N. W tym celu wybrałem kryształy 

imidazolu, jednego z najprostszych układów z wiązaniami typu NH···N.  

W warunkach atmosferycznych imidazol tworzy centrosymetryczne kryształy  

w układzie jednoskośnym. W wyniku ciśnieniowej rekrystalizacji w komorze  

z kowadłami diamentowymi otrzymałem nową, polarną odmianę polimorficzną 

imidazolu oraz określiłem warunki termodynamiczne, w których obie odmiany 

polimorficzne współistnieją. W celu wyznaczenia ściśliwości imidazolu 

wykonałem pomiary dyfrakcyjne z użyciem komory wysokociśnieniowej  

z kowadłami diamentowymi oraz prasę wysokociśnieniową typu tłok-cylinder.  

Badania strukturalne kryształów ferrocenu przeprowadzone zostały w ramach 

współpracy z European Synchrotron Radiation Facility w Grenoble. Już na 

podstawie badań laboratoryjnych w kryształach ferrocenu zaobserwowałem 

anomalną ściśliwość jednego z parametrów strukturalnych oraz indukowane 

wysokim ciśnieniem wygaszenie drgań termicznych atomów węgla w pierścieniu 
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cyklopentadienylowym. W związku z postulowanym wcześniej modelem 

nieuporządkowania pierścieni cyklopentadienylowych w dwóch pozycjach,  

w strukturze ferrocenu w warunkach atmosferycznych, zaproponowałem model 

przemiany izostrukturalnej ferrocenu związanej z uporządkowaniem pierścieni  

w pozycji naprzemianległej. 

W ramach pracy doktorskiej otrzymałem także hybrydowy nieorganiczno-

organiczny materiał luminescencyjny – polimeryczny dietyloditiokarbaminan 

złota(I).  W zależności od warunków syntezy i krystalizacji, związek ten tworzy 

kryształy tetragonalne lub rombowe, przy czym badania wyskociśnieniowe 

wskazały, że powyżej 50 MPa faza tetragonalna ulega przemianie do fazy 

rombowej. Wykazałem, iż przemiana fazowa dietyloditiokarbaminianu złota(I) 

związana jest ściśle ze zmianą ułożenia helikalnych łańcuchów złota(I) oraz  

ich częściowym rozwijaniem w sieci krystalicznej. 
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Unwinding Au∙∙∙Au bonded filaments in ligand-supported  
gold(I) polymer under pressure** 
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a
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Abstract: The ultimately miniature insulated gold 

wires, single atom in diameter, of Au···Au bonded 

gold(I) diethyldithiocarbamate polymer, AuEt2DTC, can 

be transformed depending on pressure and solvate 

contents. When synthesized in the presence of CH2Cl2, it 

crystallizes into a tetragonal AuEt2DTC·xCH2Cl2 phase 

α with Au···Au bonded filaments modulated into 

molecular Au8-pitch helices. Low contents of CH2Cl2 

favours the β phase, of ortho-rhombic space group Fddd 

and significantly reduces the volume. The  

α-AuEt2DTC·xCH2Cl2 crystal exhibits a highly unusual 

negative-area compressibility, due to the spring-like 

compression of helices, and above 0.05 GPa it 

transforms to phase β. In phase β, the helices extend 

their pitch to the Au16 interval and partly unwind their 

turn, which relaxes the tension generated by external 

pressure between neighbouring helices of the opposite 

handiness. This is a unique observation of atomic-scale 

helical filaments transformation, which otherwise is  

a universal process analogous to the helix reversal 

between DNA forms B and Z and to macroscopic 

unwind kinks in grapewine tendrils and telephone cords. 

