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  ABSTRACT          

 

  

MOLECULAR COMPOSITION, SOLID STATE STRUCTURE AND 

PROPERTIES OF INDUSTRIAL WAXES AND PEPTIDE INCLUSION 

MATERIALS 

  

Melissa Garcia Ignacio            Advisor: 

University of Guelph, 2017            Dr. Dmitriy V. Soldatov  

  

      

     This thesis is an investigation of molecular materials of hydrocarbon solids, industrial 

waxes and peptide inclusion compounds. It attempts to understand and describe the 

interactions between molecules in order to interpret or predict the behaviour of those 

complex materials. The molecular structure and distribution of the industrial waxes were 

studied using spectroscopy (NMR and IR). The solid state structures of the title materials 

were studied using X-ray diffraction (single crystal, powder and variable temperature 

powder), and their properties investigated using thermal analysis (TGA and DSC) and 

sorption experiments. In Chapter Two, the T/X phase diagrams of three binary systems of 

hydrocarbons were determined to understand the conditions of solid solution formation. 

Chapter Three describes the development of specific procedures for industrial companies 

to determine their products’ composition and bulk properties. The screening search for new 

inclusion compounds of leucyl-isoleucine is described in Chapter Four. The reversible 

sorption of guest molecules in microporous trileucine is described in Chapter Five. This 

work encompasses the effect of composition on the solid state structure, and the properties 

and applications of industrial waxes and peptide inclusion materials.  
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1 Introduction  

 

 

This thesis describes studies on molecular materials of two major types:  

(1) Hydrocarbon solids, from pure compounds and their mixtures to complex industrial 

products  

(2) Peptide solids incorporating molecules of a second kind in their crystal structure 

The first part contributes to the controlled production of hydrocarbon polymers and 

waxes. They are widely used in the production of rubber, plastics, coatings and paints, 

various fillers such as those found in cosmetics, paper and cardboard, and many other 

materials and products. This study was accomplished as part of a collaborative research 

project with GreenMantra™ Technologies and was supported by the provincial 

government through the Ontario Centres of Excellence (OCE).  

The second part contributes to the design and characterization of new peptide-based 

materials that could be used in future as sorbents, molecular containers and nano-sized 

reaction vessels. The biocompatibility of these materials makes them especially suitable 

for biomedical applications, as such as in the development of new forms of pharmaceuticals 

or new sorbent materials for swing adsorption. This work was conducted as one of the 

directions within the mainstream research in the Soldatov group supported by the National 

Science and Engineering Research Council of Canada (NSERC).  

The general idea of these studies was to achieve better understanding of molecular 

materials, especially the relationship between their molecular composition, solid state 

structure and bulk properties. This knowledge could contribute to the design of new 

materials, where target physical and chemical properties were “engineered” through the 
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choice of molecular components and creation of a specific solid state structure. A number 

of materials were studied, differing in the level of their complexity: compositional (single-

component molecular crystals versus two-component inclusion compounds, versus multi-

component industrial products), structural (crystalline versus semi-crystalline), and 

physico-chemical (compounds with fixed stoichiometry versus solid solutions).  

This chapter gives a general introduction into molecular materials (Section 1.2), 

experimental methods used (Section 1.3), and outlines the specific goals of this study 

(Section 1.4).  

 

 

A molecular material is made of individual molecules. Therefore, many of its 

macroscopic properties are defined by the molecules: their chemical nature, structure, and 

distribution. For example, thermomechanical properties of a hydrocarbon wax depend on 

the distribution of molecules in the wax by size, and the percentage of branches in these 

molecules. On the other hand, some properties of a molecular material also depend on the 

arrangement of the molecules in three-dimensional space: its solid-state structure. For 

example, the hardness, melting range, and other properties may differ for two samples of 

the same wax due to differing degrees of ordering of the molecules in the two samples.1,2 

The solid state structure has become a focal point in the creation and research on various 

optical, magnetic, conductive and superconductive materials.3 
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Molecular crystals are formed by individual molecules or atoms that repeat in three 

dimensions. The crystal structure is best described using the unit cell, the smallest repeating 

unit which shows the full symmetry of the crystal.4 The shape of a unit cell falls into one 

of seven crystal systems (triclinic, monoclinic, orthorhombic, tetragonal, trigonal, 

hexagonal, cubic), while its full symmetry is described by one of 230 space groups.5 It is 

possible for solids of the same composition to form different crystal structures; this is 

referred to as polymorphism.  

Molecular crystals result from self-assembly of discrete molecules into a periodic 

solid. The process is controlled by so-called “weak”, or “non-valent” interactions, and they 

are of two kinds, non-specific and specific.6,7 The most important type of non-specific 

interactions present in all molecular crystals is van der Waals, a common name for 

dispersion interactions that involve “the consistent movement of electrons of interacting 

systems”.8 Specific interactions resemble bonds, by way of orientation or orbital overlap 

and are defined by a molecule’s functional groups; they are caused by local changes in the 

distribution of electron density.8 The most common type in molecular crystals is the 

hydrogen bond.  

The non-valent interactions define the 3D arrangement of molecules in the crystal. 

When no strong interactions are present, the crystal structure is defined by van der Waals 

forces. Due to the short-range nature of these forces, the molecules behave like solid shapes 

with a tendency to pack in the crystal in the most efficient way. Each molecule then, must 

pack in such a way that “the ‘projections’ of one molecule fit into the ‘hollows’ of adjacent 

molecules”.6,9 Experimentally, crystal structures commonly exhibit a coordination number 
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of 12 while coordination numbers 10 and 14 have also been observed.6,7 In contrast to van 

der Waals, the hydrogen bond is a directional interaction that is widely used for the crystal 

structure design in crystal engineering, as outlined in the next section.  

The two types of molecules used in this thesis illustrate the two cases described 

above. In the hydrocarbons and their mixtures (waxes), the molecular assembly is defined 

by van der Waals interactions. In the crystals based on peptides, the hydrogen bond usually 

dominates as each peptide molecule can form three to seven bonds per residue. 

 

 

 

In supramolecular crystals, molecules of two or more dissimilar types complement 

each other in the crystal structure. For example, crystalline inclusion compounds 

(clathrates) are made of the molecules of host, building a porous crystal framework, and 

the molecules of guest, included in the cavities of this framework. Supramolecular crystals 

should be distinguished from solid solutions, where molecules of a second type randomly 

replace the molecules forming the crystal due to their similarity in shape or function 

(Figure 1.1). 

 

 

Figure 1.1: Schematic representation of a crystalline inclusion compound (left) and a 

solid solution (right) 
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 Although the formation of inclusion compounds is governed by spontaneous 

association through self-assembly, this process can be directed to a desired product by the 

choice of molecular components and external conditions. The design of crystal structures 

lies in the domain of crystal engineering, where the final goal is to achieve a required 

macroscopic property of the crystalline material.  

The field of crystal engineering began when an apparent demand for certain 

reactivities and optical and electronic properties arose. The concept of “crystal 

engineering” was first introduced by Pepinsky in 1955 and was implemented by Schmidt 

in 1971 using organic solid state photochemical reactions.10,11 Desiraju further defined 

crystal engineering as “the understanding of intermolecular interaction in the context of 

crystal packing and in the utilization of such understanding in the design of new solids with 

desired physical and chemical properties”.12  

Crystal engineering of supramolecular crystals utilizes, in most cases, the hydrogen 

bond.13 The hydrogen bond is likely the most studied non-valent interaction; it is strong 

and directional; it predictably forms when suitable functional groups are available. The 

hydrogen bond is a dominating force in the formation of supramolecular crystals based on 

oligopeptides.14 

 

 

 

A polymer is a molecule made of a small number of monomers which repeat in a 

random or orderly fashion. These monomers can be small, like CH2 in polyethylene, or can 

be large, containing a multitude of atoms, but in both cases, the interactions which link 

them to form polymers, are covalent bonds. For a polymer consisting of a single monomer, 
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M whose structure contains only single bonds, the molecule is considered flexible where 

parts of the molecule can freely rotate within the limits of steric hindrance.  

-M-M-M-M-M- 

For a polymer, which consists of two different monomers, which either alternate 

as a link (-M-B-), or bond together in a disordered fashion, one would expect to see 

changes in its flexibility and overall properties.7,15  

-M-B-M-B-M-B-M- 

or 

-B-M-M-B-B-M-M-B-M-B- 

Since the number of linkages can vary in polymers, it is difficult to assign it a single 

value for a molecular weight and instead, a range is given. Polymers are a mixture of similar 

molecules, so their molecular weight is a representation of the distribution of these sizes. 

Because of this, transition points become transition ranges (i.e. melting ranges instead of 

melting points).7,15  

The solid state structure of polymers can be characterized by their crystallinity.16 

Two types of structural domains can be found in a polymer material (Figure 1.2): 

amorphous (no long-range order) and crystalline (translational order like that found in 

crystals). The crystalline domains are called crystallites, and the volume fraction occupied 

by crystallites is called crystallinity.  
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Figure 1.2: Amorphous and crystalline domains in a polymer. The crystalline domains 

(enclosed in squares) are referred to as crystallites.  

 

Solid solutions are very characteristic of the crystalline fraction in the mixtures of 

short polymeric molecules like in the mixtures of normal alkanes and petroleum waxes.17 

The formation of solid solutions in a binary mixture can be determined in a study of the 

phase diagram of the system. Up to seven solid solutions with different crystal structures 

were observed in a single binary system of normal alkanes.18  

 

 

 

 

 

NMR is a common technique used to determine the structure of organic molecules 

and the environment of each atom within, while in solution. The covalent structure, the 

stereochemistry and the conformation of these organic molecules can all be studied using 

NMR.19 This technique uses the magnetic spin energy of atomic nuclei, specifically those 
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with non-zero nuclear spin, 1H, 13C, but not 12C, to “feel” the proximity of electronegative 

atoms, double bonds and other magnetic nuclei.4,19  

NMR was used in this work to collect proton and carbon spectra to probe the chain 

lengths of industrial waxes using Bruker’s 300 MHz UltraShield NMR instrument. The 

instrument with a lower magnet strength, 300 MHz, was used for its ability to collect 

spectra at temperatures greater than that of room temperature up to a maximum of 373 K 

or 100 °C. All data were collected and analyzed using Bruker’s TopSpin 3.0 software to 

determine peak positions and intensities.  

 

 

 

IR spectroscopy makes use of molecular vibrational modes. These modes can be 

excited to higher energy states through absorption of radiation of the corresponding 

frequency. In IR spectroscopy, the IR frequency is varied and the radiation, absorbed or 

transmitted, is measured and recorded as a function of wavenumber (cm-1) or frequency. 

The resulting spectrum is a plot of intensity of absorption. The IR spectra of solids are 

complex and contain many peaks which correspond to various vibrational transitions.4 The 

total number of vibrational modes does not appear in a single IR spectrum for some modes 

may only appear in a Raman spectrum; others have the potential to appear in both. For a 

mode to be IR active, the dipole moment of the molecule must vary during the vibrational 

cycle, and so centrosymmetric modes are inactive. IR spectroscopy is used to identify 

specific functional groups in organic molecules, for example, a broad peak in the range of 

3000 to 3500 cm-1 usually signifies the presence of O-H groups.  
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In this thesis, a Bruker Alpha-P FTIR spectrometer was used to determine the percent 

unsaturation and the types of branching20 which could be found in industrial waxes. 

 

 

 

Gel permeation chromatography is a liquid phase, size exclusion, separation 

method. This type of chromatography contains a stagnant liquid in the pores of the beads 

of the stationary phase, while the mobile phase is also liquid.21 The name “Gel Permeation” 

refers historically to the porous gel medium prior to the use of more modern, porous beads.  

The instrument consists of a pump that pushes the solvent through, an injector port where 

the sample is introduced to the column, a column containing the stationary phase, and the 

detector. Once a sample is introduced to the column, the hydrocarbon chains can do any of 

the following:  

i) The longer chain hydrocarbons that cannot fit in the pores will pass through the 

column and elute first. 

ii) Some hydrocarbon chains will fit into pores and occupy the space, others will 

not. 

iii) Some hydrocarbons will pass a pore already occupied and will continue along 

the column. 

iv) Hydrocarbon chains occupying a pore can leave the space through diffusion. 

These situations will allow longer chain hydrocarbons to elute first, while the shortest 

of the chain lengths which can occupy and leave multiple pores will take longer to pass 

through the column and elute last.  



23 

 

The data were collected conducted in Montréal, Québec, and were provided for use in 

the characterization of industrial waxes by GreenMantra™ Technologies. All GPC data 

can be found in Appendix B. 

 

 

 

 

X-Rays, like visible light, are electromagnetic radiation with shorter wavelengths. 

The most common wavelengths used in crystallography are found between 0.5 – 2.5 Å.22 

X-ray diffraction (XRD) can be described using Bragg’s Law illustrated in Figure 1.3. 

Parallel incident beams, denoted as “1” and “2”, enter the crystal lattice at an angle, . 

These beams are then reflected by adjacent crystal planes, A and B, at an angle equal to 

the angle of incidence. These planes act as a secondary source and scatter the X-rays which 

can interfere either destructively or constructively. Constructive interference between the 

reflected beams 1′ and 2′ takes place under the condition of Bragg’s Law given by:4,23 

 

nλ = 2dsinθ,          1.1 

where  

n = 1,2,3,4… 

 = 1.54184 Å (for a copper source) 

d = interlayer distance (Å) 

 = Bragg angle (degrees)  
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Figure 1.3: Schematic diagram for Bragg’s Law 

 

 

 

Single Crystal X-Ray Diffraction (SXRD) is a non-destructive technique that 

provides structural information on the crystal (unit cell dimensions, positioning of the 

atoms in the structure). SXRD requires a single crystal to be held in a specific orientation 

relative to the incident beam and the detector to determine the three-dimensional diffraction 

pattern for the crystal structure. The frames, or images, read by the detector represent a 

portion of the three-dimensional pattern which is used to reconstruct the crystal structure 

down to the atomic resolution.  

This diffraction method was used to determine the stoichiometry and the crystal 

structure of inclusion compounds of peptides. All data were collected on a SuperNova 

single crystal diffractometer equipped with a microfocus Cu X-ray radiation source ( = 

1.54184 Å) and an Atlas CCD detector (Figure 1.4). The tube was operated at 50 kV and 

0.8 mA.  
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Figure 1.4: The inside of the SuperNova single crystal diffractometer 

 

 

 

Powder X-Ray Diffraction (PXRD) patterns represent the “fingerprint” of a 

crystalline solid. This method makes use of a monochromatic beam of X-rays that contact 

a sample whose crystals are, ideally, randomly arranged in all possible orientations. The 

diffraction from a set of crystal planes will occur at the Bragg angle, 2 to the incident 

beam (Figure 1.5), and will appear as a set of diffraction rings (Figure 1.6). The position 

of each of these rings, or the peak positions when the diffractogram is shown in one 

dimension, are given by 2. The image found in Figure 1.6 is used to extract the powder 

pattern (Figure 1.7).  
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Figure 1.5: A simple schematic of the powder method 

 

The SuperNova diffractometer (see Section 1.3.2.2) was used to determine the 

phases of binary systems of hydrocarbons, the percent crystallinity of industrial waxes, and 

the phases in the samples of the inclusion compound of trileucine and ethanol after the 

guest was removed from the host matrix in a TGA experiment. More accurate data were 

collected on a PANalytical’s Empyrean powder diffractometer equipped with a Cu X-ray 

radiation source (CuKα radiation, λ = 1.54184 Å and a PIXcel1D detector, Figure 1.8). The 

tube was operated at 45 kV and 40 mA.  

 

 

Figure 1.6: One frame of the powder X-ray diffraction experiment for eicosane at 223 K 
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Figure 1.7: Powder pattern of eicosane at 223 K 

 

 

 

Variable temperature PXRD was used to observe the phase changes a sample 

undergoes during a temperature change. A cold stream of liquid nitrogen and a temperature 

control device were added to conduct the experiments. At the desired temperature, a 

powder pattern was collected; the temperature was then set to the next required value and 

a second powder pattern was collected. The comparison of these patterns collected over a 

wide temperature range helped to reveal phase changes or the existence of solid solutions. 

Two different instruments were used to conduct variable temperature PXRD experiments; 

the first is shown in Figure 1.4 (SuperNova), and the second is shown in Figure 1.8 

(PANalytical’s Empyrean). The SuperNova diffractometer was equipped with a Cryojet 

XL low-temperature device; the nitrogen flows were 6.0 and 4.0 L/min for the sample (cold 
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gas) and shield (warm gas), respectively. The PANalytical diffractometer was equipped 

with an 800 Series Cryostream cooler; the nitrogen flow for the sample was 5 L/min. 

In this work, both instruments were used to determine the phase diagrams of binary systems 

of hydrocarbons with n-eicosane using glass capillary sample holders in a temperature 

range of -50 °C to 50 °C. At each required temperature, a powder pattern of the mixture of 

hydrocarbons was collected and compared to the reference powder patterns of the 

individual components. The development of new and the disappearance of initial peaks 

was used as evidence of new phases formed in a sample. 

 

 
 

Figure 1.8: Variable temperature PANalytical PXRD set up with the coldhead  

 

 

 

Thermal analysis is described as the measurement of physical and chemical 

properties of materials as a function of temperature. Experimentally, thermal analysis can 

track changes in enthalpy, heat capacity, or mass of the sample. Thermal analysis is used 

to study solid state reactions, phase diagrams, thermal stability and phase transitions.4  
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Thermogravimetry monitors mass loss as a function of temperature or time. The 

resulting curve can describe the sequence of events that occur in a single sample and can 

be used to determine:   

• Stoichiometry: the observed mass loss can be used to calculate the amount of a 

volatile component evolved from the original sample. 

• Thermal stability: the plateaus in a curve represent the temperature range in which 

a compound is stable. The onset temperature occurs at the beginning of any given 

process or mass loss.24  

• Nature of the process: the shape of the thermogram helps to extract additional 

information about the changes occurring with the sample.  