The supramolecular architectures of metal organic 

frameworks (MOF’s), two- and one-dimensional 

coordination polymers and metal complexes have been 

extensively studied due to their exceptional physical and 

chemical properties. These novel hybrid materials are 

required for various application involving gas storage 

and purification, catalysis, and ferroelectric switches.1 

Noble-metals complexes are particularly intriguing due 

to their closed-shell noble-metal interactions, strong 

luminescence and direct relevance to gold nanoparticles 

applied in medicine and technology. Such materials 

with metallophilic interactions exhibit fluorescent 

properties and are particularly suited in photochemical 

sensors.2 Recently, several high-pressure studies on 

argentophilic and aurophilic interactions in noble-metals 

complexes were reported.3 It was discovered that the 

luminescence of Au···Au bonded polymers based on 

gold(I) dithiocarbamates linked by oligomeric gold-gold 

interactions is highly piezo- and pyro-sensitive.4 The 

luminescence shifts were associated with the 

compressed Au···Au distances and reduced HOMO-

LUMO energy gap of neighboring gold(I) centers. 

Here we report the pressure-induced shortening of 

aurophilic contacts in a gold(I) diethyldithiocarbamate 

polymer (AuEt2DTC) and conformational transfor-

mations of this monoatomic gold filaments in the crystal 

structure. It is shown that its compression reduces 

differences between the DTC-ligand supported and 

unsupported Au···Au bonds. We have established that 

two known polymorphs of AuEt2DTC, tetragonal α-

phase,5 space group I41/a, and orthorhombic β-phase,6 

space group Fddd, are low- and high-pressure forms of 

this compound with voids partly filled by CH2Cl2 

molecules. Both the polymorphs are built of 

[Au2(C4H10NCS2)2] monomers linked into Au···Au 

bonded helical filaments (Figure 1). The transition 

between phases α and β involves molecular-scale 

transformations of the Au···Au filaments, their 

compression, changes of helical-modulation frequency 

and unwinding snags of their turns. 

 

Figure 1. Single turns of helix-modulated AuAu  bonded 

filaments viewed perpendicular and along their direction in 

phases: (a) α-AuEt2DTC·xCH2Cl2; and (b) β-AuEt2DTC·xCH2Cl2. 

The AuEt2DTC monomer has been enclosed in brackets. The 

thermal ellipsoids are shown at the 30% probability level and 

isotropic H-atoms as small spheres. 

We found that the formation of AuEt2DTC polymer 

forms α and β can be controlled at ambient pressure by 

the solvent mixture used for the synthesis and 

crystallization. The CH2Cl2:CH3OH 1:1 mixture favours 

the formation of α-AuEt2DTC·xCH2Cl2, whereas of the 

solutions with a low contents of CH2Cl2, form β was 

obtained. It is also possible to obtain both forms 

together from one crystallization: initially form α 

precipitates, and then form β follows, when more 

volatile CH2Cl2 evaporated from the mixture, 

precipitates. We have associated the formation of phases 

α and β with the incorporation of CH2Cl2 molecules in 

the voids of AuEt2DTC crystals (Figure 2). Our single-

crystal low-temperature and high-pressure structural 

studies confirmed the formation of solvated 

AuEt2DTC·xCH2Cl2, where x for different samples can 

assume values between ½ and 0. The guest CH2Cl2 
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molecules are strongly disordered in several orientations 

and their detection is hampered at room temperature by 

the adverse circumstances of very high atomic 

displacement parameters (ADP’s) and very strong 

scattering of x-rays by Au atoms (relative electron 

density of other atoms is low). Additionally, the 

AuEt2DTC·xCH2Cl2 crystals are highly elastic and 

easily develop defects lowering the quality of single 

crystals. Our samples investigated at 0.1 MPa had x 

between 0.4 and 0.2 for phase α and for phase β x was 

close to 0. We have also substituted CH2Cl2 in the 

solvate mixture with CH3OH by tetrahydrofuran (THF), 

the molecules of which are larger than the voids. The 

subsequent synthesis yielded exclusively the β-phase. 

The hydrophobic channels do not incorporate CH3OH 

molecules. The solvation of AuEt2DTC by CH2Cl2 at 

ambient conditions results in the significantly larger, by 

nearly 10 Å3, molecular volume (unit-cell V/Z) of phase 

α than that of phase β (see Figure 3 and Tables S1 and 

S2 of the Supplementary Information).  

We further observed that above 50 MPa (0.05 GPa) 

the tetragonal crystals of α-phase transform to phase β, 

and that this transition is repetitively reversible, while 

the unsolvated orthorhombic β-phase crystals do not 

transform to phase α even after long time at ambient 

pressure, or after hydrostatic compression. The channel-

like voids in AuEt2DTC have narrowings preventing 

transport of guest molecules to and out of the crystal. 

The CH2Cl2 molecules trapped in the voids are unlikely 

to be removed at normal conditions and reversely, high 

pressure do not push new guests into the voids. In 

principle, polymorphs should have the same 

composition. At ambient condition the 

AuEt2DTC·xCH2Cl2 forms α and β indicate their 

different solvation (larger x in form α and lower in β). 

On the other hand, the solvate of α form can be 

transformed to form β of the same composition by high 

pressure. 

In both forms α and β the Au2(C4H10NCS2)2 units 

polymerize into infinite AuAu bonded filaments 

(Figure 1). We established that the crystal structures of 

forms α and β are closely related. Their unit-cell 

dimensions are correlated and have similar structures of 

the AuAu bonded filaments. The filaments extend 

along crystal direction [001], as shown in Figure 2, and 

parameter cβ is approximately twice longer than cα (the 

indices indicate forms α and β). Likewise, parameters aα 

and bα are approximately halves of the diagonals of the 

aβbβ unit-cell base. The CH2Cl2 solvate molecules 

‘inflate’ the voids of phase α. These ‘inflated’ voids 

assume more spherical shape and the crystal assumes 

the tetragonal symmetry. Under high pressure the voids 

in the square pattern of filaments located in phase α 

collapse and  are distorted toward a rhomboid pattern of 

phase β (Figure 2). This rhomboid pattern is also found 

for empty or on average nearly empty ‘deflated’ voids 

of unsolvated and hardly solvated AuEt2DTC·xCH2Cl2.  

The crystal compression can be correlated to its 

structure built of AuAu bonded helices and to the 

collapse of channel voids. The transformation between 

phases α and β hardly affects the distances between the 

close filaments (along directions [100]α and [010]α in 

phase α). In phase α these distances slightly increase 

with pressure along aα and bα, which leads to the 

negative-area compression of this phase. This effect can 

be compared to the increased radius of a compressed 

spring. The crystal discontinuous compression on the 

transition to phase β mainly results of collapsed voids, 

becoming longer along [010]β and shorter along [100]β. 

This indicates that the interactions between 

neighbouring filaments are very important for the 

helical modulation of filaments. Owing to the similar 

parallel arrangement of the filaments, phase α is a 

prototypic ferroelastic form and phase β is its 

orientational state. The mechanism of collapsing voids 

in phase β leads to increasingly different parameters aβ 

and bβ with increasing pressure (Figure 3). The shorter 

parameter aβ is considerably softer than the longer bβ 

parameter. At still higher pressure the crystal gradually 

becomes more soft along [010]β, however this direction 

remains the hardest in the crystal and at 1.0 GPa the 

difference between aβ and bβ increases to nearly 2.5 Å. 

Intramolecular AuAu bonds within the 

Au2(C4H10NCS2)2 monomers of 2.77-2.78 Å, are shorter 

than the AuAu bonds between the monomers, of 2.96-

3.01 Å at ambient conditions (Figure 4). In both phases 

the pitch of helix-modulated filaments is equal in length 

to the unit-cell c dimension, twice longer in phase β than 

in phase α (Figures 1 and 2). The strong compression of 

AuEt2DTC crystals along the AuAu bonded helices 

parallel to the [z] axis (Figure 3) is the combined effect  

 

 

Figure 2. The crystal structure of  AuEt2DTC·xCH2Cl2 viewed 

perpendicular to and along the Au···Au filaments: (a) phase α at 

296 K / 0.1 MPa;  (b) phase β at  

296 K / 0.58 GPa. The thermal ellipsoids are drawn at the 50% 

probability level. The disordered CH2Cl2 molecules have been 

omitted for clarity (cf. Figure S7) 

of both the compression of the AuAu bonds (Figure 4) 

and to conformational transformations of the helices.  
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Figure 3. The pressure dependence of the unit-cell molecular 

volume(V/Z) of phases α (open circles) and β (full circles). Unit-

cell parameters are shown in the inset. The dashed line indicates 

the transition pressure. 