 

 

Figure 1.9: Ideal shapes of a thermogram for a) a square type transition for a single process 

and b) a smooth transition depicting desorption or multiple processes occurring over a wide 

range  

 

There are two types of mass losses which can be seen in a thermogram: i) a square 

type and ii) a smooth type. A square type mass loss typically refers to the release of gas 

during a solid to solid transition. A smooth type curve can signify the presence of a phase 

of variable composition such as a solid solution or liquid binary phase. For example, 
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desorption occurs in a wide temperature range as the removal of guest from the pores is 

easier when the pores are full, and harder when they are almost empty. Alternatively, a 

smooth type curve can indicate multiple processes occurring, for example degradation 

where various products are formed (Figure 1.9). An example TGA curve is shown in 

Figure 1.10 where a sample of mass m1 is being heated at a constant rate. At a temperature 

T1, the first onset temperature, the sample loses mass until it completely transforms into a 

stable product in the amount of m2. At T2, a second mass loss occurs, either due to 

sublimation or decomposition of the product.  

In this work, TA Instruments’ Q5000 TGA was used in a linear heating mode to 

follow the changes in the crystal structure of  the inclusion compound of trileucine upon 

evolution of guest ethanol. The intermediate products were extracted and analyzed with 

PXRD. Analysis on the thermograms was done using TA Instruments’ Universal Analysis 

or TA Instruments’ Trios V3.3.   

 

 
Figure 1.10: Schematic TGA curve of a sample of mass m1 
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Differential Scanning Calorimetry (DSC) is used to measure the change in enthalpy 

of a sample as a function of temperature or time. Changes in enthalpy show evidence of 

the melting of, or the crystallization of, a sample, as well as evidence of polymorphic 

transitions. A DSC cell holds two sealed pans, one empty reference pan and one sample 

pan, which are heated simultaneously. Heat that is input to the system to maintain a balance 

is measured as a change in enthalpy4,25. Heat that is input to the sample is evidence of an 

endothermic process, while heat input to the reference is evident of an exothermic process 

with respect to the sample. 

 

Figure 1.11: Sample DSC curve with one exothermic peak (up) at T1 and one endothermic 

peak (down) at T2 

 

 

Figure 1.11 shows a sample DSC curve of a cycle with a linear heating/cooling 

rate. A slower heating/cooling rate improves resolution, but reduces the intensity of the 
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peak. The exotherm occurring at the maximum temperature T1 illustrates a crystallization 

process and the endotherm at temperature T2 illustrates a melting process for an arbitrary 

crystalline material.  

These peak temperatures along with the onset temperature (Figure 1.11) were used 

in tandem with variable temperature PXRD to determine the phase diagrams of binary 

systems of hydrocarbons with n-eicosane (see Chapter 2). DSC data were used to calculate 

the percent crystallinity of each industrial wax (see Chapter 3). In each of these projects, 

TA Instruments’ Q2000 DSC with a nitrogen sample purge gas was used. Analysis of the 

thermograms was done with the same software used for TGA.  

 

 

 

 

The binary systems n-alkane – n-eicosane were investigated to better understand 

the interactions between hydrocarbons contributing to the physical properties of more 

complex blends. The phase diagrams of three systems were determined as model systems 

for comparison with literature data and the data for blends and industrial waxes. Several 

binary mixtures were also studied as references to evaluate experimental techniques for 

industrial waxes: variable temperature PXRD and DSC. The information obtained here, 

along with that found in the literature, will be used to better understand industrial 

hydrocarbon products and low molecular weight polymers.  
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As industrial companies become more efficient in production, the demand for 

adequate and quick analyses of their products increases. In this thesis, research on 

commercially available waxes was conducted to develop new methods for industrial 

analyses. The available materials included 20 waxes. They were used to evaluate the 

adequacy and the limitations associated with each method available in industry, as well as 

those available in other research facilities as a service (see Section 1.3). Another goal of 

these studies was to develop specific procedures to allow industrial companies to determine 

their products’ bulk properties (molecular size and dispersity, molecular structure and 

composition), as well as other physical properties.   

 

 

 

Inclusion compounds of several dipeptides have been previously studied in the 

Soldatov group. Preliminary results suggested the Leu-Ile dipeptide may be a new host 

with outstanding clathratogenic ability. The goals of this study were to identify the range 

of potential guests through PXRD screening experiments and to isolate the new crystalline 

phases for the crystal structure studies by other members of the group. The ultimate goal 

was to understand if this dipeptide does form inclusion compounds, what guest molecules 

can be incorporated in the peptide host matrix, and what the structural features of these 

inclusion compounds are.  

 



34 

 

 

 

Previous research on the trileucine peptide conducted in the group indicated that it 

forms a new, structurally unusual type of host matrix in inclusion compounds with ethanol, 

propanol, isopropanol, and butanol, all with some amount of water as a secondary guest. 

An interesting observation was made that the host matrix might not collapse, but instead 

undergo a gradual and possibly reversible change as the guest escapes from the crystals. In 

general, the removal of guest can lead to three different options for the host matrix: it can 

collapse, retain, or change. The choice depends on the stability and specific structure 

properties of the host matrix.26 The change is the most interesting and the most rare 

scenario, and the least studied case. The goal of this project was to determine the fate of 

the host matrix upon removal of the guest. The success of this study could contribute both 

to the general understanding of the sorption/desorption process in flexible host frameworks 

and to the development of new sorbent materials based on peptides.  
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2 Binary Systems of Hydrocarbons 

 

 

A mixture of two hydrocarbons is the simplest system that can reveal some properties 

resulting from the interaction of different components in a wax. Therefore, three binary 

systems of hydrocarbons were studied as a part of the industrial collaboration project (see 

Section 1.1). This chapter reports the phase diagrams of the three model systems studied, 

the binary systems of n-eicosane (C20H42) with n-decane (C10H22), n-undecane (C11H24), 

and n-dodecane (C12H26). The systems with n-undecane and n-dodecane were studied with 

the help of two undergraduate students, Maryanne Stones and Chloé Palesh, respectively. 

The developed procedures, and obtained results were used to conduct studies described in 

Chapter 3.  

This chapter starts with an introduction to normal paraffins as the main components 

of industrial waxes, with the focus on their molecular and solid state structure. Then phase 

diagrams are introduced as a concise way to describe thermal behaviour of binary mixtures. 

In the main part, the experimental methods used, and the results obtained are reported and 

discussed on the determination of phase diagrams of the three systems.  

 

 

 

Normal paraffins (n-paraffins) (Figure 2.1) can be called oligomers of 

polyethylene or low molecular weight polymers. In the crystals, n-paraffins are stretched, 

with their axes running parallel to each other.1,2 Figure 2.2 demonstrates the axis of the 

chain going through the midpoints of the C-C bonds. All the carbon atoms lie in the same 



39 

 

plane, while the hydrogen atoms, which are not shown, lie on the planes normal to the 

chain axis. The angle found between carbon atoms, C1, C2, and C3, is approximately 112°, 

which differs slightly from the tetrahedral geometry (109.5°). This change has been 

attributed to repulsive forces different from those related to covalent bonds.1,3  

 

 

Figure 2.1: The aliphatic chain of polyethylene 

 

 
Figure 2.2: The geometry of the aliphatic chain in n-paraffins 

 

 

Müller investigated the crystal structures of n-paraffins and how the structures 

change with temperature and pressure.1,3–8 In particular, he determined the complete 

structure of C29H60
5,6 and the structure of C18H38.

8 As stated above, the carbon chains form 

a zig-zag in a plane while the axes of the molecules are parallel in both structures even 

though C29H60 is orthorhombic and C18H38 is triclinic.5,8,9 The triclinic structure was found 

for all n-paraffins of even carbon chain lengths with n  = 6 – 24.8 For any n-parrafin, it is 

possible to distinguish layers of molecules if a plane is drawn through the ends of adjacent 
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chains. If all layers are related by a translation, the structure is triclinic or monoclinic, as is 

usually observed for n-paraffins with an even number of carbon atoms. If every second 

layer is translationally identical, that is the structure is composed of two alternating layers, 

it is orthorhombic, as is usually observed for n-paraffins with an odd number of carbon 

atoms.9 As a result, physicochemical differences between n-paraffins with an odd number 

and an even number of carbon atoms arise from different packing of the molecules in the 

crystal. Müller also noticed differences in properties of even n-paraffins with longer chains 

and those with shorter chains. He assumed the interactions between chains are comprised 

of those on the sides of these chains and on the ends of the chains. As the chain length 

changes, the ratio between the contribution of the end group and the side chain changes, 

and causes alterations in the crystal structure.1 The results of these differences are shown 

in Table 2.1,1,10–14 where diversity in structure is mainly seen in even n-paraffins. It should 

also be noted, the orthorhombic structures of these n-paraffins are close to that of 

polyethylene.1 

 

Table 2.1: Crystal structure types of odd and even n-paraffins10–14  

 

Carbon Chain Length in n-Paraffin Structure 

13 < n < 27 odd Orthorhombic 

8 < n < 11; 12 < n < 24 even Triclinic 

n >  26 even Monoclinic 

 

 

Table 2.1 shows the crystal structure types of some n-paraffins at low temperature. 

Most odd n-paraffins are orthorhombic, while even n-paraffins are monoclinic or triclinic 

in nature. As a rule, n-paraffins exhibit reversible phase transitions and tend toward 

hexagonal symmetry upon heating close to their melting temperature.11,15 Odd n-parrafins 
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of chain length 21 or longer exhibit truly hexagonal symmetry while even n-paraffins from 

22 – 40 tend toward hexagonal symmetry, although some can reach it.11 The high 

temperature structure observed in these paraffins is known as the “rotator” phase: the state 

between an ordered solid and a liquid.10,16–24 The rotator phases retain their three 

dimensional arrangement of the molecules and have long-range translational order, but due 

to thermal motion, they do not have long-range order with respect to the degree of rotation 

about the paraffin’s long axis.10,19,20,23  

Solid solutions of n-paraffins are possible since their crystal structures show similar 

parallel arrangement of molecules. In order for solid solutions of n-paraffins to form,  

certain conditions must be met. The differences between two paraffins (or even polymers) 

should be insignificant.25 In the case of n-paraffins, the relative sizes of the molecules must 

be similar, to allow substitutions in the crystal structure (see Figure 2.3).1,10 In cases where 

an odd paraffin and an even paraffin are mixed, a continuous solid solution throughout the 

entire system is impossible since the crystal structures of the two paraffins would be 

different.1,10,21 In the case of an odd + odd system, the solubility will depend on the relative 

lengths of the molecules because all odd n-paraffins are mutually isomorphous 

(orthorhombic). For even paraffins of differing crystal structures, there also is a failure in 

continuity of solid solutions.1  
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Figure 2.3: Formation of a solid solution due to Chain 2’s similarity in structure and size 

to Chain 1 

 

 Binary systems of n-paraffin pairs have been studied for those with carbon chain 

lengths of 8 – 28.10,18,21,26–30 The formation of new crystalline phases is very common for 

binary systems with Δn = 1, 2 (where n is the number of carbons in the main chain). As a 

rule, each phase in these systems is a solid solution. 

 

 

 

A phase diagram is a concise graphical way to describe the phases that exist in 

equilibrium under various conditions. A phase is a “physically distinct, and mechanically 

separable (in principle) portion of a system, which is homogeneous”.31 For a two-

component, binary system, the T-X diagrams are especially important. The T-X diagram 

shows the fields of stability in the T-X space, where T is the temperature and X is the 

concentration of one component (the concentration of the second component is 1-X), and 
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the pressure is constant (usually 1 atm). The simplest types of phase diagrams are shown 

in Figure 2.4 for the temperature range of solid and liquid phases.  

Figure 2.4a) shows a simple eutectic system of two crystalline components A and 

B, where the melting point of A is lower than that of B. In this system, no mixing occurs 

in the solid state and crystalline A and B co-exist at a low temperature. In the range of 

intermediate temperatures, there is partial melting, and these regions contain a mixture of 

a crystalline phase and a liquid. The solidus in this system is shown by the horizontal line 

where the phases below it are all solid. It is the point at which one of the two solid 

crystalline phases disappear at any given concentration. At high temperatures, there exists 

one single, liquid phase. The curve shown in this system at high temperature represents the 

liquidus, where the phase above it is one single liquid phase. The point where all four 

regions meet is called the eutectic point. In this point, three phases co-exist and the point 

is invariant (at a constant pressure), that is no change in temperature or concentration of 

any phase is possible without having one of the phases disappear.  

Figure 2.4b) shows a slightly more complex eutectic system where there is partial 

mixing of A and B to form solid solutions, crystalline phases with variable compositions 

(α and β on the diagram). The simplest diagram with a solid solution is shown in Figure 

2.4c) where there is complete miscibility in the solid and liquid states.31 The melting point 

of A increases with the addition of B, just as the melting point of B decreases with the 

addition of A. At low temperatures, there exists a solid solution phase (γ), while at high 

temperatures, there exists a single liquid phase. At intermediate temperatures, there is a 

two-phase region where the solid solution phase and the liquid phase co-exist in 

equilibrium. Figure 2.4d) demonstrates a diagram with a solid solution with a thermal 
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minimum. Since the solid solution is continuous, and there only exists a maximum of two 

phases, there is no invariant point (like that seen in the eutectic system of Figure 2.4a)). 

 

 

Figure 2.4: Sample phase diagrams for a) a eutectic system, b) an extension of a eutectic 

system where there is partial formation of solid solutions, c) a binary system with a 

complete range of solubility in the solid state, and d) a binary solid solution system with 

thermal minimum 
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Mixtures of n-alkane (CnH2n+2) and n-eicosane (C20H42) were prepared in 200 mg 

samples with the mass ratios found in Appendix A (Table A1 and A2). Each mixture was 

stirred with heating at 30 °C for a minimum of 10 minutes after melting of n-eicosane to 

ensure homogeneity. These mixtures were then used in variable temperature PXRD 

experiments to determine phases present, as well as DSC experiments to determine the 

liquidus and solidus curves on each phase diagram. 

 

 

 

After each mixture was prepared, a liquid sample was loaded into a 0.2 mm outer 

diameter glass capillary and was flash cooled. The capillary was then sealed and loaded 

with putty into a brass pin. Since the melting point of eicosane is 36.6 °C (309.8 K), holding 

the capillary between one’s fingers would melt the sample and potentially change the 

composition along the capillary. To avoid melting, the fingers handling the sample in the 

glass capillary were cooled on an ice pack for two to five minutes before mounting the 

sample in the brass pin.  

 The powder diffractograms were collected on a SuperNova single crystal 

diffractometer (Section 1.3.2.2). Powder patterns of the individual components were first 

collected to act as references, and then the mixtures were studied (Table A3 in Appendix 

A). The data were collected for the 5 – 50 2θ degrees range using two φ scans 90° each 
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with 90 second exposure times (Table A4). Each diffractogram was processed using 

CrysAlisPro software.32  

The full variable temperature experiment consisted of two cycles in a temperature 

range of 223 K to 298 K at intervals of 20 K (Table 2.2). This temperature range was 

chosen because the melting point of n-decane is -29.6 °C (243.6 K) and the upper 

temperature limit of the low-temperature device was at room temperature. Each run 

consisted of temperature equilibration for five minutes before data collection, as well as 

collection of 60 photos at the end of the experiment to create a movie using only rotations 

in phi. 

Table 2.2: Temperatures (K) of each run for variable temperature PXRD experiments  

Run # Temperature (K) 

1 223 

2 243 

3 263 

4 283 

5 298 

6 283 

7 263 

8 243 

9 223 

10 243 

11 263 

12 283 

13 298 

 

 

 

 

 

The binary system of n-decane and n-eicosane was further studied using the ratios 

found in Table A5. 3.5 cm of the liquid sample was loaded into a 1.0 mm outer diameter 

glass capillary, flash cooled and flame sealed (Figure 2.5).   
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Figure 2.5: 60% n-decane and 40% n-eicosane sample in a 1.0 mm glass capillary  

 

Table 2.3: Temperatures (K) used for half a cycle of variable temperature PXRD 

experiments on PANalytical 

 

Run # Temperature (K) 

1 223 

2 233 

3 253 

4 263 

5 283 

6 298 

7 303 

8 313 

9 323 

 

 All powder patterns were collected on the PANalytical’s diffractometer (Sections 

1.3.2.3 and 1.3.2.4). The instrument settings are listed in Appendix A (Tables A6  and A7). 

One continuous scan on 2θ from 3.5 to 40 2θ degrees was made for approximately 4 

minutes. The data were analysed using PANalytical’s HighScore Plus software.33 The 

entire variable temperature experiment consisted of two cycles in the 223 K to 323 K 

temperature range (Table 2.3) at varying intervals where each sample was quickly heated 

Sample 
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to the desired temperature and allowed to equilibrate for two minutes before data 

collection. The same temperatures were then used in the reverse order to complete the 

cycle.  

 

 

 

Diffractograms of each alkane were collected as reference patterns for the 

determination of the phase diagrams (Figure 2.6). Due to strong overlap in 20 < 2 < 25 

for all alkanes, analysis was conducted in the 6 – 18 2 region of the powder patterns for 

each of the n-decane – n-eicosane mixtures (Figure 2.7) and the 5 – 18 2θ region for the 

phase diagrams of n-undecane – n-eicosane and n-dodecane – n-eicosane (see Table 2.4).  