 

Figure 4. Compression of AuAu distances in 

AuEt2DTC·xCH2Cl2 phases α (open circles) and β (full symbols): 

intramolecular ligand-supported  bonds are shorter and 

intermolecular ligand-unsupported bonds are longer. The 

pressure dependence of AuAu distance in compressed metallic 

gold
7
 are shown as the dashed line. 

The unsupported intermolecular AuAu bonds are 

compressed at the average rate of β(AuAu) = 

(1/d)(Δd/Δp) equal to -0.1006 GPa-1. The intramolecular 

ligands-supported AuAu bonds are more than twice 

harder and their average β(AuAu) is -0.0435  

GPa-1, measured between 0.1 MPa and 1.0 GPa. At 0.1 

MPa, the supported AuAu bonds are similar in length 

to those in metallic gold. Pressure of 1.0 GPa squeezes 

these supported AuAu distances on average to the 

distance by 0.05 Å shorter than that in metal; the 

difference between unsupported AuAu bonds and 

metallic gold is reduced from 0.2 Å at 0.1 MPa to 0.1 Å. 

The Au8 turn of the helix in phase α is quite  

regular, according to two symmetry-independent 

AuAuAuAu torsion angles equal to -45˚ (Figure 5 

and Figure S1 in the Supplementary Information). In β-

AuEt2DTC·xCH2Cl2 the Au16-pitch helices become less 

regular (Figure 5). Phases α and β are centrosymmetric 

and there are both left- and right-handed helices. The 

helical modulation can be connected with the 

intramolecular and intermolecular strain between the 

Et2DTC units. Annular S-Au-Au angles inside the 

AuEt2DTC monomers are between 81.4 and 95.2°. The 

annular torsion angles S-Au-Au-S are on average -37°, 

and extra-annular ones of about -63° (Figure S1). The 

compression of phase α increases the annular S-Au-Au-

S angles and decreases the extra-annular ones by about 

5°. The Au-Au-Au angles are of about 171° and 177°, 

which illustrates the directional flexibility of Au···Au 

bonds and their sensitivity to the crystal environment. 

Despite the similar structure of phases α and β, the 

ligands are considerably shifted, according to the 

changed modulation of filaments. 

 

Figure 5. Torsion angles Au-Au-Au-Au as a function of pressure 

in α-AuEt2DTC (open circles) and in β-AuEt2DTC (full circles). 

This modulation change can be rationalized by 

increased interactions between neighbouring filaments. 

In phase α their helix modulation is of the opposite 

handiness, as illustrated in Figure 6. The opposite 

handiness of helices is unfavorable for close packing, as 

the threads cannot efficiently fit into the grooves 

running in the opposite sense.8 The close packing can be 

improved when the turns at least partly reverse their 

handiness, as observed in the β phase (Figure 5).  

It can be concluded that at ambient conditions the 

Au···Au bonded polymer, AuEt2DTC·xCH2Cl2 

crystallizes in forms α and β, depending on the contents 

(x) of solvating CH2Cl2 in the hydrophobic voids. Form 
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α is favoured by larger contents of CH2Cl2, whereas its 

lower content leads to phase β, with the smaller voids 

and the filaments around more tightly packed than in 

phase α. The high solvation causes a loose packing of 

filaments and their helical modulation in α-

AuEt2DTC·xCH2Cl2. In the high-pressure β-form the 

frequency of filaments is halved and unwinding snags 

develop, which facilitate a tighter accommodation of 

helices of opposite handiness. The effect of large 

CH2Cl2 contents ‘inflating’ the voids in the α-

AuEt2DTC·xCH2Cl2 can be counteracted by pressure, 

inducing the transition to phase β at about 50 MPa. The 

transition pressure value hardly depends on the solvent-

content parameter x, fixed during the synthesis and can 

be tuned by this parameter Owing to this feature 

AuEt2DTC·xCH2Cl2 is an attractive material for 

pressure sensors, particularly as this compound is built 

of metallic Au···Au filaments. Their modulation is, to 

our knowledge, the smallest-scale observation of a helix, 

changing its frequency and partly unwinding. These 

transformations can be rationalized in the terms of 

pressure-enhanced interactions in the crystal lattice, and 

also correlated with the solvate contents. In these 

respects the transformations of helical filaments in 

AuEt2DTC·xCH2Cl2 resemble those of DNA and RNA 

helices. 