 

Figure 2.6: Powder patterns of the four alkanes used in the determination of binary phase 

diagrams 
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Figure 2.7: PXRD patterns of n-decane and n-eicosane; 6 – 18 2θ degrees region  

 

Table 2.4: Positions of the reference PXRD peaks used for the analysis of hydrocarbon 

mixtures 

Hydrocarbon Formula Temperature 

data was 

collected (K) 

2θ of reference 

peaks (degrees)  

n-Decane C10H22 223 6.64, 13.26 

n-Undecane C11H24 150 5.62, 11.28 

n-Dodecane C12H26 150 5.62, 11.20, 16.86 

n-Eicosane C20H42 223 6.92, 10.44, 13.94 

 

Figure 2.8 shows the 6 – 18 2θ degrees region of n-decane, n-eicosane and a 50:50 

mixture of these two hydrocarbons at 223, 243, 263 and 283 K. In this 50:50 mixture at 

223 K, the peaks found at 6.64 and 13.26 2θ degrees are also seen in the reference powder 

pattern of n-decane and the peaks found at 6.96, 10.44, and 13.96 2θ degrees are found in 

n-eicosane. Since the individual phases of n-decane and n-eicosane can be clearly seen, 

there is no evidence for the formation of any new phases. The data were analysed this way 

to determine what phases existed for each sample composition at a given temperature.  
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Figure 2.8: PXRD patterns of the 50:50 mixture of n-decane – n-eicosane at 223, 243, 

263 and 283 K; 6 – 18 2 degrees region 

 

 

 

Sample mixtures of approximately 5 mg were loaded in hermetic aluminum pans. 

The thermograms were collected on TA Instruments’ Q2000 DSC analyzer in the 

temperature range between -85 °C and 90 °C with a heating/cooling rate of 5 °C/min, using 

a two-cycle method (Table 2.5) to eliminate the sample’s thermal history. These 

experiments were conducted to determine the melting points of pure components and the 

temperatures of phase transitions observed in the mixtures.  
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Table 2.5: DSC method parameters for data collection of hydrocarbon mixtures  

Step Number Method Parameter 

1 Mass flow 50.00 mL/min 

2 Data storage Off 

3 Equilibrate at 25.00 °C 

4 Isothermal for 5.00 min 

5 Data storage On 

6 Sampling interval 0.10 s/pt 

7 Ramp 5.00 °C/min to -85.00 °C 

8 Mark end of cycle 1 

9 Isothermal for 0.50 min 

10 Ramp 5.00 °C/min to 90.00 °C 

11 Mark end of cycle 2 

12 Isothermal for 0.17 min 

13 Ramp 5.00 °C/min to -85.00 °C 

14 Isothermal for 0.50 min 

15 Mark end of cycle 3 

16 Ramp 5.00 °C/min to 90.00 °C 

17 Mark end of cycle 4 

18 Mass flow 20.00 mL/min 

 

 

The analysis of a typical thermogram is illustrated in Figure 2.9. The onset 

temperature (the temperature at which a transition begins to occur) along with the peak 

maximum are outputted by the software (35.48 °C and 36.64 °C, respectively for n-

eicosane). The onset temperature corresponds to the melting point of the hydrocarbon. 

Table 2.6 outlines the melting points of the individual hydrocarbons determined in DSC 

experiments compared to those found in the literature. The DSC experiments not only 

provided the information for the melting point of each hydrocarbon, but also helped to 

define the temperature ranges for the variable temperature PXRD experiments. 
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Figure 2.9: DSC thermogram of n-eicosane using the experimental method outlined in 

Table 2.5 (exotherms point up). Inset shows how the onset temperature is determined from 

the intersection of the baseline and the tangent line of the peak onset  

 

 

Table 2.6: Basic properties of n-alkanes used in the phase diagram studies  

 n-Decane n-Undecane n-Dodecane n-Eicosane 

Formula C10H22 C11H24 C12H26 C20H42 

Molar Mass (g/mol) 142.28 156.31 170.33 282.55 

Melting Point (°C)10 

Our DSC data* 

-30.2 

-30.5 

-25.6 

-25.3 

-10.1 

-9.1 

36.6 

36.6 

Rotator Phase (°C)10  

Our DSC data* 

N/A -35.8 

-37.7 

N/A N/A 

*Experimental error ~0.4 °C 
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Figure 2.10 shows an incomplete phase diagram of the n-decane – n-eicosane system 

adapted from Shelyago & Yazynina where the dashed lines indicate their prediction for the 

system.34 A portion of this project included the verification of these previous results as well 

as the completion of the phase diagram using DSC and variable temperature PXRD. 

Another goal was testing the validity of the proposed experimental procedures.  

 
Figure 2.10: Phase diagram of the system n-decane – n-eicosane adapted from Shelyago 

and Yazynina34  

 

The test composition chosen was 70% n-decane and 30% n-eicosane. This 

composition was subjected to both DSC and variable temperature PXRD experiments. The 

DSC thermograms showed two endotherms consistent with the eutectic and liquidus curves 

on the diagram. The endotherms were at -30.1 and 16.4 °C compared to -30.5 and 15.6 °C 

from reference.34 The PXRD experiments did not show evidence of the formation of solid 

solutions. Instead, the mixture demonstrated a superposition of n-decane and n-eicosane’s 
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powder patterns. These tests proved the proposed experimental procedures could be used 

to complete the n-decane – n-eicosane phase diagram, as well as the phase diagrams of the 

binary systems of n-undecane – n-eicosane and n-dodecane – n-eicosane. When 

verification of the mixture and the methods were complete, the remaining mixtures were 

created and their DSC thermograms were collected.  

The results, found in Table A8, suggest the eutectic temperature almost coincides 

with the melting point of n-decane, and the liquidus curve goes smoothly from the melting 

point of n-decane to the melting point of n-eicosane (Figure 2.11). The DSC experiments 

did not provide any evidence of solid solution formation, contrary to the predictions made 

by Shelyago and Yazynina.34 Variable temperature PXRD data confirmed that the 

formation of solid solutions did not occur for this system whatsoever (see Figure 2.8).  

Figure 2.11 shows the completed phase diagram for the n-decane – n-eicosane binary 

system. The blue X’s represent the data collected by Shelyago and Yazynina. Each orange 

point, and the lines which connect them, represent the solidus and the liquidus of the 

system. The solidus line at -30 °C is also representative of the melting point of n-decane. 

The maroon squares, the purple diamonds, and the green triangles represent the data 

collected from variable temperature PXRD experiments. The squares indicate the presence 

of two solid phases, n-decane and n-eicosane. The diamonds represent the solid n-eicosane 

phase and a liquid. Finally, the triangles represent the only liquid phase in the system. 
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Figure 2.11: Phase diagram of the system n-decane – n-eicosane from -50 – 50ºC 

  

Therefore, the results of our study show that the n-decane – n-eicosane is a 

degenerated eutectic system. This leads to two main conclusions. First, the addition of 

eicosane does not reduce the melting point of decane, that is, the solubility of eicosane in 

decane is negligible at -30.5 °C. Second, no solid solution forms in the system, that is, no 

miscibility occurs in the solid state. In other words, no significant interaction between the 

two hydrocarbons occurs until they melt.  
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Although the difference between n-decane and n-undecane is seemingly small, the 

latter has an odd number of carbon atoms and transforms into a pseudohexagonal rotator 

phase before reaching its melting point. The reported transition and melting temperatures 

are -35.8 °C (237.4 K) and -25.6 °C (247.6 K).10 Our verification DSC experiments 

conducted for the pure n-undecane yielded the values of -38.7 °C (234.5 K) and -27.0 °C 

(246.2 K), respectively. 

Figure 2.12 shows a thermogram from one of the DSC experiments for n-undecane 

where the endotherm of the rotator phase transition is followed by a deeper melting 

endotherm. The thermograms obtained for the mixtures show three endotherms: one due 

to the polymorphic transition of n-undecane into the rotator phase, one due to the melting 

of n-undecane (degenerated eutectics), and the third one marking the liquidus curve 

(Figure 2.13). The data collected for this binary system (see Table A9), like for the n-

decane – n-eicosane system, suggest the n-undecane – n-eicosane system follows the model 

of degenerated eutectics.  
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Figure 2.12: DSC experiment for n-undecane (exo up). The rotator phase transition is 

found at -38.5 °C  

 
Figure 2.13: Phase diagram of n-undecane – n-eicosane from -50 – 50 °C 
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After observing the rotator phase transition in DSC experiments, the temperatures 

for data collection for variable temperature PXRD experiments were chosen. These 

experiments, like those for the n-decane – n-eicosane phase diagram, showed only the 

superposition of the individual hydrocarbons’ powder patterns (Figure 2.14). As expected, 

this system does not form solid solutions and demonstrates a degenerated eutectic model 

with the addition of the rotator phase for n-undecane. In addition to the solidus (-27.0 °C) 

and liquidus lines, there is a second horizontal line on the phase diagram below the melting 

point of n-undecane which represents the rotator phase transition temperature. Although 

this transition could not be seen during variable temperature PXRD experiments, DSC 

results of each mixture showed the rotator phase formation occurs at -38.7 °C. 

 

Figure 2.14: PXRD pattern of the 50:50 mixture of n-undecane and n-eicosane from 5 – 

45 2θ degrees at 223 K compared to the reference patterns of the individual hydrocarbons 
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The system n-dodecane – n-eicosane was found to be very similar to the system with 

n-decane. The melting point of n-dodecane determined from DSC was -9.1 °C (Figure 

2.15).  The thermograms, as well as the variable temperature PXRD experiments of the 

mixtures suggest this system behaves as a degenerated eutectic system (Figure 2.16). The 

results of the DSC experiments are found in Table A10. Two solid phases exist below the 

eutectic line at -11.1 °C, a solid and liquid phase above this temperature, and finally only 

the liquid phase above the liquidus curve which starts at the melting point of n-dodecane 

and ends at the melting point of n-eicosane.  

 

Figure 2.15: Thermogram of n-dodecane from -85 – 90 °C (exo up), whose melting point 

is found at -11.1 °C 
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Figure 2.16: Phase diagram of n-dodecane – n-eicosane from -50 – 50 °C 

 

 

 

 

Three phase diagrams have been studied in this work using DSC and variable 

temperature PXRD experiments. DSC measurements of the pure hydrocarbons and their 

binary mixtures made it possible to accurately determine the temperatures of all phase 

transitions that occur in the three systems. Variable temperature PXRD measurements 

made it possible to determine what phases exist in different fields of the phase diagrams 

and to confirm the type of phase transitions which were observed by DSC. A summary of 

phase transitions in the systems studied is given in Table 2.7. The experimental 

temperatures are in good agreement with literature data (Table 2.6 and Figure 2.10). 
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Table 2.7: Temperatures of phase transition in the three systems studied as found in DSC 

experiments  

Sample T (°C) Assignment 

 

n-Decane 

 

-30.5* Melting point 

 

n-Decane/ n-eicosane 

(various ratios) 

 

-30.5 + 0.5 

(12 points) 

 

Melting (eutectics) 

 

n-Undecane 

 

-38.7* 

-27.0* 

Polymorphic transition 

Melting point 

 

n-Undecane/ n-eicosane 

(various ratios) 

 

-38.7 + 0.1 

(11 points) 

-27.0 + 0.1 

(11 points) 

Polymorphic transition of n-

undecane 

Melting (eutectics) 

 

n-Dodecane 

 

-9.1* Melting point 

 

n-Dodecane/ n-eicosane 

(various ratios) 

 

-11.3 + 0.2 

(10 points) 

Melting (eutectics) 

 

n-Eicosane 

 

+36.6* Melting point 

*Experimental error ~0.4 °C 

 

All three systems are of eutectic type, with no new solid phases formed as compared 

to those of the pure components. In all three systems, the eutectics is degenerated, with its 

melting temperature being within 2 °C of the corresponding pure hydrocarbon. In other 

words, the eutectic mixture is almost pure n-decane, n-undecane or n-dodecane.  

Two important observations were made in this study. First, the solubility of 

eicosane in the lower hydrocarbons is very low near their melting points. The presence of 
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eicosane virtually does not affect the melting temperatures of decane, undecane, and 

dodecane. Second, there is no miscibility between eicosane and the lower hydrocarbons in 

the solid state as no solid solutions were detected. Instead, two hydrocarbons co-exist as a 

mixture of two crystalline phases in each of the systems studied. These observations 

indicate that the replacement of molecules of eicosane with the shorter molecules is 

energetically very unfavourable in the solid state, despite potential gain in entropy. The 

hydrocarbons mix in the liquid phase only, after the temperature is increased and the solid 

phase of the shorter component melts.  

Previous studies have shown that complex phases can arise in binary systems of 

hydrocarbons with n-eicosane when the difference between the chain lengths, Δn = 1, 

2.10,21,22,24 Mondieig et al., have already determined the phase diagrams of binary systems 

of n-eicosane with n-octadecane and n-nonadecane.10,21 In each of the two systems, six 

solid solutions were found, including two based on the crystal structure of the pure 

components and four new crystalline phases.  

Table 2.8: Van der Waals lengths of hydrocarbons of chain length C10 to C21 compared to 

C20 

CnH2n+2 
van der Waals 

Length (Å) 

% Length of 

C20H42 

Number of 

Solid Solutions 

C21H44 29.4 105 5 

C20H42 28.1 100 N/A 

C19H40 26.9 96 6 

C18H38 25.6 91 6 

C17H36 24.3 86 Not studied 

C16H34 23.1 82 Not studied 

C15H32 21.8 78 Not studied 

C14H30 20.5 73 Not studied 

C13H28 19.2 68 Not studied 

C12H26 18.0 64 0 

C11H24 16.7 59 0 

C10H22 15.4 55 0 
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The van der Waals length of a hydrocarbon molecule can be estimated as follows. 

The contribution of each C-C bond to the total length is half the distance between two 

carbons separated by two bonds (2.54 Å/2 = 1.27 Å). The contribution of each terminal 

methyl group is a combination of the C-H bond length (1.08 Å) and the radius of hydrogen 

(1.16 Å), for a van der Waals length of ~2 Å. The van der Waals length of n-eicosane then, 

is 19x1.27 Å + 2x2 Å = 28.1 Å. Table 2.8 compares van der Waals lengths of alkanes from 

C10 to C21. The lengths of C18 and C19 are 91% and 96% of n-eicosane which allow them 

to replace molecules of n-eicosane in its crystal structure (and vice versa), as well as allow 

the formation of solid solution phases of several other structural types. On the other hand, 

the lengths of n-decane, n-undecane, and n-dodecane are 55%, 59% and 64%, respectively. 

These make mixing in the solid state energetically unfavourable. This work can be seen as 

an initial step in determining how the ability to mix in the solid state develops as the size 

of two molecules approaches each other. The study of binary system of n-eicosane with 

C13 – C17 alkanes (Table 2.8) is an interesting topic for future studies.  
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Chapter Three: 

Industrial Waxes 
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3 Industrial Waxes 
 

 

 

Industrial waxes used in this project are complex blends of hydrocarbons produced 

from ethylene, industrial polyethylene or recycled polyethylene plastics. The molecular 

composition and solid state structure of the final product depends on a variety of factors, 

including the properties of the raw materials used, nature and activity of the catalyst, and 

the production conditions. Since these factors never can be reproduced exactly, the product 

from each batch is different. Therefore, the availability of fast, reliable and accurate 

methods of analysis is critical for industries.  

In this chapter, attempts at developing experimental procedures for industrial wax 

characterisation were made using five independent analysis techniques: IR, NMR, DSC, 

PXRD, and GPC. FTIR spectra and PXRD data were collected at the University of Guelph 

with the help of Gabriel Reitz (undergraduate student). NMR and DSC data were also 

obtained at the University of Guelph by Katherine Marczenko (undergraduate student). 

GPC data were obtained from an external service lab in Montréal. Twenty industrial waxes 

were studied to determine the average values of the degree of unsaturation, degree of 

branching, main chain length and percent crystallinity of each wax. Each property was 

evaluated by two independent methods. Four model blends were also prepared and studied 

to further verify the adequacy of some procedures.  
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Industrial polyethylene is a product of polymerization of ethylene, CH2=CH2. It is 

available in various compositions, with many different molecular weights, with many 

different comonomers.1,2 The main fraction is described as (CH2CH2)n but there are also 

double and triple bonds, branching and various functional groups. Out of the major 

synthetic polymers, industrial polyethylene is the least costly and can be processed in a 

variety of ways for consumer use. It appears as a white powder or a granular solid, has 

excellent chemical resistance, and can be recycled.  

There are different classes of polyethylene based on density (Table 3.1). There 

have been further classifications as more polyethylene products with various comonomers 

are made, but they will not be discussed here. The two classes which will be encountered 

in this work are low density polyethylene (LDPE) and high density polyethylene (HDPE). 

High density polyethylene consists mainly of linear hydrocarbon chains, but still has a 

distribution of molecular weights. Low density polyethylene, on the other hand, can contain 

a significant amount of branching. The types of branching include: short chain branching, 

consisting of six or fewer carbon atoms, and long chain branching, which can contain up 

to one hundred carbon atoms.2,3 Low density polyethylene can contain branches on those 

branches, which decrease the density of the polymer; this also causes the molecular weight 

of the polymer to be polydisperse.3 The degree of branching is more useful to industry than 

the molecular weight due to the influence of branching on the molecular structure.4 This 

value is simply the percentage of units in a polymer which are not part of the linear portion 

of the system. 
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Table 3.1: Densities of low, medium and high density polyethylene2,3 

Type of Polyethylene Density (g/cm3) 

Low 0.910 – 0.925 

Medium 0.926 – 0.940 

High 0.941 – 0.965 

 

Petroleum waxes contain high molecular weight saturated hydrocarbons of carbon 

chain lengths ranging from C18 – C25, called paraffins.5,6 Petroleum waxes have many uses 

ranging anywhere from coatings on cars and shingles, to crayons and candles. These 

industrial waxes are of utmost importance and can be manufactured in a multitude of ways.  

 

 

 

Ethylene, the simplest olefin, can be polymerized through free radical 

polymerization, a process known since the 1930’s. It is done at very high pressures and 

temperatures according to the equation:  

 

 
nCH2=CH2 

Catalyst
→      ~(CH2CH2)n~ 

3.1 

 

where n is the degree of polymerization which is larger than 1000 for most commercially 

available grades of polyethylene. This process makes use of initiators, most commonly 

organic peroxides, which generate free radicals and allow polymerization of ethylene 

through chain reaction, or propagation.2,3 The termination of the polymerization can be 

achieved in several ways yielding various end groups. The major type of polyethylene 

produced by free radical polymerization is highly branched.  
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Figure 3.1: Outline of processes used to produce industrial polyethylene and waxes (this 

figure was made using information found in Malpass, D. B. Introduction To Industrial 

Polyethylene; Scrivener Publishing LLC: Hoboken, 2010; Vol. 39.) 

 

Figure 3.1 outlines some of the processes used to produce industrial polyethylene 

and waxes related to this chapter. Aside from free radical polymerization, a second, 

commercial method of polymerization of ethylene involves the use of Ziegler – Natta 

catalysts. The work involving these catalysts first came about in the 1950’s in Germany by 

Karl Ziegler and in Italy by Giulio Natta. The use of these catalysts involves a transition 

metal compound combined with an organometallic compound from Groups 1, 2 or 13 in 

the Periodic Table, as a cocatalyst, for example, metal alkyls.2,3,7,8 The most common 

catalyst system currently used in industry is a MgCl2-supported TiCl4 catalyst system.9–11 

Most commercial Ziegler-Natta catalysts are heterogeneous, or solid,9 although most 

catalysts derived from vanadium  are homogeneous, or soluble, for example, 

Cp2TiRClR′AlCl2, where R and R′ = alkyls.2,12,13 The heterogeneous Ziegler-Natta 

catalysts are easily poisoned, and so they should be handled in an inert atmosphere, such 

as nitrogen.2 These catalysts can polymerize ethylene under ambient conditions, unlike free 
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radical polymerization, but have been used at high temperatures.14 Unfortunately, the 

catalyst is incorporated in the structure of the polymer and, therefore, cannot be recycled 

efficiently. The product of this particular process yields linear polyethylene as was 

discovered both by Hogan and Banks in the United States and by Ziegler in Germany in 

the early 1950’s.2 It is also possible to create products with large molecular weight 

distributions. This can be caused by higher molecular weight molecules with few branches 

or shorter molecular weight molecules that have a large concentration of short chain 

branching.3 As research into the field of Ziegler – Natta catalysis grew, so too, did the 

number of polyethylene products.1,15 For example, in 1986, an account of a mixed 

homogeneous – heterogeneous Ziegler – Natta catalyst system was used and successfully 

created branched polyethylene.16 

Fischer – Tropsch synthesis has also been used in industry to produce 

hydrocarbons, and specifically, synthetic crude oil. The process, discovered by Franz 

Fischer and Hans Tropsch in Germany, involves the conversion of syngas, a mixture of 

carbon monoxide and hydrogen gas, into liquid hydrocarbons to form olefins (Equation 

3.2) and paraffins (Equation 3.3):17–19   

 2nH2 + nCO  CnH2n + nH2O 

 

3.2 

 

 (2n + 1) H2 + nCO  CnH(2n+2) + nH2O 3.3 

 

The Fischer – Tropsch process is used in the conversion of coal, natural gas, 

biomass or organic waste into liquids. The reactions involved are catalyzed by metal-based 

catalysts (such as iron, cobalt, or ruthenium), carried on alumina or silica.18,20 Iron-based 

catalysts are used with promoters (alkali metals) for their low cost, while cobalt-based 

catalysts are promoted with noble metals and operate at lower pressures (between 1- 10 
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atm). Cobalt-based catalysts are used to produce predominantly linear alkanes at high yield 

and quality. Ruthenium-based catalysts, a more active, yet expensive catalyst, is used for 

its selectivity toward high molecular weight waxes. Ruthenium-based catalysts operate 

best at lower temperatures and without the use of promoters. At high carbon monoxide and 

water pressures, the initiation of chain growth arises from the readsorption of olefins.19 

This particular process is mentioned due to the use of a wax created by Sasol (see Table 

3.3).  

In addition to the described polymerization methods, industrial waxes are obtained 

through thermal cracking or catalytic cracking. Thermal cracking, or steam cracking, is the 

earliest refining technology discovered in 1861. It is a type of conversion that decomposes 

molecules to yield products of lower molecular mass compared to that of the feed material. 

The process involves the increase of temperature to cause homolytic bond dissociation. 

The temperature and pressure ranges used for this process fall between 450 – 540 °C and 

1.5 – 4.0 MPa, respectively. Thermal cracking has since been improved with the 

introduction of acid catalysts. 

Catalytic cracking is one of the most important petroleum refining processes in 

industry that has replaced thermal cracking. The basis of both the thermal and catalytic 

cracking processes is the same, although their mechanisms and hence their products are 

different. The catalytic cracking process uses a slightly higher temperature range and a 

much lower pressure range (480 – 550 °C and 0.1 – 0.3 MPa). Catalytic cracking, like 

thermal cracking, produces lighter molecular weight products and is the primary method 

of producing alkenes in crude oil refineries. The enrichment of these lighter products 

allows for carbon rejection and increases the hydrogen to carbon ratio of the products.17  
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Figure 3.2: Generic structure of a metallocene single site catalyst  

 

 

 

Figure 3.3: Non-metallocene single site catalyst as made by B. Small et al.21   

 

The last method used to produce the industrial waxes used in this work, is 

metallocene catalysis, or single site catalysis. The compounds were first known in the 

1950’s, but their use was discovered by Sinn and Kaminsky in the 1970’s and 1980’s,2,22 

and they are of much higher purity than those used in Ziegler – Natta catalysis.2 They are 

homogeneous catalysts that produce polyethylene with properties different from those 

displayed by the products of the Ziegler – Natta process. Since these catalysts contain only 

one active site, they produce polymers with a more uniform and narrow distribution in 

molecular weight and composition.11 Single site catalysts are made of cyclopentadienyl 

rings bridged to a transition metal, usually titanium, zirconium or hafnium (Figure 3.2), 

that allow a great increase in activity when used with a co-catalyst.2,3  
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In the 1990’s, non-metallocene single site catalysts were discovered by Brookhart. 

This type of catalyst is based on chelated compounds of palladium, nickel and iron (Figure 

3.3). This catalyst has a potential to reduce the cost of single site catalysts in industry, as 

well as the capability of functioning well with a broader range of cocatalysts. By 2010, 

industrial production of polyethylene using single site catalysis only had a 4% contribution 

and by 2012, their use was still limited due to reactor fouling and low bulk density, among 

other factors.2,11   

 

 

 

IR spectroscopy has been used to determine composition, crystallinity, as well as 

conformation of molecules.25 It has been used in the past to probe the degree of branching 

and unsaturation.23–26 Polyethylene waxes can contain six different types of unsaturated 

bonds: vinyl, trans-vinylene, vinylidene, cis-vinylidene, double bonds with three, and 

double bonds with four alkyl-substituents. The last two types are rarely observed due to 

their low intensity. The IR absorption band corresponding to the cis-vinylene group is 

masked due to the strong absorption at 720 – 730 cm-1 due to CH2 rocking. The double 

bond with four alkyl substituents has a reduced intensity and creates difficulty in detection 

as well, because of symmetry.  The frequency of the double bonds in a vinyl group can be 

well resolved in the polyethylene spectrum; their respective absorbances are given in Table 

3.2.23,24  
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In this work, IR spectroscopy was used to determine the percent unsaturation of the 

industrial waxes using extinction coefficients for the absorption bands, as well as the 

relative degree of branching. 

 

Table 3.2: Common bond types and their associated wavenumbers (cm-1) in polyethylene  

Bond Type  Associated 

Wavenumber (cm-1) 

Vinyl 

 

990 & 910 

trans-Vinylene 

 

964 

Vinylidene 

 

888 

cis-Vinylene 

 

705 

CH2 bend 

 

~1470 

CH3 bend 

 

1377 

 

 



76 

 

 

 

Waxes are semi-crystalline materials. They have been seen to crystallize in a minimum of 

four crystal symmetries: hexagonal, orthorhombic, monoclinic and triclinic (see Chapter 

2).6,27 Paraffins have been used in the past to describe the laws that govern the principles 

that fall under organic chemical crystallography.28 Industrial non-polar waxes, be it 

synthetic or petroleum based, have been of interest in research due to their tendencies to 

demonstrate polymorphism and crystalline transitions,6 which have further been studied in 

the areas of thermal protection and energy storage.29,30 

 

 

 

The industrial waxes used in this project are listed in Table 3.3. Each wax was 

subject to multiple experimental procedures as discussed in this chapter. Production 

methods mentioned in the Table have been described in Section 3.1.2. Three model blends 

(Table 3.4) were prepared from hydrocarbons obtained from Sigma-Aldrich. 0.5 g of each 

hydrocarbon were combined and melted to a homogeneous blend.  
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Table 3.3: Industrial waxes studied  

Wax Name Company Production Method 

AC6 Honeywell Honeywell Ethylene Polymerization 

AC9 Honeywell Honeywell Ethylene Polymerization 

C10 Epolene Westlake Chemicals Ethylene Polymerization 

CHU561 Alphawax 
Petroleum Refined (via 

cracking) 

Clariant PE130 Clariant Metallocene Catalyzed 

Clariant PE520 Clariant Metallocene Catalyzed 

Exxon Prowax 561 Exxon Mobil 
Petroleum Refined (via 

cracking) 

GMT01 GreenMantra Technologies Thermal Process (via cracking) 

GMT02 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT03 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT04 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT05 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT06 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT07 GreenMantra Technologies Patented Catalyst (via cracking) 

GMT08 GreenMantra Technologies Patented Catalyst (via cracking) 

H1 Sasol Sasol Wax Fischer – Tropsch 

Polywax 500 Baker Hughes Ziegler - Natta 

Polywax 1000 Baker Hughes Ziegler - Natta 

Polywax 3000 Baker Hughes Ziegler - Natta 

Westlake N21 West Lake Ethylene Polymerization 

 

 

Table 3.4: Model blends used (equal amounts of hydrocarbons in each blend) 

Blend 

Number 
1 2 3 

 
 

 

 

Composition 

C17H36 

C18H38 

C19H40 

C20H42 

C36H74 

C17H36 

C18H38 

C19H40 

C20H42 

C36H74 

C16H34 (Isocetane)* 

C17H36 

C18H38 

C19H40 

C20H42 

C36H74 

H2C=CH(CH2)6CH=CH2 (1,9-

decadiene) 

*Isocetane = 2,2,4,4,6,8,8-Heptamethylnonane 
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Each industrial wax was ground into a powder and its spectrum collected on 

Bruker’s ALPHA FTIR Platinum ATR spectrometer, single reflection diamond ATR 

module, where the background and sample data were collected using 24 scans and a 

resolution of 4 cm-1. Using the built-in analysis software, peaks were chosen and used to 

determine the degree of unsaturation and degree of branching for each industrial wax found 

in Table 3.3. Appendix B contains all raw data collected from these experiments.  

 

 

 

An aluminum heating block was placed in a ventilation oven at 70 °C. 35 mg of 

each industrial wax was placed into an NMR tube with 4 cm of benzene-d6 and the tube 

was capped. It was then placed in the aluminum heating block in the oven for 15 hours to 

ensure homogeneity and transparency. If necessary, additional benzene-d6 was added to 

the NMR tube to maintain a 4 cm tall sample. The sample NMR tube was then placed in a 

Bruker 300MHz UltraShield NMR spectrometer whose temperature was set to 65 °C 

(338.2 K) for 5 minutes to reach temperature equilibrium. 1H and 13C NMR spectra were 

acquired for each industrial wax. Some waxes (AC6 Honeywell, C10 Epolene, Exxon 

Prowax 561 and Polywax 500) were subjected to a second data collection after solid residue 

was decanted from the original NMR sample tube. The parameters for 1H and 13C NMR 

experiments are shown in Table 3.5.  
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Table 3.5: 1H and 13C NMR experiment parameters 

 1H experiment 13C experiment 

Number of scans 48 1024 

Delay time, D1 (s) 0.500 0.500 

Total data point collection 32768 32768 

Range (ppm) 0 – 14 0 – 200 

Total acquisition time 30 seconds 1 hour 30 minutes 

 

 

 

 

5 mg of each industrial wax was placed in a hermetically sealed aluminum DSC 

pan. Using TA Instruments’ Q2000 DSC, purged with nitrogen at 20 mL/min, the sample 

and reference pan were cooled to -85 °C, heated to 200 °C and cooled back to -85 °C in 

two cycles at a heating/cooling rate of 5 °C/min with all exotherms pointing up.  

 

 

 

The industrial waxes were individually melted and loaded into 0.3 mm glass 

capillaries and flash cooled in air. The glass surrounding the melted wax sample was 

broken to expose the cylindrical wax sample (Figure 3.4). The sample was then placed on 

a goniometer where its PXRD pattern was collected on a SuperNova single crystal 

diffractometer (Section 1.3.2.4). Each industrial wax sample’s PXRD pattern was collected 

using the parameters found in Table 3.6, using two  scans 90° each with 90 second 

exposure times from 5 – 60° in 2θ.  
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Figure 3.4: Polywax 500 exposed in a 0.3 mm outer diameter glass capillary (Mel’s 

lipstick method)  

 

Table 3.6: Run list parameters for Eu50deg45s2fr.run 

Run # Type Start End Width Time Omega Detector Kappa 

1 Phi 0 90 90 90+90 30.257 20.000 -59.837 

2 Phi 90 180 90 90+90 -30.257 -20.000 59.837 

 

 

 

 

Gel permeation chromatography (GPC) was conducted on the industrial waxes at 

NanoQAM at the University of Québec in Montréal. The data were collected with 1,2,3-

trichloropropane with 500 ppm butylated hydroxytoluene as a solvent using a column and 

detector temperature of 140 °C. The injection volume was 200 μL and the flow rate was 

1000 mL/min.  The data were provided by GreenMantra Technologies (see Appendix B). 
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The IR data were used to determine what types of double bonds are present in a 

wax. The IR spectra revealed unsaturated fragments in all 20 waxes studied. The results 

are summarized in Table 3.7. Vinylidene double bonds were observed in almost all waxes 

(except AC9 Honeywell). These are side double bonds that arise from β-elimination of a 

tertiary radical at the branching points; this is one of the most likely side reactions during 

polymerization.31 Vinyl double bonds were observed in many waxes. These are terminal 

fragments resulting from termination by disproportionation.2 Finally, vinylene double 

bonds were observed only for waxes produced via cracking. These are inside the chain 

double bonds that presumably result from a catalyzed side reaction of partial 

dehydrogenation of the polymeric chain.  

The IR data can be used to obtain quantitative information on the degree of 

unsaturation.24 However, this type of analysis requires the use of extinction coefficients in 

the Beer-Lambert Law and careful control of the sample thickness. Therefore, the degree 

of unsaturation was obtained from NMR data as described in the next section.   
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Table 3.7: IR peaks corresponding to unsaturation fragments in the studied waxes  

Wax Name Vinyl Vinylidene trans-Vinylene 

AC6 Honeywell + +  

AC9 Honeywell +   

C10 Epolene  +  

CHU561 + + + 

Clariant PE130 + +  

Clariant PE520 + +  

Exxon Prowax 561  +  

GMT01 + + + 

GMT02 + + + 

GMT03 + + + 

GMT04 + + + 

GMT05 + + + 

GMT06 + + + 

GMT07 + + + 

GMT08 + + + 

H1 Sasol  +  

Polywax 500  +  

Polywax 1000  +  

Polywax 3000  +  

Westlake N21 + +  

 

 

 

The 1H NMR analysis described here is complementary to the IR measurements. 

Although 1H NMR could hardly distinguish among different types of double bonds in a 

wax sample, it makes it possible to quantitatively determine the total amount of double 

bonds and so the degree of unsaturation. 

The 1H NMR spectrum of GMT02 is shown in Figure 3.5. In the case of a 

hydrocarbon where there is no unsaturation or electronegative atoms, the chemical shifts 

of these protons are found upfield on the spectrum (Table 3.8). Olefinic protons are found 

further downfield (5 – 6 ppm) and are relatively easy to distinguish from the aliphatic 

protons (0.8 – 1.6 ppm).  
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Figure 3.5: 1H NMR spectrum of GMT02 in C6D6 at 65 °C on a 300MHz NMR 

 

 

 

Table 3.8: Chemical shifts (ppm) of expected proton environments for the industrial 

waxes32 

Proton Environment Chemical Shift Range (ppm) 

CH3 0.8 

CH2 1.2 

CH 1.6 

HC=C 5 – 6 
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Table 3.9: Integration intensities for 1H NMR analysis of all industrial waxes. Ranges are 

given when two independent experiments (different samples) were studied 

Wax Sample Total 

Intensity 

CH3 

Intensity 

CH2 

Intensity 

Vinylic 

Intensity 

% 

Unsaturation 

AC6 

Honeywell 

48.3 3.0 45.3 0.042 0.087 

AC9 

Honeywell 

56.0 3.0 53.0 0.004 0.00 

C10 Epolene 41.5 3.0 38.4 0.045 0.11 

CHU561 42.8 - 43.7 3.0 39.8 - 40.7 0.022 – 0.026 0.059 

Clariant PE130 40.8 3.0 37.8 - - 

Exxon Prowax 

561 

22.5 3.0 19.5 - - 

GMT01 76.6 - 77.3 3.0 73.1 - 73.7 0.48 – 0.51 0.63 

GMT02 55.4 3.0 51.9 0.43 0.77 

GMT03 56.6 3.0 53.2 0.42 0.74 

GMT04 54.3 - 55.3 3.0 51.0 - 51.9 0.34 – 0.38 0.64 

GMT05 77.1 - 77.7 3.0 73.6 - 74.0 0.53 – 0.57 0.69 

GMT06 65.3 - 68.8 3.0 61.8 - 65.3 0.40 – 0.50 0.65 

GMT07 61.0 - 68.4 3.0 57.4 - 64.9 0.55 – 0.56 0.80 

GMT08 60.8 3.0 57.1 0.70 1.15 

H1 Sasol 51.6 3.0 48.6 - - 

Polywax 1000 52.2 - 72.0 3.0 49.2 - 69.0 - - 

Polywax 500 43.9 3.0 40.9 - - 

Westlake N21 63.5 3.0 60.5 - - 

 

 

Table 3.9 summarizes the ratios and integration intensities for all methyl and 

methylene peaks in the 1H NMR analysis of the industrial waxes. The methyl peaks (CH3) 

were integrated between 0.8 – 1.0 ppm, the methylene peaks (CH2) were integrated 

between 1.2 – 1.5 ppm and the vinylic peak from 4.8 – 5.9 ppm. The percent unsaturation 

of 18 of the industrial waxes was determined using the data found in Table 3.9 by dividing 

the signal intensity from vinylic hydrogen atoms by the total intensity of hydrogen atoms 

found in each sample (Table 3.9 and Figure 3.6). In several waxes, unsaturation was 

undetectable (AC9 Honeywell, Clariant PE130, Exxon Prowax 561, H1 Sasol, Polywax 
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500, Polywax 1000 and Westlake N21) and in others it was less than 0.1% (AC6 

Honeywell, C10 Epolene, CHU561), within the error in intensity integrals. In the rest of 

the waxes, the degree of unsaturation varied within 0.6 – 1.4%. It should be taken into 

account that typical error of peak integration in NMR is ~5% which results in ~7% for the 

degree of unsaturation calculated as a ratio of two intensities, provided the systematic error 

is small. The inspection of data obtained for two independent samples (Table 3.9) shows 

that real error could be at least 10%, and as high as 30% for high molecular weight waxes, 

presumably due to incomplete dissolution of their samples subjected to the NMR 

measurements. As a test for reproducibility of the measurements, three independent 

samples of wax GMT03 were analyzed to give percent unsaturation values of 0.74, 0.71, 

and 0.74. This test shows that high errors observed in some cases are caused by the wax 

type rather than the experimental method.  