 

Figure 6. The closest filaments with their ligands mashed in the 

structure of AuEt2DTC·xCH2Cl2 viewed along (left) and 

perpendicular (right) to their average planes in: (a) phase α; and 

(b) phase β. The handiness of each helix is opposite to that of its 

four closest neighbours (cf. Figure2).  

The mother-liquor composition and high pressure are 

known to induce transformation between left and right-

handed helices in DNA forms B and Z,9 respectively, 

and between the opposite-handiness helices in RNA 

forms A and Z.10 Several elements of the filaments 

transforming in AuEt2DTC·xCH2Cl2 are consistent with 

the characteristic features in the mathematical model of 

unwinding snags describing macroscopic systems,11 

such as climbing-plants tentacles and telephone cords. 

The copmpression of Au···Au distances indicate that 

high-pressure synthesis of aurophilic complexes can 

lead to new compounds of ligand supported 

monoatomic wires. 

Experimental Section 

Synthesis of sodium diethyldithiocarbamate trihydrate. 

Sodium diethyldithiocarbamate trihydrate was synthesized 

according to the previously described procedure.
12

 5.15 ml of 

diethylamine (50 mmol) in 15 ml of methanol and 2 g of sodium 

hydroxide (50 mmol) dissolved in 5 ml of distilled water were 

mixed together in a 50 ml Erlenmeyer flask. The mixture was 

cooled in the ice bath and stirred. Through a dropping funnel 3 ml 

(50 mmol) of carbon disulfide in 15 ml of methanol was carefully 

added to the mixture drop by drop. After 30 minutes the pale-

yellow powder precipitated. The resulting precipitate was filtered 

off on a Büchner funnel, washed with distilled water and left to dry. 

Yield 67%. 

Synthesis of gold(I) diethyldithiocarbamate polymer AuEt2DTC. 

Gold(I) diethyldithiocarbamate polymer [Au2(C4H10NCS2)2]n was 

synthesized in the reaction of sodium diethyldithiocarbamate 

trihydrate with PPh3AuCl gold(I) complex (from Sigma-Aldrich 

without further purification) in the dichloro-methane/ methanol  

(v:v / 1:1) solution. 0.1 g of PPh3AuCl dissolved in 2 ml of 

dichloromethane was added to a 2 ml methanol solution of 

sodium diethyldithiocabamate. The resulting mixture was stirred 

for 8 hours until colourless crystals of triphenylphosphine 

precipitated. The precipitate was filtered off and the solution was 

left for crystallization. After one day needle-like orange crystals 

formed in the mother-liquor.  

High pressure x-ray structural studies of AuEt2DTC. 

X-Ray diffraction measurements of gold AuEt2DTC needle-like 

single crystals were performed using diffractometers KUMA KM4 

and Oxford Diffraction Xcalibur Eos equipped with a CCD 

detector and a monochromated Mo sealed tube source (Kα 

radiation, λ=0.71073 Å). For high pressure experiments a 

modified Merrill-Bassett diamond-anvil cell
13

 (DAC with the anvils 

mounted directly on the steel supports) was used. A single crystal 

of gold(I) complex and a small ruby chip were glued to the culet 

surface of a diamond anvil. A tungsten gasket  0.1 mm thick and 

with 0.3 mm diameter hole was mounted. The chamber was filled 

with methanol used as a hydrostatic medium and closed. The 

DAC was centered on the diffractometer by the semiautomatic 

gasket-shadow procedure.
14

 The CrysAlisPro program suite was 

used for the data collection, UB-matrix determination and initial 

data reduction. Then the reflections intensities were corrected for 

the DAC absorption and gasket shadowing and diamond-anvil 

reflections were eliminated. The high pressure x-ray experiments 

were performed at 0.24, 0.58, 0.90 and 1.0 GPa. Because of long 

unit-cell parameter c exceeding 45 Å the sample-detector 

distance was increased to 110 mm which optimized the 

experimental conditions between x-rays absorption in air, 

coverage of recorded data by more distant detector and the 

resolution of closely located reflections. Another difficulty 

associated with the large lattice constants was the considerable 

number of densely distributed sample reflections of which many 

overlapped with the reflections from the diamond anvils. 