 

 
Figure 3.6: Percent unsaturation of 18 industrial waxes from 1H NMR 
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The IR data make it possible to see branching in the molecules of wax. Vinylidene 

is one type of side group, and as discussed in Section 3.3.1.1 and shown in Table 3.7, it is 

present in almost all waxes studied. The presence of other types of side chains can be 

recognized from increased intensity of vibrational modes associated with the terminal 

groups, which are usually the methyl groups. Table 3.10 lists the ratios of intensities of 

CH3 to CH2 bending vibrations (see Section 3.1.3 and Table 3.2). The relative degrees of 

branching were assigned as follows: low = 0 – 0.59%, medium = 0.60 – 1.39%, and high 

= 1.40 – 2.20%. 

Table 3.10: The comparison of IR, 1H NMR and 13C NMR data  

Wax Name 

 

IR: CH3/CH2 

Bend Ratio (%) 

Relative 

Degree of 

Branching 

from IR 

1H NMR: 

CH3/CH2 

Protons 

Ratio (%) 

13C NMR: 

Number of 

Different 

Peaks 

Clariant PE520 0.021 high - - 

Exxon Prowax 561 0.019 high 15.4 11 

AC6 Honeywell 0.015 high 6.6 13 

C10 Epolene 0.014 high 7.8 14 

CHU561 0.012 medium 7.5 9 

Polywax 500 0.012 medium 7.3 7 

AC9 Honeywell 0.011 medium 5.7 14 

GMT02 0.011 medium 5.8 13 

GMT03 0.011 medium 5.6 13 

GMT04 0.01 medium 5.8 11 

H1 Sasol 0.009 medium 6.2 6 

GMT06 0.008 medium 4.7 9 

GMT05 0.007 medium 4.1 9 

GMT01 0.006 medium 4.1 10 

Polywax 1000 0.005 low 5.1 6 

GMT07 0.004 low 4.9 7 

GMT08 0.003 low 5.3 5 

Polywax 3000 0.002 low - - 

Clariant PE130 0.000 low 7.9 6 

Westlake N21 0.000 low 5.0 12 
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In a similar way as it was done with the IR data, the ratio of methyl to methylene 

signal intensities from the 1H NMR spectra can be used. These ratios, calculated from the 

values given in Table 3.9, are listed in Table 3.10. One can see a good agreement between 

the IR and 1H NMR data although there are several outliers. The deviations could be a 

result of systematic experimental errors due to different types of methyl and methylene 

groups producing somewhat different positioning, intensity and the shape of the signals.  

 

 

 

Another way to evaluate branching in the molecules of wax is to determine the 

number of carbons with chemically non-equivalent environments in the chain. An ideal 

chain would have one type of methyl carbon (ends of the chain) and five types of methylene 

carbons, assuming all methylene carbons separated from the methyl groups by more than 

four bonds are similar. Then six different carbons are expected for an ideal chain and more 

if branching is present. 

An example 13C NMR spectrum of Polywax 1000 is shown in Figure 3.7; the inset 

shows the spectrum from 10 – 35 ppm to highlight the six different carbon environments. 

The assumption was made, that an increased number of carbon environments correspond 

to an increase in the relative degree of branching. For waxes whose chains are known to be 

highly linear, Polywax 500 and Polywax 1000, which are made through Ziegler-Natta 

catalysis, there exist seven and six different carbon environments, respectively. Those 

waxes produced through ethylene polymerization (AC6 Honeywell, AC9 Honeywell, C10 
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Epolene and Westlake N21) are highly branched polymers. This was confirmed in NMR 

experiments where 14 different carbon environments were observed for both AC9 

Honeywell and C10 Epolene, 13 for AC6 Honeywell and 12 for Westlake N21. 

 

 

 

Figure 3.7: 13C NMR spectrum of Polywax 1000 in C6D6 (300 MHz) at 338 K  

 

The experimental numbers are compared with the CH3/CH2 signal ratios from IR 

and 1H NMR in Table 3.10. 
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From Table 3.10, one can clearly see an overall correlation among the three sets of 

data although no single method of analysis seems to be working well for all the different 

types of waxes. The main advantages of the IR method are the low cost of the spectrometer 

and no need to dissolve the analyzed materials. On the other hand, quantification of the 

results requires the use of a special procedure for sample preparation (thin uniform films 

of a constant thickness) and calibration with samples of known composition. The method 

becomes less reliable when complex materials, such as waxes of unknown composition, 

are analyzed.  

The NMR spectroscopy method has been used to determine the degree of branching 

of polymers,4 but the overlap of signals presents a significant problem as more and more 

complex materials are analyzed.  

In order to investigate the causes of errors in our measurements, three model blends 

were prepared (Table 3.4 in Section 3.2) and analyzed with 1H NMR. The results are 

shown in Table 3.11. Very good agreement is seen for Blends 1 and 3 but not for blend 2. 

The latter contained a highly branched compound with three different types of methyls as 

branching groups. The corresponding spectrum displayed a complex pattern of peaks in the 

characteristic methyl peak range and increased overlap of methylene peaks. This 

complexity of the spectrum added error to the integration of the spectral lines resulting in 

~25% difference between the theoretical and experimental intensity ratios.  
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Table 3.11: Theoretical and experimental ratios of CH3/CH2 signal intensities from 1H 

NMR spectra for three model blends (see  

 

Table 3.4 for the blends’ compositions) 

Blend Number Theoretical (%) Experimental (%) 

1 15.0 15.6 

2 27.7 35.7 

3 14.2 14.3 

 

Of the three methods, 13C NMR is the most expensive, both due to cost of 

experiment and long acquisition times. However, it is potentially the best in providing 

information on the types of branching groups. It is known that the chemical shift of a carbon 

in the vicinity of branching points will be shifted downfield,32 however the assignment of 

the signals to various carbons of the main versus side chains is a big challenge.  

Overall comparison of the results shows that the three methods could well 

complement each other while any single method should be used with a high degree of 

caution. Considering the costs of the equipment, the IR measurements could be used for 

routine analysis, with additional NMR experiments conducted for verification and 

additional information on the structural diversity within the analytical materials.  

  

 

 

 

 

The 13C NMR spectrum of one of the industrial waxes, GMT02, is shown in Figure 

3.8 and characteristic chemical shifts for the carbons of different types expected to be found 

in the industrial waxes are listed in Table 3.12. The peaks located at approximately 14 ppm 

and 32 ppm correspond to a methyl carbon and R – CH2 – R type carbon, respectively. As 
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clear from Table 3.12, there is significant overlap between the signal ranges for carbons of 

different types in these industrial waxes, so peak assignments could not be made with 

certainty without additional information about these waxes. 

 

 
 

Figure 3.8: 13C NMR spectrum of GMT02 in C6D6 at 65ºC on a 300MHz NMR  

 

 

Table 3.12: Chemical shifts (ppm) of expected carbon types in the industrial waxes32 

Type of Carbon Chemical Shift Range (ppm) 

R – CH3 8 – 35 

R – CH2 – R 15 – 50 

R3 – CH 20 – 60 

R4 – C 30 – 40 

C = C 100 – 150 

Aromatic C 110 – 170 
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To estimate the average chain length of each industrial wax, the relative peak 

heights were used, since the chemical shifts of methyl and methylene carbons were known. 

For a straight chain wax, the height of the methyl carbon peak (where the chemical shift is 

approximately 14 ppm) was assumed to represent two terminal carbons. For every other 

carbon type, the peak height was compared to that of the methyl peak height to obtain an 

approximate number of carbons per type. These were then summed and the approximate 

chain length of each industrial wax was determined (Table 3.13). Manufacturer data sheets 

for Polywax 500 and Polywax 1000 indicate main chain lengths of C35 and C70, 

respectively. From 13C NMR results, the main chain lengths for Polywax 500 and Polywax 

1000 were found to be C37 and C76, which agree within 8% with the manufacturer’s 

specifications.  

 

Table 3.13: Average chain lengths from 13C NMR and GPC data in the units of the 

number of carbons in the chain 

Wax Name 13C NMR Predicted Chain Length GPC 

AC9 Honeywell 240 177 

C10 Epolene 196 372 

Westlake N21 128 146 

AC6 Honeywell 127 182 

GMT04 122 69 

GMT03 93 85 

GMT01 92 112 

GMT06 90 114 

Polywax 1000 76 71 

GMT05 66 97 

H1 Sasol 43 53 

Exxon Prowax561 38 34 

Polywax 500 37 35 
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GPC experiments were used to determine the main chain length of each industrial 

wax. The number average molecular weight, denoted as Mn, is the average molecular 

weight of all polymers in the sample. Due to the shape of the chromatograms (Appendix 

B), and under the assumption that each wax contained only linear polymers, the “number 

average molecular weight” was divided by 14 (molecular mass of CH2) to derive the main 

chain length of each industrial wax. The obtained results are listed in Table 3.13. 

 

 

 

Table 3.13 and Figure 3.9 compare the average chain lengths determined from 13C 

NMR and GPC data. As the determined chain lengths increased, the absolute deviations 

between the two methods grew. Waxes which were expected to have a high degree of 

branching (AC6 Honeywell, AC9 Honeywell, C10 Epolene and Westlake N21) had some 

of the largest deviations between the methods, since neither of these methods accounted 

for branched chains. In the case of 13C NMR, the assumption was made that the methyl 

peak solely represented the ends of a linear chain; it did not account for the ends of the 

branches along the main chain. The greatest difference was observed for C10 Epolene, 

where the GPC value was nearly twice of the NMR value, while the best agreement was 

found for Polywax 500, where the values were equal within 5%. These results are not 

surprising since C10 Epolene is highly branched and Polywax 500 is known to be mostly 

linear. 
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Figure 3.9: Average chain lengths from 13C NMR and GPC data in the units of the 

number of carbons in the chain 

 

The results of these studies show that any single method of average chain length 

determination can only be used for approximate estimations. More detailed analysis 

utilizing independent experimental methods and taking into account the degree of 

branching in the molecules is necessary to derive better understanding of molecular 

composition of industrial waxes.  
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All thermograms of industrial waxes (shown in Appendix B) were analyzed to 

determine the softening, peak and conclusion temperatures of each endotherm in the second 

cycle of the DSC experiment. The enthalpies of these endotherms, which represent the 

melting of the wax, were used to determine percent crystallinity. Figure 3.10 illustrates 

how the onset temperature, softening temperature and conclusion temperatures were 

determined. The conclusion temperature was first identified using the shallow local 

maximum immediately after the endotherm. The softening temperature was chosen as the 

point on the left side of the endotherm with the equivalent heat flow as the conclusion 

temperature.   

 

 
Figure 3.10: DSC thermogram of GMT07 depicting the locations of the onset, softening, 

peak and conclusion temperatures 

 

 

The enthalpy of the endotherm was determined using the baseline found between 

the stationary conclusion temperature and the variable onset temperature which provided 

the maximum value for enthalpy. Using Equation 3.4,33 the percent crystallinity of each 
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industrial wax was calculated (Table 3.14). The value of 293 J/g in the equation is the 

theoretical heat of fusion for 100% crystalline polyethylene.  

  

 
%Crystallinity =

Measured Enthalpy (J g⁄ )

293 J/g
× 100% 3.4 

 

Table 3.14: DSC softening, peak and conclusion temperatures and enthalpies of the 

endothermic peak for 20 industrial waxes 

 

Wax Sample 

 

Softening 

Temp. 

(°C) 

Peak 

Temp. 

(°C) 

Conclusion 

Temp. 

(°C) 

Enthalpy 

(J/g) 

 

% 

Crystallinity 

(DSC) 

AC6 Honeywell 69.1 98.8 11.6 99.9 34 

AC9 Honeywell 72.0 110.0 118.7 139.5 48 

C10 Epolene 54.9 93.6 110.8 98.3 34 

CHU561 51.9 90.1 125.0 208.0 71 

Clariant PE130 92.4 121.4 134.4 246.8 84 

Clariant PE520 63.4 113.4 128.4 142.9 49 

Exxon Prowax 561 22.6 67.3 76.1 133.0 45 

GMT01 68.7 113.6 121.8 163.7 56 

GMT02 50.3 87.3 120.4 134.2 46 

GMT03 45.4 104.1 115.0 135.2 46 

GMT04 57.7 107.1 117.9 135.1 46 

GMT05 68.5 115.1 125.1 159.8 55 

GMT06 61.2 109.3 124.8 138.7 47 

GMT07 78.2 118.4 126.3 171.5 59 

GMT08 90.3 123.6 131.5 199.4 68 

H1 Sasol 67.8 86.6 123.1 237.2 81 

Polywax 500 49.0 81.5 102.2 218.2 74 

Polywax 1000 89.1 110.7 123.4 241.5 82 

Polywax 3000 104.9 126.8 134.8 256.1 87 

Westlake N21 77.4 117.4 124.5 170.5 58 
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As expected, the waxes which were found to have the highest percent crystallinity 

were those known to contain the least amount of branching: Polywax 1000 (82%) and 

Polywax 3000 (87%). As well, those known to contain branched chains, AC6 Honeywell, 

AC9 Honeywell and C10 Epolene, were all found to have percent crystallinities lower than 

50%.  

 

 

 

The percent crystallinity of a given sample can be calculated using its powder 

pattern (Equation 3.5). Deconvolution software can be used to quantify two parameters 

needed to determine the percent crystallinity: the crystalline area and the total area of the 

pattern.  

 %Crystallinity =
Crystalline area

Crystalline area+Amorphous area
 x 100%  3.5 

 

Each diffractogram was processed on CrysAlisPro software and analyzed using the 

February 2015 edition of WinPLOTR (a deconvolution software which uses a non-linear 

least-squares Marquard algorithm). This is achieved by manual selection of the baseline, 

peak positions and peak widths. Each chosen peak is represented by a vertical green line, 

and the agreement between the observed and calculated values is shown as a blue graph 

below the green lines (Figure 3.11).  
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Figure 3.11: Snapshot of the WinPLOTR software using the diffractogram of Polywax 

3000 

 

Figure 3.12 and Figure 3.13 demonstrate the software’s ability to account for the 

amorphous contribution of the industrial waxes and its ability to separate it from the 

crystalline fraction. The relative peak intensities as well as Equation 3.5 were then used 

to calculate percent crystallinity of each industrial wax sample (Table 3.15).  

 

 
Figure 3.12: The first amorphous halo of Polywax 3000 at 20° 2θ 
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Figure 3.13: The second amorphous halo of Polywax 3000 at 41° 2 

 

 

Table 3.15: Percent crystallinity and amorphicity of 20 industrial waxes obtained from 

PXRD 

Wax Sample 

 

PXRD 

Experiment 

Code 

% 

Crystallinity 

% 

Amorphicity 

Error in % 

Crystallinity 

(+ %) 

AC6 Honeywell P2443 30 70 2 

AC9 Honeywell P2444 42 58 3 

C10 Epolene P2441 26 74 2 

CHU 561 P2432 77 23 7 

Clariant PE130 P2433 78 22 5 

Clariant PE520 P2434 48 52 4 

Exxon Prowax 561 P2403 44 56 6 

GMT01 P2425 58 42 6 

GMT02 P2421 48 52 5 

GMT03 P2420 45 55 10 

GMT04 P2436 45 55 3 

GMT05 P2438 59 41 6 

GMT06 P2437 47 53 3 

GMT07 P2439 58 42 4 

GMT08 P2440 64 36 6 

H1 Sasol P2435 79 21 7 

Polywax 500 P2442 83 17 12 

Polywax 1000 P2429 81 19 11 

Polywax 3000 P2411 72 28 7 

Westlake N21 P2419 54 46 4 
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The values of percent crystallinity from the two methods are compared in Table 

3.16 and Figure 3.14. The agreement between the values is excellent. As expected, 

Polywax 500, Polywax 1000 and Polywax 3000, the most linear of these waxes, were all 

found to have crystallinities greater than 70% with the agreements within 83 – 99% 

between the two methods. For the waxes found in the GMT series (GMT01 – GMT08), the 

agreement was 93% or greater and their percent crystallinities ranged from 46% - 68%.   