Hundreds of so overlapped reflections have been scrupulously 

eliminated. The structures were solved and refined using SHELX 

programs.
15

 Structural and experimental details are available free 

of charge in the CIF format from the Cambridge Crystallographic 

Database Centre. 

** This study was supported by the TEAM grant of the 

Foundation for Polish Science, TEAM 2009-4/6. 
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11 
Appendix B 

 

Compressibility of solids in a piston-cylinder apparatus 

 

The compressibility of imidazole has been measured in a piston-cylinder 

apparatus. For measuring the compressibility of this solid compound a hydrostatic 

fluid had to be used. For this purpose kerosene (from Dragon without further 

purification) was chosen. The compressibility of kerosene is essential for 

retrieving the compressibility of the solid component in the chamber. The 

compressibility measurements of kerosene performed in the piston-cylinder 

apparatus are plotted in Figure B.1 and reported in Table B.1. The initial volume of 

kerosene sample was 9.8 ml. 

 

 

Figure B.1. Compressibility of kerosene. 
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Table B.1. Compressibility data of kerosene. 
 

pressure 
(GPa) 

volume 
(mm3) 

pressure 
(GPa) 

volume  

(mm3) 
pressure 

(GPa) 
volume  

(mm3) 
pressure 

(GPa) 
volume 
(mm3) 

0.00 9800.00 0.45 8459.80 0.89 7803.83 1.34 7395.55 

0.02 9747.98 0.46 8431.52 0.91 7784.61 1.35 7384.24 

0.03 9636.01 0.48 8403.25 0.92 7772.16 1.35 7378.59 

0.05 9557.97 0.49 8358.01 0.94 7752.94 1.37 7366.15 

0.06 9461.84 0.51 8322.95 0.95 7732.58 1.38 7357.10 

0.08 9401.90 0.52 8296.94 0.97 7716.75 1.40 7345.79 

0.10 9336.30 0.54 8273.19 0.99 7696.39 1.42 7336.74 

0.11 9282.01 0.56 8251.70 1.00 7677.16 1.43 7323.17 

0.13 9220.94 0.57 8231.34 1.02 7662.46 1.46 7309.60 

0.14 9155.35 0.59 8216.64 1.03 7651.15 1.49 7289.24 

0.16 9121.42 0.60 8192.89 1.05 7639.84 1.53 7265.49 

0.17 9072.78 0.62 8164.61 1.07 7627.40 1.56 7241.74 

0.19 9025.28 0.64 8136.34 1.08 7609.30 1.59 7222.51 

0.21 8981.18 0.65 8115.98 1.10 7594.60 1.62 7199.89 

0.22 8938.20 0.67 8099.02 1.11 7579.90 1.65 7181.80 

0.24 8890.70 0.68 8076.40 1.13 7567.46 1.69 7162.57 

0.25 8861.29 0.70 8044.73 1.14 7552.76 1.72 7147.87 

0.27 8834.15 0.72 8025.50 1.16 7532.40 1.75 7136.56 

0.29 8792.30 0.73 8008.54 1.18 7524.48 1.78 7118.46 

0.30 8745.93 0.75 7979.13 1.19 7509.78 1.81 7104.89 

0.32 8712.00 0.76 7949.73 1.21 7497.34 1.84 7089.06 

0.33 8684.86 0.78 7936.16 1.22 7482.64 1.88 7074.35 

0.35 8649.80 0.80 7916.93 1.24 7467.93 1.91 7057.39 

0.37 8619.26 0.81 7896.57 1.26 7454.36 - - 

0.38 8589.86 0.83 7875.08 1.27 7441.92 - - 

0.40 8562.72 0.84 7855.86 1.29 7424.96 - - 

0.41 8525.39 0.86 7837.76 1.30 7413.65 - - 

0.43 8486.94 0.87 7820.80 1.32 7411.38 - - 