 

Table 3.16: The comparison of crystallinity values from the DSC and PXRD methods  

Wax Sample 
% Crystallinity 

from DSC 

% Crystallinity 

from PXRD 

Agreement 

(%) 

AC6 Honeywell 34 30 88 

AC9 Honeywell 48 42 87 

C10 Epolene 34 26 73 

CHU 561 71 77 92 

Clariant PE130 84 78 93 

Clariant PE520 49 48 98 

Exxon Prowax 561 45 44 98 

GMT01 56 58 96 

GMT02 46 48 96 

GMT03 46 45 98 

GMT04 46 45 98 

GMT05 55 59 93 

GMT06 47 47 100 

GMT07 59 58 98 

GMT08 68 64 94 

H1 Sasol 81 79 98 

Polywax 500 74 83 89 

Polywax 1000 82 81 99 

Polywax 3000 87 72 83 

Westlake N21 58 54 93 
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Figure 3.14: Comparison of the percent crystallinity of the 20 industrial waxes by DSC 

and PXRD methods 

 

 

 

As mentioned earlier in this Chapter, polymers which contain branching are 

expected to have decreased crystallinity. Table 3.17 shows the relationship between the 

values of crystallinity and the relative degree of branching (in decreasing percent 

crystallinity as determined by DSC). Although the degree of branching was not determined 

quantitatively, those waxes which were found to have high percent crystallinities were also 

found to have “low” branching, and those with low percent crystallinities were found to 

have “high” branching. Waxes which are known to contain branching, C10 Epolene, AC6 

Honeywell and AC9 Honeywell, are expected to have low crystallinity, and were all found 

to have percent crystallinities less than 50%.  
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Table 3.17: Comparison of the percent crystallinities and the degree of branching in 

decreasing percent crystallinity by DSC 

Wax Sample 

% 

Crystallinity 

(DSC) 

% 

Crystallinity 

(PXRD) 

Degree of 

Branching 

(IR) 

Number of 

Different Carbons 

(13C NMR) 

Polywax 3000 87 72 Low - 

Clariant PE130 84 78 Low 6 

Polywax 1000 82 81 Low 6 

H1 Sasol 81 79 Medium 6 

Polywax 500 74 83 Medium 7 

CHU561 71 77 Medium 9 

GMT08 68 64 Low 5 

GMT07 59 58 Low 7 

Westlake N21 58 54 Low 12 

GMT01 56 58 Medium 10 

GMT05 55 59 Medium 9 

Clariant PE520 49 48 High - 

AC9 Honeywell 48 42 Medium 14 

GMT06 47 47 Medium 9 

GMT02 46 48 Medium 13 

GMT03 46 45 Medium 13 

GMT04 46 45 Medium 11 

Exxon Prowax 561 45 44 High 11 

AC6 Honeywell 34 30 High 13 

C10 Epolene 34 26 High 14 

 

This consistent inverse relationship between crystallinity and the relative degree of 

branching can be used to predict the latter from the DSC or PXRD measurements for 

industrial samples. For example, the DSC and PXRD data suggest the GMT waxes 

(crystallinity ranges from 45 – 68%) contain a significant amount of branching and their 

ranking in order of decreasing crystallinity, as shown in Table 3.17, corresponds to the 

increase in the relative degree of branching. This result is consistent with the IR and 13C 

NMR data. However, one should remember that branching is only one of the factors 
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disrupting molecular packing and thus reducing crystallinity. Other factors include the 

presence of double bonds, cis-trans isomerism of unsaturated fragments, various functional 

groups, and a wide distribution of molecules by size.  

 

 

 

In this chapter, several complementary methods were used to probe molecular, solid 

state structure and thermal properties of industrial waxes (Table 3.18). These properties 

are important in industry, as they allow the producers to better understand the behaviour of 

their products to tailor them to the needs of the consumers. The methods used to determine 

these properties were all valid, to an extent. Although the methods vary in their costs and 

easiness to apply, each can provide a unique piece of information essential for a specific 

application.  

A variety of reliable and accurate analytical techniques are also needed to ensure 

consistency in the production and proper certification of these materials. The complexity 

of industrial waxes is a serious problem as small changes in initial stock materials or 

production conditions can have a tremendous impact on the quality and specific properties 

of the product. A good example of this problem is the use of recycled plastics. GreenMantra 

Technologies produces waxes and fuels from recycled plastics, and their wax has been 

approved in British Columbia and Nova Scotia as a warm mix additive to asphalt (typical 

amount is 20%). As the chemical composition of recyclables vary substantially, rigorous 

control of the product properties is essential, as well as the understanding of how various 

parameters of the production process reflect on these properties.  
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Table 3.18: Studied properties and complementary methods for their analysis  

 

Property Method 1 Method 2 

Degree of unsaturation IR 1H NMR 

Degree of branching IR 1H or 13C NMR 

Main chain length GPC 13C NMR 

Percent crystallinity DSC PXRD 

 

 

The work completed in this Chapter provides insight to methods and techniques which 

can be used to determine some properties of waxes which are listed in Table 3.18. These 

studies led to the following conclusions:  

 

1. IR spectroscopy can be used quantitatively to determine the degree of unsaturation. 

It can also give qualitative information on the type of branching in these waxes, but 

should be used with 1H NMR. 

2. 1H NMR can be used to determine the amount of unsaturation that exists in a given 

wax, but cannot be used to determine the type. This method requires a long sample 

preparation time and elevated temperatures during data collection. 

3. Various carbon types in 13C NMR also suggest branching, but should be used along 

with 1H NMR for quantification. 

4. There was good agreement between GPC and 13C NMR experiments on the length 

of the main chain in these waxes. Pairing the 13C NMR data with 1H NMR data 

should improve the agreement. Both GPC and NMR do not account for branching. 

5. There was excellent agreement in DSC and PXRD experiments on percent 

crystallinity. These results suggest either technique can be used.  

The results of this study demonstrate the usefulness of the complementary methods 

approach and provide basis for future research in this area.   
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4 Inclusion Compounds of Leucyl-isoleucine (Leu-Ile) 

 

 

Studies described in this chapter were conducted to explore the ability of short 

peptides to act as host molecules in inclusion compounds, a type of supramolecular 

materials based on the inclusion (host-guest) principle. Recent research in the group, as 

well as data reported in the literature, indicate that some leucine-containing dipeptides are 

excellent host molecules that readily accommodate guest solvent molecules in the cavities 

of their H-bonded crystal frameworks.1,2 This chapter specifically covers preliminary 

experiments on leucyl-isoleucine (Figure 4.1). The main goal of this study was to identify 

guest molecules that can form inclusion compounds with this dipeptide by means of PXRD 

screening. Another goal was to isolate inclusion compounds in the form of single crystals 

for crystal structure analysis by other members of the group. The overall study would 

facilitate the use of hydrophobic oligopeptides in the design of new inclusion materials. 

The crystallization portion was conducted with the help of an undergraduate student 

Rebecca Sydor. The analysis of crystal structures was done by Dmitriy Soldatov and Aaron 

Smith.  

 

 
Figure 4.1: Leucyl-isoleucine (Leu-Ile) 



109 

 

 

 

The term “clathrate” or “inclusion compound” was first introduced by Herbert 

Marcus Powell in 1948.3 He suggested that the existence of clathrates is not due to strong 

attractive forces, but to the enclosure or encapsulation of one species (the “guest”) by the 

other (the “host”), to form a cage-like structure. The formation of this cage allows 

substances with little attraction to each other to form a binary molecular compound which 

is more stable than the original mixture of the species.3,4 These compounds, which 

consisted of the combination of two substances by way of non-chemical binding, were then 

given the name “clathrates”,3 derived from the Latin word “chlathratus”, meaning 

“furnished with a lattice”. Powell’s explanation regarding the nature of these compounds 

contributed to the development of supramolecular chemistry defined by Lehn as the 

“chemistry of molecular assemblies and of the intermolecular bond”.4,5 The term 

“intermolecular bond” was used for van der Waals interactions, hydrogen bonds, or more 

generally, the non-covalent interactions between molecules. A more recently introduced 

term “co-crystals” refers to supramolecular crystalline solids made from two substances 

which are both solid at ambient conditions.6 

Inclusion compounds have been known to chemists for over 200 years, long before 

the term was introduced. They have been used for chromatographic separation of isomers 

and isotopes due to the shape and size selectivity of the inclusion process. Inclusion 

compounds are also known for their ability to encapsulate fragrances and can be used as 

additives for materials, like plastics. They have the potential for use as explosives and 

storage materials. Inclusion compounds can be used as a medium to stabilize unstable 
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species or to host chemical reactions. The overall range of current and potential 

applications is very broad.7  

 

 

 

Dipeptides are of great interest as host materials for a number of reasons.1 Their 

biocompatibility and non-toxicity make them potentially useful for storage, transportation, 

stabilization and controlled delivery of drugs, odours and signalling chemicals. Another 

advantage of peptides is that an enormous number of potential host molecules can be made 

from a limited number of amino acids. Peptides create chiral cavity space in the crystal 

suitable for separation of optical isomers.8 Finally, peptides form molecular crystals and so 

the formation of their inclusion compounds is easy to control by adding or removing guest 

and neutral solvents.1  

Peptides form crystal frameworks based mainly on hydrogen bonds, some of which 

are charge-assisted. Due to their strength and quantity, hydrogen bonds can consistently 

support porous frameworks of certain topologies of the cavity space imitating other host 

materials based on covalent bonds.1,8,9  

One of the most common motifs in the crystal structure of dipeptides is a β-sheet-

like layer where the dipeptide molecules are bound to each other through multiple hydrogen 

bonds.10,11 The side R-groups attached to the α-carbon atoms of the amino acid residues 

stick out of the layer in this architecture. The stacking of the layers can produce a 

hydrophobic cavity space if the residues are bulky hydrophobic groups (R-groups in 

Figure 4.2). Occupation of this space by the molecules of solvent (acting as guest) or 
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another organic compound (acting as a co-crystallization agent) stabilize the structure. 

Additional stabilization is achieved as the included molecule forms a hydrogen bond to the 

third amino hydrogen atom of the peptide as the corresponding N-H bond is out of the layer 

and points into the interlayer space. In Figure 4.2, the layers with the head-to-tail peptide 

linkages are shown in black, the hydrogen bonds are shown with directionality as red 

arrows, the R-groups as purple trapezoids, and the included molecules as green rectangles. 

 

  
 

Figure 4.2: Representation of the hydrogen bonding motif found in an inclusion compound 

of a dipeptide and a guest molecule1 

 

 

The Leu-Ile dipeptide was selected as a potential host molecule for a number of 

reasons. First, previous research in the group and data available in the literature10–13 

indicated that leucine-containing peptides are likely to build a layered crystal framework 

with interlayer cavity space as illustrated in Figure 4.2. Second, the search in the 

Cambridge Structural Database revealed three hydrates and no solvent-free structure of the 



112 

 

dipeptide. Third, an inclusion compound of the dipeptide with the expected layered 

architecture has been reported with trifluoroethanol as a guest.13   

 

 

 

 

For screening experiments, 300 mg of Leu-Ile in an open vial was dried in a 

ventilation oven at 60 °C to constant mass. In each experiment, about 5 mg of Leu-Ile was 

placed in a mortar and pestle with one drop of potential guest solvent and ground for five 

minutes. The mixture was loaded into a MiTeGen tube and placed on a goniometer head 

for data collection. Immediately before data collection began, a few more drops of the same 

solvent were placed on top of the sample in the MiTeGen tube to ensure the sample was 

immersed. All powder patterns were collected on the SuperNova diffractometer  (data 

collection parameters are found in Appendix A, Table A4) and processed using 

CrysAlisPro software. 

 

 

 

 

Crystallizations were set by placing 10 – 25 mg of Leu-Ile in a 1 dram vial followed 

by the slow addition of the solvent until all Leu-Ile dissolved. The solution was either 

filtered or a few drops of water were added to obtain a clear solution. These vials were then 

left partially covered for isothermal evaporation until crystals formed. Single crystals were 

selected from the crystallization vials and studied on the SuperNova diffractometer by 

other members of the group. A summary of crystallization products used for the crystal 
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structure analysis is given in Table 4.1. The crystal structures of Leu-Ile (LI) and LI·EtOH 

at 150 K are found in Figures C1 and C2 in Appendix C with the accompanying crystal 

structure data in Table C1. 

 

Table 4.1: Summary of Leu-Ile crystallization products 

Compound Crystallization Method Crystal Shape Crystal 

Stability 

LI Desolvation of LI·EtOH Thick plates or flat 

prisms 

Stable in dry 

air 

LI·5/6H2O Crystallization from water 

at 60°C 

Thick plates or prisms Air stable 

LI·3/4H2O Crystallization from water Prisms Air stable 

LI·EtOH Crystallization from 

ethanol 

Thick plates or flat 

prisms 

Very unstable 

in air 

LI·iPrOH Crystallization from iso-

propanol 

Plates or prisms Air stable 

LI·DMSO Crystallization from 

DMSO 

Sheets Air stable 

 

 

 

 

The screening tests were conducted with 22 solvents (Table 4.2) and a change in the 

PXRD pattern was observed in the majority of cases. However, it was soon recognized that 

interpretation of the results would not be as straightforward as initially expected. The 

change in the PXRD pattern indicates the formation of a new crystal structure within the 

sample, but it does not necessarily mean that the solvent was included in the new structure 

as a guest. The formation of polymorphs or hydrates of the loaded peptides substantially 

complicates interpretation of screening results. Leu-Ile was reported to form three 

hydrates14,15 and yet one more hydrate was discovered in the group during the course of 
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this work (LI·5/6H2O in Table 4.1). The new hydrate, the hydrate LI·3/4H2O, and several 

new inclusion compounds were isolated and studied at room temperature to simulate 

reference PXRD patterns and to inspect the details of the molecular packing in the crystals. 

Luckily, a solvent-free crystal of Leu-Ile was also obtained by desolvation of the ethanol 

inclusion and the crystal structure of the dipeptide was determined.  

Based on the newly obtained and previously reported crystal structure data, the 

interpretation of the screening data could be made. The powder patterns calculated from 

the single crystal data of each hydrate of Leu-Ile, as well as the solvent-free structure of 

Leu-Ile, were compared to the powder patterns obtained during screening experiments 

(Figure 4.3). Comparison of these powder patterns helped in interpreting the potential 

structure type of the inclusion compounds whose crystals were either too small or were not 

obtained. In many cases, the change in the powder pattern was due to the formation of 

hydrates rather than inclusion compounds. The Type A pattern obtained for the stock Leu-

Ile from the bottle corresponds to the solvent-free Leu-Ile. There are seven cases where the 

powder pattern did not seem to match any of the known structures, but could be categorized 

into four other structure types, B-E (see Table 4.2). In order to determine the nature of 

these structures, be it a new inclusion compound or a new hydrate, further single crystal 

structure analysis is required.  
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Table 4.2: Screening results of LI with potential guest solvents   

Solvent M* P Code Result Assignment Reference 

None (stock LI) - P1079 No change Type A Our work 

Water 18 P1053 Known hydrates 

LI·3/4H2O 

+ 

LI·2.5H2O 

Our work 

and 15 

Methanol 32 P1054 No change Type A Our work 

Acetonitrile 41 P1058 

New structure + 

Known hydrate 

Type A + 

LI·5/6H2O Our work 

Ethanol 46 P1052 New structure LI·EtOH Our work 

Acetone 58 P1055 

New structure + 

Known hydrate 

Type A + 

LI·5/6H2O Our work 

Allyl alcohol 58 P1092 Known hydrates 

Type A + 

LI·2.5H2O 

+ Unknown 

Phase 

Our work 

and 15 

1-Propanol 60 P1057 No change Type A Our work 

Nitromethane 61 Px969 

New structure + 

Known hydrate 

Type A + 

LI·5/6H2O Our work 

DMSO 78 P1095 

New structure + 

Known hydrate 

Type A + 

LI·5/6H2O Our work 

2-Methyl-3-

butyn-2-ol 84 P1090 New structure Type D Our work 

Ethyl acetate 88 P1060 No distinguishable structure 

Mesityl oxide 98 P1086 New structure Type E Our work 

4-Vinylpyridine 105 P1087 New structure Type B Our work 

Benzaldehyde 106 P1083 New structure 

Type A + 

Type E Our work 

Methyl benzoate 136 P1082 No change Type A Our work 

Isophorone 138 P2002 No change Type A Our work 

trans-2, cis-6-

Nonadienal 138 P1080 New structure 

Type A + 

Type E Our work 

4-Allylanisole 148 P1091 New structure Type B Our work 

trans-Anethole 148 P1094 New structure Type E Our work 

Piperitone 152 P1084 No change Type A Our work 

4-(3-

Cyclohexen-1-

yl) pyridine 

159 P1089 New structure Type D Our work 

Eugenol 164 P1088 New structure Type C Our work 

*Molecular mass of the solvent in g/mol rounded to the nearest integer 
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Figure 4.3: Simulated powder patterns of solvent-free Leu-Ile and four hydrates used for 

comparison with experimental patterns from screening experiments  

 

As an illustration of the crystal structure features in the inclusion compounds of the 

dipeptide, the arrangement of molecules in LI·EtOH is shown in Figure 4.4. The structure 

is of layer type with 2D hydrogen bonded network of the peptide molecules. The layer is 

not flat but rather pleated like in the β-sheet structure of proteins. The R-groups of Leu-Ile 

create cavities in the interlayer space where the molecules of guest ethanol reside. The 

oxygen atom of ethanol serves as an acceptor site for a charge-assisted hydrogen bond to 

the N-H bond of the protonated amino group of Leu-Ile. 

 

 

 

LI (295 K DSx738) 
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2
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Figure 4.4: Crystal structure of LI·EtOH along the a axis 

 

Figure 4.5: Crystal structure of Leu-Ile with the head-to-tail hydrogen bonding motif 
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Figure 4.5 shows the crystal structure of guest-free Leu-Ile obtained by desolvation 

of the ethanol inclusion. It could be clearly seen that the main topology of the peptide 

matrix is the same, although the positioning of the molecules is different. The layers now 

are more flat and the arrangement of R-groups in the interlayer space is more regular. The 

fact that the ethanol inclusion transforms into the guest-free form in a single-crystal-to-

single-crystal transformation suggests that the structural change is a concerted process 

where the hydrogen bond connectivity of the peptide molecules is retained. It also suggest 

that the desorption is reversible, that is the guest solvent molecules can be reintroduced 

into the structure without disintegration of the peptide molecules assembly.  

 

 

 

The results of this study confirm our initial expectation that Leu-Ile is a potent host 

molecule. Several inclusion compounds of the dipeptide have been isolated and the 

screening tests suggest more such compounds exist, and they are of several structural types. 

These findings show that Leu-Ile has both high ability to include various guest molecules 

in the solid state and high adaptability as the host framework appears to be able to change 

significantly to accommodate guest molecules of different kinds. Overall, inclusion 

compounds seem to form with guest molecules of different size, shape and functionality 

(Table 4.2). This fact clearly reveals a major tendency of Leu-Ile to co-crystallize with 

other molecules rather than build its own, solvent-free solid. In fact, even though the 

solvent-free crystals of Leu-Ile were isolated, they were obtained by slow desolvation of 

the inclusion compound with ethanol.  
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This study also illustrates how ambiguous the PXRD screening tests could be for 

some peptides due to the formation of hydrates. The interpretation of screening tests in this 

study became possible only after several single crystal XRD studies had been completed 

and each experimental powder pattern was compared with several reference patterns rather 

than one as it is done usually. The fact that Leu-Ile forms at least four different hydrates, 

all with non-integer guest to host ratio, is also an interesting aspect of the crystal chemistry 

of Leu-Ile.  

Based on the results of this work, Leu-Ile should be classified as a typical non-self-

complementary molecule16 and a versatile host material. Further studies are highly 

desirable, with the most interesting directions being 1) exploration of versatile structural 

chemistry of the peptide inclusions, 2) investigation of sorption/desorption properties of 

LI-based materials, and 3) utilization of the dipeptide as a co-crystallization agent for 

pharmaceutical and nutraceutical co-crystals.  
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5 Microporous Trileucine (Leu-Leu-Leu) 

 

 

This chapter further explores inclusion compounds of peptides and focuses on the 

physicochemical aspect of their properties. Recently a series of inclusion compounds with 

trileucine (Leu-Leu-Leu, or LLL, Figure 5.1) as host and alcohols as guest was prepared 

and characterized in the group (Sarah Hollywood, Aaron Smith and Dmitriy Soldatov). 

These studies suggested that the peptide host matrix may retain its layered structure upon 

desolvation, undergoing a reversible gradual change rather than collapse into a different 

structure. In other words, the peptide material may behave as a dynamic sorbent. The goal 

of our study was to track the host structure changes as the guests leave the interlayer space. 

The inclusion compound with ethanol was chosen for its ease of handling. Desorption was 

done in small increments by either heating or exposure to air, while sorption was achieved 

by controlled exposure to ethanol vapour. The structural changes were observed through 

monitoring of the structure type and interlayer distance with PXRD. The results of this 

study would help to evaluate the prospects of the layered peptide materials as microporous 

sorbents and understand the specifics of the sorption/desorption process in these materials.  

 
Figure 5.1: Trileucine (LLL) 
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Porous materials have a solid state structure with open pores, and the materials 

retain this structure regardless of the pores being filled or emptied. According to the IUPAC 

classification, micropores are pores with the free diameter of less than 2 nm.1 Therefore, 

microporous materials have open, molecular size cavity space responsible for their specific 

sorption properties (Type I isotherm2) for that they are also known as microporous 

sorbents. Zeolites are a typical class of microporous sorbents used worldwide for catalytic 

cracking of petrochemicals, purification of water and separation of gases.3 

The sorption process implies reversible filling of the pores with guest species as 

the sorbent structure remains unchanged (Figure 5.2). It is observed for host lattices which 

become permanent once formed, regardless of guest molecule inclusion. Inclusion of the 

guest may be partial and the inclusion complex is therefore a solid solution, a compound 

with variable composition. Sorption contrasts with clathration, observed for hosts with 

unstable porous framework. In the absence of guest molecules, the host exists in another, 

non-porous structure and will return to that structure once the guest is removed from the 

inclusion compound. Although clathration is also a reversible process, it involves some 

latent heat for the phase transition, requires a threshold guest pressure or concentration to 

initiate clathration, and occurs more slowly. The most interesting case is the dynamic 

sorption (Figure 5.2) which combines some features of both sorption and clathration. Like 

clathrates, dynamic sorbents undergo some structural change during sorption. On the other 

hand, the change is gradual rather than jump-wise and does not involve breakage of bonds 

or major rearrangement of molecules of host, and therefore resembles sorption.  
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Figure 5.2: Sorption, clathration and dynamic sorption3,4 

 

 

 

So far, only one type of microporous peptides was studied in detail.5–8 This is a 

series of 18 hydrophobic dipeptides which form hexagonal crystals with channels inside a 

hydrogen bonded helix. The shape and size of the channels is defined by the hydrophobic 

R-groups on the dipeptide backbone. The maximal average diameter of ~5 Å is displayed 

by alanyl-valine. The channels act as 1D pores readily absorbing gases, with the sorption 

isotherm characteristic of microporous sorbents.5,7,8 

Although the hexagonal series presents an interesting example of microporous 

materials based on peptides, it has a number of limitations. First, the hydrogen bonding 

assembly of the helix is quite rigid and the pores cannot be expanded beyond ~5 Å. 

Therefore, even though the pores are chiral, the range of absorbed species is limited to 
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small, non-chiral molecules of gases and very simple organics. Second, the pores are one-

dimensional and easily blocked by larger species reducing the sorption capacity of the 

materials. Third, this type of structure may be specific for dipeptides as no similar materials 

based on longer chain oligopeptides were reported.  

One way to overcome the limitations of the hexagonal microporous dipeptides is to 

explore layered peptide structures as those described in Chapter 4. First, the layered peptide 

structure is much more flexible as the stacking of the layers is controlled by van der Waals 

forces rather than hydrogen bonds. Larger molecules can enter the interlayer space due to 

expansion of the structure normal to the layers. Thus, various applications become possible, 

from separation of optical isomers to storage of drugs and nutraceuticals. Second, the 

mobility of included species can be much higher in the interlayer space than in an isolated 

channel. With appropriate choice of R-groups, a 2D system of pore space can be designed 

to facilitate easy diffusion of the guest species across the material. Third, the layered 

structure is very common in peptides, and oligopeptides of different chain length may be 

suitable as building units. Finally, due to the flexibility of their crystal framework, the 

layered peptide materials may display dynamic sorption behaviour, as described in the 

previous section.  

 

 

 

Trileucine (Figure 5.1) has already been found to form inclusion compounds with 

water, methanol, pyridines and other organic molecules.9–12 The structures with methanol 

and pyridines are of the layer type with guest molecules in the interlayer space and water 
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contributing as a secondary guest.9,10 The peptide layer is illustrated in Figure 5.3 for the 

inclusion compound with 2-methylpyridine; the arrangement of the molecules resembles 

anti-parallel -sheets. The tripeptide chains are linked in a head-to-tail fashion where 

charge-assisted hydrogen bonding occurs through the NH3
+ and the COO- end groups.10 

These chains are then associated to adjacent chains in the layer through both charge-

assisted hydrogen bonds and N-H. . . O=C hydrogen bonds.10  

 

 

Figure 5.3: The head-to-tail peptide backbone and the anti-parallel -sheets of Leu-Leu-

Leu in LLL(2-methylpyridine)(0.12H2O)10  

 

Recently a series of inclusion compounds of Leu-Leu-Leu with alcohols was 

isolated and structurally studied in the group. The general formula of the compounds is 

LLL·Alcohol·0.5xH2O, where Alcohol is ethanol (EtOH), n-propanol (PrOH), isopropanol 

(iPrOH) or n-butanol (BuOH), and x is a site occupation factor for water that is equal to 1 

when all the water sites are fully occupied. The four compounds were studied down to 

atomic coordinates at 150K, and their unit cell parameters were also measured at room 

temperature. A summary of crystal data is given in Table 5.1. The inclusion with 
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isopropanol is orthorhombic and the rest are monoclinic. The water sites are filled to 84 – 

97%. The peptide layer presents a unique, basket weave type of assembly, where an 

antiparallel pair of molecules is approximately perpendicular to four adjacent pairs (Figure 

5.4). The water molecule is part of the layer. One alcohol molecule is hydrogen bonded to 

the head of one peptide (HO(R)…H-N) and the tail of another (RO-H…O), while the second 

alcohol molecule is bonded to the head of one peptide and one water. The side view of the 

structure (Figure 5.5) shows that the alcohol molecules are attached to the layer from both 

sides and occupy the interlayer space. There are no hydrogen bonds between the layers; 

that is, their stacking is controlled only by van der Waals forces. This type of molecular 

assembly explains the remarkable flexibility of the crystal structure where the interlayer 

distance varying from 11.6 to 13.1 Å is a function of guest alcohol and temperature (Table 

5.1). 

 

Table 5.1: Crystal structure data for LLL·Alcohol·0.5xH2O inclusion compounds at 

room temperature (unless specified) 

Alcohol EtOH PrOH iPrOH BuOH 

x at 150 K 0.839(7) 0.97(1) 0.933(9) 0.89(2) 

Crystal system monoclinic monoclinic orthorhombic monoclinic 

Space group P21 P21 P212121 P21 

a, Å 12.657(2) 12.933(2) 13.954(2) 13.222(7) 

b, Å 15.585(1) 15.539(2) 15.580(2) 15.482(5) 

c, Å 14.125(1) 14.005(2) 25.370(3) 13.968(7) 

β, deg. 97.97(1) 98.41(2) 90 96.96(4) 

V, Å3 2759.3(4) 2784.2(7) 5516(1) 2842(2) 

Interlayer distance at 

150 K, Å 
11.6103(5) 11.6364(2) 12.21292(6) 12.6365(8) 

Interlayer distance at 

room temperature, Å* 
12.534(2) 12.794(2) 12.685(2) 13.125(7) 

*From unit cell measurements for crystals kept immersed in the corresponding alcohol 
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Figure 5.4: Peptide layer in LLL·EtOH·0.42H2O (R-groups and H atoms are not shown 

for clarity) 

 
 

Figure 5.5: Crystal structure of LLL·EtOH·0.42H2O; a fragment of crystal packing 

viewed along c 
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Approximately 50 mg of Leu-Leu-Leu with 7 – 8 g of ethanol in a 4-dram vial were 

stirred and heated to 70 °C. While the mixture stirred for 5 minutes, water was added until 

the solution became clear. It was then loosely capped and placed in a 1 L beaker filled with 

cotton preheated for 1 hour at 70 °C and covered,  for slow cooling in air overnight. After 

approximately 14 hours, crystals of LLL·EtOH·0.5xH2O were found in the form of clear 

plates (Figure 5.6). Its crystal structure data at 150 K are found in Table D1 in Appendix 

D.  

 

 

Figure 5.6: Crystals of LLL·EtOH·0.5xH2O in ethanol 

 

 

 

Approximately 20 mg of the solvent immersed LLL·EtOH·0.5xH2O were ground 

and placed in a 100 µL platinum TGA pan and heated at 10 °C/min to the temperatures 

found in Table 5.2 (and Table D2 in Appendix D) using TA Instruments’ Q5000 TGA. 
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Once the required maximum temperature was reached, the remaining sample was quickly 

removed and loaded into a 0.3 mm outer diameter capillary whose powder pattern was then 

collected on SuperNova. A new sample was made for every TGA experiment (Table 5.2). 

A powder diffractogram of each sample was collected using four  scans with 10 second 

exposure times (Table D3  in Appendix D). The powder patterns were processed and 

analyzed using CrysAlisPro software.13  

 

Table 5.2: Maximum temperatures used in TGA experiments for LLL·EtOH·0.5xH2O  

Experiment # Temperature (°C) 

1 50 

2 93 

3 115 

4 150 

5 175 

6 260 

 

 

 

 

A 1.5 mm outer diameter glass capillary was weighed and packed with a pre-

weighed 0.7 cm piece of glass wool. While in an ethanol atmosphere (Figure 5.7), crystals 

of LLL·EtOH·0.5xH2O were ground and 5 cm (approximately 30 mg) of the immersed 

powder was loaded into the glass capillary. The remainder of the capillary was filled with 

a pre-weighed piece of glass wool (approximately 1.5 cm) to decrease the rate of 

evaporation of ethanol and to act as a plug for the capillary tube. The mass of the entire 

capillary with the sample was measured to determine the mass of the sample alone. A 

PXRD pattern of the sample was recorded on PANalytical diffractometer using a spinning 

stage. After that, the capillary was left in air at room temperature for slow release of 
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ethanol. Periodically the sample was weighed and the powder pattern was recorded to 

follow the changes in the crystal structure. As the mass of the capillary became more 

constant, the frequency of data collections decreased. To study the reverse process, the 

capillary was placed in the atmosphere of ethanol. To completely desolvate the sample, the 

capillary was heated in a ventilation oven at 80 °C.  

The PXRD patterns collected were obtained using the configuration and parameters 

found in Appendix D (Tables D4 and D5) using one continuous scan on 2θ from 3.5 – 40 

2θ degrees for 4 minutes. The data were analysed using PANalytical’s HighScore Plus 

software.14  

 

Figure 5.7: Set up used to prepare the LLL·EtOH·0.5xH2O capillary samples in the 

atmosphere of ethanol. The Styrofoam box was sealed using a sheet of plexiglass and the 

bottom of the box was lined with filter paper soaked with ethanol 
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The TGA curve of the solvent immersed LLL·EtOH·0.5xH2O crystals is shown in 

Figure 5.8. The initial mass loss below 50 °C corresponds to the evaporation of free liquid 

ethanol from the sample. No solid plateau corresponding to the inclusion compound is 

observed, but instead, a gradual mass loss occurs between 50 and 200 °C followed by a 

sharp mass loss due to the decomposition of Leu-Leu-Leu and a barely defined plateau 

after 230 °C. Further heating results in total vaporization of the decomposition products by 

400 °C.  

 

 

Figure 5.8: TGA curve of the solvent immersed crystals of LLL·EtOH·0.5xH2O loaded 

from a crystallization vial with some amount of supernatant fluid 
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In order to observe the structural changes that accompany the observed mass losses, 

several TGA experiments were run to one of the characteristic temperature taken from the 

curve shown in Figure 5.8. After a desired temperature was reached, the experiment was 

immediately stopped, the sample was quickly sealed in a glass capillary, and its PXRD 

pattern was collected. These powder patterns are shown in Figure 5.9, and the positions 

with their corresponding d-spacing of selected peaks are listed in Table 5.3. 

 

 

Figure 5.9: Powder patterns of LLL·EtOH·0.5xH2O from 5 – 40 2θ degrees after TGA 

experiments with wet crystals stopped at the selected temperatures  
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Table 5.3: Positions and d-spacings of selected peaks on the PXRD patterns shown in 

Figure 5.9  

End temperature of TGA 

experiment (°C) 

2θ 

(degrees) 

d (Å) 

Wet Crystal 7.12 12.40 

50 
7.68 

17.42 

11.51 

5.09 
 

93 

8.07 

16.55 

17.52 

10.95 

5.35 

5.06 
 
 
 

115 
8.09 

16.52 

17.49 

10.92 

5.36 

5.07 

 

 

150 

7.28 

7.86 

10.90 

17.58 

18.83 

12.13 

11.24 

8.11 

5.04 

4.71 
 
 

175 7.42 

18.92 

11.90 

4.69 
 

 

 

260 

7.68 

15.99 

18.62 

11.51 

5.54 

4.76 

 

By comparison with a simulated powder pattern of LLL·EtOH·0.5xH2O, the first 

peak at ~7 2θ angle degrees for solvent immersed crystals (Figure 5.9) corresponds to the 

interlayer separation distance in the inclusion compound. For solvent immersed crystals, 

the interlayer distance from PXRD of the bulk sample is 12.40 Å, in good agreement with 

the value of 12.534(2) Å from single crystal data (Table 5.1). Upon heating, the peak shifts 

to a higher angle indicating contraction in the interlayer distance. The appearance of a 

broad halo (samples at 50 and 175 °C) indicates the formation of amorphous or liquid 

fraction in the sample.  

This experimental method described above has drawbacks. First, the TGA curve is 

not exactly reproducible for different experiments. Second, the sample was flash cooled in 

air as it was removed from the TGA and then it was ground into a powder. Due to possible 
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mass loss during this procedure, the precise composition of the sample prior to PXRD data 

collection was unknown. Also, the sample may not be homogeneous. Finally, the PXRD 

patterns collected on SuperNova are not sufficiently resolved to see all features on the 

pattern. Nevertheless, the obtained data allow us to make the following preliminary 

conclusions.  

The sample seems to retain a layered structure motif up to 150 °C, before the chemical 

decomposition of Leu-Leu-Leu starts. The structure contracts upon heat-induced guest loss 

although it is not clear if the change occurs smoothly or with a series of minor phase 

transitions, or through a combination of those. In order to follow the desolvation structural 

changes to a greater degree of detail, slower desolvation under isothermal regime and more 

accurate PXRD measurements on the PANalytical diffractometer were used as described 

in the next section.  

 

 

 

Two independent capillary samples were used in this study, called here Capillary 1 

and Capillary 2. Capillary 1 was loaded with crystals of the inclusion compound taken from 

under the crystallization solution, dried and crushed by pressing between sheets of filter 

paper, with all operations, including loading, conducted in the box saturated with ethanol 

vapour (Figure 5.7). The composition of this sample was assumed to be 

LLL·EtOH·0.5H2O, with the total content of guest (EtOH + H2O, 13.35%) taken as 100%. 

The mass of the sample was 21.92 mg that is, it contained 2.93 mg of total guest. After 

isothermal experiments were completed, the sample was desolvated in a ventilation oven 

at 80 °C for 8 hours to the constant weight of 19.03 mg. Therefore, the observed mass loss 
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of 2.89 mg with respect to the initial sample was in good agreement with the assumed 

composition. Capillary 2 was loaded with wet crystals crushed under the atmosphere of 

ethanol. The sample mass was 29.18 mg, but due to the excess of ethanol, the exact 

composition of the sample was unknown. The amount of LLL·EtOH·0.5H2O was 

determined as 27.01 mg during the experiments as the smallest mass before the interlayer 

distance started to shrink.  

The evolution of the powder pattern of the Capillary 1 sample upon desolvation for 

12 days is shown in Figure 5.10. The 5-9 2θ degrees range was chosen to observe the peak 

at ~7 degrees pinpointing the interlayer distance. The changes in the pattern occur in two 

distinct stages. In the first stage, the initial peak shifts from 7.04 to 7.15 2θ degrees while 

no new peaks appear. This was interpreted as a gradual contraction of the host matrix 

without a phase transition. In the second stage, the main peak does not change its position 

but reduces in intensity, while two smaller peaks appear at approximately 7.66 and 7.83 2θ 

degrees and coalesce to approximately 7.85 2θ degrees towards the end. This stage was 

interpreted as the appearance of a new phase in the sample, along with the contracted initial 

phase of the ethanol inclusion. In other words, the sample contains only one phase in the 

first stage and two phases in the second. Although the newly formed phase differs from the 

initial inclusion, it is likely to have the same hydrogen bounded peptide layer, as complete 

reorganization of the layer would result in a very different PXRD pattern and is hardly 

possible in the solid state at room temperature. Therefore, the newly formed phase is likely 

a collapsed host peptide matrix with no guest or reduced guest amount in the interlayer 

space.  
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Figure 5.10: Powder patterns of LLL·EtOH·0.5xH2O in Capillary 1 over the course of 12 

days of desolvation showing the first major peak shifting to higher 2 degrees and slowly 

disappearing while a second and third peak appear and coalesce   

 

Figure 5.11 shows the results of all experiments collected on PANalytical 

diffractometer and the sequence of desolvation/resolvation steps is described in Table 5.4. 

A list of the data collected is found in Table D6 in Appendix D. This plot, which was 

obtained over the course of three months shows the change in the interlayer distance of the 

trileucine host matrix while guest molecules leave the system for the two independent 

samples. The plot shows the first desolvation of the Capillary 1 sample in light blue dots 

while the desolvation of the Capillary 2 sample is shown in navy blue dots; these data are 

comparable, that is the experiment was reproducible. The average interlayer distance at the 
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maximum occupancy for the first sample is 12.54 Å and the distance at the minimum 

occupancy before the phase transition is 12.36 Å. At the point where the system seemed to 

stabilize (around 12.36 Å), the sample was placed in an ethanol atmosphere overnight and 

then was allowed again to desolvate in air (red squares). Placing the sample back under the 

atmosphere of ethanol resulted in the return of the initial interlayer space of 12.54 Å (green 

triangles). The sample was then allowed to desolvate again (green circles) until it stabilized 

once more around 12.36 Å. This sample was then placed in a ventilation oven to completely 

remove guest out of the host matrix. This then led to a large compression of the crystal 

structure by approximately 1.11 Å (12.36 to 11.25 Å) to what is assumed to be the empty 

host matrix of trileucine. The points seen past 100% guest for the Capillary 2 sample are 

due to leaving the capillary in an ethanol environment and supersaturating the sample, 

without dissolving the crystals. Although there was an excess in ethanol, the interlayer 

distance value was stable about 12.57 Å. Therefore all observed changes of the structure 

were both reversible and reproducible. A summary of interlayer distances is given in Table 

5.5.  
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Figure 5.11: The interlayer distance versus the percentage of guest for two independent 

capillary samples of LLL·EtOH·0.5xH2O 

Table 5.4: Assignments of each marker found in Figure 5.11   

Marker Capillary Number Assignment 

 1 First desolvation 

 1 Second desolvation after resolvation overnight 

 1 Resolvation 

 1 Third desolvation 

 1 Desolvation by heating 

 2 Desolvation 

 

Table 5.5: Average interlayer distances for three extreme states of the host matrix: 1 

(max guest content); 2 (min guest content); 3 (collapsed host matrix) 

Sample(s) 
Average 

interlayer 

distance 1 (Å) 

Average 

interlayer 

distance 2 (Å) 

Average 

interlayer 

distance 3 (Å) 

Capillary 1 12.54 + 0.02 12.36 + 0.03 11.27 + 0.08 

Capillary 2 12.57 + 0.03 12.38 + 0.01 11.20* 

Capillaries 1 and 2 12.55 + 0.03 12.37 + 0.03 11.26 + 0.08 

*One point only 
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There is no experimental evidence in what sequence the guest molecules leave the 

structure upon desolvation. It is reasonable to assume ethanol escapes first. Water escape 

is less likely at the first stage as the water molecule is more deeply integrated into the 

hydrogen bonding network. The mass loss before the interlayer distance stabilizes at the 

lower value of 12.37 Å and the peaks of a second phase appear is in the range of 30 – 50%. 

This agrees with the loss of half a mole of EtOH (41.8%) to produce 

LLL·0.5EtOH·0.5H2O.  

 

 

 

This study confirms that the trileucine basket-weave host matrix is flexible to the 

degree where partial guest release is possible without collapse of the matrix. The partial 

guest release causes the existence of solid solutions with variable EtOH to Leu-Leu-Leu 

(guest to host) ratio where the host matrix gradually contracts by ~0.2 Å in the direction 

normal to the plane of the layer. Further removal of guest causes a phase transition into a 

collapsed form of host although the basket-weave hydrogen bonding connectivity within 

the peptide layer is most likely to survive.  If we designate the initial form as the α-phase, 

and the collapsed form as the β-phase, then the sequence of events can be described in two 

equations:  

 

α-LLL·EtOH·0.5xH2O =  α-LLL·(1-y)EtOH·0.5xH2O + yEtOH↑ 

(y changes from 0 to 0.5) 

 

α-LLL·0.5EtOH·0.5xH2O = β-LLL + 0.5EtOH↑ + 0.5xH2O↑ 
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Both processes are reversible but they differ in their nature. The first process is 

desorption (left to right) or sorption (right to left) of ethanol guest from or into a 

microporous structure. This structure is the only solid phase present. Due to the contraction 

of the structure, the process should be classified as the dynamic sorption. The second 

process is dissociation (left to right) or clathration (right to left) as it involves two solid 

phases co-existing in equilibrium.  

This work may be seen as a starting point in a series of studies on trileucine as a 

dynamic sorbent. Understanding the sorption behaviour of the trileucine material could 

help to evaluate sorbent properties of layered peptide solids, in general. Sorption of other 

guests differing in their geometry and functionality would be an interesting subject of 

future research. The combination of methods and experimental procedures developed in 

this study appear to be useful and reliable. The isolation of single crystals of the collapsed 

form and determination of its crystal structure is another potential goal. In overall 

conclusion, future studies may introduce layered peptides as a new class of dynamic 

sorbents suitable for various applications, especially in the food, nutraceutical and 

biomedical context.  
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6 Closing Remarks 

 

 

The general aim of this thesis was to investigate how molecules of more than one 

type combine to produce new structure and properties in a solid material. The relationship 

of four projects described in the thesis is outlined in Table 6.1. In the first part, two projects 

dealt with blends of similar molecules, where hydrocarbons in a binary or multicomponent 

system can interact due to their compositional and structural similarity. In the second part, 

two projects made use of complementary host-guest combinations producing structurally 

new solids. In each part, the first project focused on the fundamental relationship between 

molecular composition and solid state structure in simple binary systems, while a second 

focused on more complex systems and deeper understanding of properties of the materials 

contributing to their actual or potential applications.  

 

Table 6.1: Relationship of the thesis subprojects 

Focus of research 
Part I 

Blends of similar 

molecules 

Part II 

Combinations of 

complementary molecules 

Effect of composition 

on solid state 

structure 

Chapter 2 

Binary Systems of 

Hydrocarbons 

Chapter 4 

Inclusion Compounds of 

Leucyl-isoleucine (LI) 

Properties and 

applications 

Chapter 3 

Industrial waxes 

Chapter 5 

Microporous Trileucine 

(Leu-Leu-Leu) 

 

One interesting feature of all four projects was the extensive use of experimental 

methods in combination. The specificity of the studied materials as molecular solids 

dictated the need for XRD methods to examine their solid state structure, thermal analysis 



145 

 

methods to monitor temperature-induced changes, as well as various methods to extract 

molecular composition and distribution. However, it was the combination of methods that 

made it possible to obtain valuable results reported in this thesis. The phase diagrams were 

constructed using both DSC and PXRD results, as well as a combined technique where the 

same sample was simultaneously heated, scanned for a PXRD pattern, and monitored 

visually through a camera. The waxes could not be reliably characterized with any single 

method available, while the use of complementary methods proved to be very fruitful. The 

inclusion compounds study started with screening of various host-guest combinations but 

the results could not be properly interpreted until inclusion and hydrate solids were isolated 

and structurally characterized. Finally, a combination of TGA desorption with PXRD, or 

isothermal sorption with PXRD, experiments made it possible to understand the host 

matrix’ structural changes that accompany the inclusion of guest in microporous trileucine. 

The experimental approaches described in this thesis can be applied for future projects or 

can be used as a starting point in developing even more complex combined techniques and 

protocols.  

 

 

 

Binary Systems of Hydrocarbons:  

- Understanding the behaviour of binary mixtures of hydrocarbons can provide 

insight to the interactions of multiple components in waxes.  

- Using DSC and variable temperature PXRD, three hydrocarbon binary systems 

were studied with Δn = 10, 9, 8, and all of these systems were of eutectic type.  
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- The suggestion was that the C10 – C20 binary system may form solid solutions based 

on the lengths of these hydrocarbons, but the observed model was degenerated 

eutectics.  

- Since the van der Waals lengths of the following hydrocarbons (C11 and C12) are 

larger and are only 59 and 64% of the length of C20, degenerated eutectics was 

expected and observed.  

- Phase diagrams with Δn = 1, 2 are known, and the development of the whole series 

from Δn = 1 to 10 would be useful and interesting to observe. Therefore, 

continuation of the series is recommended (C13 to C17) to observe the threshold for 

the formation of solid solutions.  

 

Industrial waxes:  

- Industrial waxes are complex materials and method development is very important 

to ensure accurate and efficient control of the wax products.  

- Various methods have been attempted in this thesis, and the strategy of two 

independent complementary methods proved to be useful.  

- The relative degree of unsaturation was explored using IR and 1H NMR. The type 

of unsaturation was determined using IR measurements and the degree of 

unsaturation was calculated using 1H NMR.  

- The relative degree of branching was estimated using IR and NMR (1H and 13C), 

but the exact values are difficult to determine due to the necessity of producing a 

film of certain thickness.  
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- Determining the chain lengths of these industrial waxes was expected to be difficult 

since most waxes had high melting points. This was exactly the case; both the 1H 

and 13C NMR results were limited, but had good agreement with GPC data.  

- Determining the percent crystallinity of the waxes from DSC using a method 

described in the literature worked well. This method makes use of the integration 

of the crystallization peak and the total area of each thermogram.   

- Using PXRD was an obvious choice for this study, but the decrease in percent 

crystallinity introduced by the glass contribution from the capillary was 

unexpected. Luckily, a way to remove the glass contribution before data collection 

was found.  

- A relationship was observed between the degree of branching and the percent 

crystallinity of the industrial waxes. Those which were found to have “low” 

branching, had high percent crystallinities and vice versa. 

 

Inclusion Compounds of Leucyl-isoleucine (Leu-Ile) 

- PXRD screening is a useful technique to probe clathratogenic properties of 

peptides, but this method should be used with caution, and should be followed by 

more comprehensive experimentation and research.  

- Leu-Ile formed inclusions with many guest solvents and physicochemical studies 

would be useful to determine how these inclusions behave.  

- Leu-Ile was expected to have many inclusion compounds, so finding a solvent for 

solvent-assisted grinding was a challenge. 
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- The group had hoped the screening tests alone would give enough insight as to the 

versatility of the host, but the formation of hydrates made this testing ambiguous. 

- The crystal structures of a new hydrate, as well as those reported in the literature, 

were used to better interpret the screening data and helped in interpreting the 

potential structure types of the inclusion compounds formed.  

 

Microporous Trileucine (Leu-Leu-Leu) 

- This project focused on the physicochemical aspect of inclusion compounds. It was 

the first in-depth study of sorption into a layered peptide.  

- As the guest molecules escape the system, the solvent free Leu-Leu-Leu is expected 

to be the final stable structure, but there is potential for the hydrate to be the stable 

structure at room temperature.  

- Trileucine displays itself as a microporous and dynamic sorbent, since the matrix 

did not completely collapse throughout this study. 

- Further research into the Leu-Leu-Leu host matrix behaviour is recommended, 

especially the sorption of gaseous and larger molecules, as well as guest 

replacement.  
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 : Codes and Results for the Phase 

Diagrams of Binary Systems of Hydrocarbons  

 

Differential Scanning Calorimetry (DSC)  
 

Table A1: Mass % ratios and experiment codes of n-Decane and n-Undecane with n-

Eicosane used in DSC experiments  

% Alkane  

CnHn+2 

% Eicosane 

(C20H42) 

Decane 

(C10H22) 

Undecane 

(C11H24) 

0 100 Eicosane.001 Eicosane.001 

5 95 5_95_Decane_Eicosane.001 

5_95_Decane_Eicosane.002 

 

10 90 10_90_Decane_Eicosane.001 9010EU.001 

15 85 15_85_Decane_Eicosane.001  

20 80 20_80_Decane_Eicosane.001 8020EU.001 

30 70 30_70_Decane_Eicosane.001 7030EU.001 

40 60 40_60_Decane_Eicosane.001 

40_60_Decane_Eicosane.002 

6040EU.001 

50 50 50_50_Decane_Eicosane.001 5050EU.001 

60 40 60_40_Decane_Eicosane.001 4060EU.001 

70 30 70_30_Decane_Eicosane.001 3070EU.001 

80 20 80_20_Decane_Eicosane.001 2080EU.001 

90 10 90_10_Decane_Eicosane.001 1090EU.001 

95 5  595EU.001 

98 2 98_2_Decane_Eicosane.001  

100 0 Decane.001 Undecane.001 
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Table A2: Mass % ratios of n-Dodecane and n-Heptadecane with n-Eicosane used in DSC 

experiments 

% 

Alkane  

CnHn+2 

% 

Eicosane 

(C20H42) 

Dodecane 

(C12H26) 

Heptadecane 

(C17H36) 

0 100 Eicosane.001 Eicosane.001 

5 95   

10 90 10_90_Dodecane_Eicosane.00

1 

10_90_Dodecane_EicosaneA.0

01 

10_90_Heptadecane_Eicosa

ne.001 

15 85   

20 80 20_80_Dodecane_Eicosane.00

1 

20_80_Dodecane_EicosaneA.0

01 

20_80_Heptadecane_Eicosa

ne.001 

30 70 30_70_Dodecane_Eicosane.00

1 

30_70_Heptadecane_Eicosa

ne.001 

30_70_Heptadecane_Eicosa

ne.002 

40 60 40_60_Dodecane_Eicosane.00

1 

40_60_Dodecane_EicosaneA.0

01 

40_60_Heptadecane_Eicosa

ne.001 

50 50 50_50_Dodecane_Eicosane.00

1 

50_50_Heptadecane_Eicosa

ne.001 

50_50_Heptadecane_Eicosa

ne.002 

60 40 60_40_Dodecane_Eicosane.00

1 

60_40_Dodecane_EicosaneA.0

01 

60_40_Heptadecane_Eicosa

ne.001 

70 30 70_30_Dodecane_Eicosane.00

1 

70_30_Heptadecane_Eicosa

ne.001 

70_30_Heptadecane_Eicosa

ne.002 

80 20 80_20_Dodecane_Eicosane.00

1 

80_20_Heptadecane_Eicosa

ne.001 

90 10 90_10_Dodecane_Eicosane.00

1 

90_10_Heptadecane_Eicosa

ne.001 

100 0 Dodecane_GM.001 Heptadecane_GM.001 

Heptadecane_GM.002 
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Table A3: Mass % ratios of n-alkane with n-Eicosane used in variable temperature 

PXRD experiments using SuperNova 

% Alkane  

(CnHn+2) 

% Eicosane 

(C20H42) 

Decane 

(C10H22) 

 

Undecane 

(C11H24) 

Dodecane 

(C11H24) 

[PXRD at 

268 K] 

Heptadecane  

(C17H36) 

0 100 P2156* 

P2157* 

P2158* 

P2159* 

 

P2156* 

 

10 90 MI006 

MI011 

MI023 MI034 

[P2683] 

 

15 85 MI010    

20 80 MI007 MI022 MI030 

[P2684] 

MI038 

 

30 70 MI002 MI021 MI035 

[P2685] 

MI029 

40 60 MI005 MI020 

MI025 

MI031 

[P2687] 

MI041 

50 50 MI003 MI015 MI027 

[P2688] 

MI028 

60 40 MI004 MI019 MI032 

[P2689] 

MI042 

70 30 MI001 MI018 MI033 

[P2690] 

 

80 20 MI008 MI017 MI036 

[P2686] 

MI040 

90 10 MI009_1 MI016 MI037 

[P2691] 

MI039 

95 5  MI026   

100 0 P2155† P2497† P2640† P2642† 

*These powders were collected at 223 K 
†These powders were collected at 150 K  

 

 

Table A4: Run list parameters for Eu50deg45s2fr.run (degrees) 

Run # Type Start End Width Time Omega Detector Kappa 

1 Phi 0 90 90 90+90 30.257 20.000 -59.837 

2 Phi 90 180 90 90+90 -30.257 -20.000 59.837 
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Table A5: Mass % ratios of n-decane and n-eicosane in variable temperature PXRD 

experiments run using the PANalyitcal diffractometer    

Date 
% 

(C10H22) 

% 

(C20H42) 

Temp 

(K) Experiment Code 

07/19/2016 10 90 223 10_90_C10_C20_223.00K.xrdml 

08/04/2016 10 90 223 10_90_C10_C20_223.00K_Cycle_1.xrdml 

08/04/2016 10 90 223 10_90_C10_C20_223.00K_Cycle_2.xrdml 

08/04/2016 10 90 233 10_90_C10_C20_233.00K_Cycle_1.xrdml 

08/04/2016 10 90 233 10_90_C10_C20_233.00K_Cycle_2.xrdml 

08/04/2016 10 90 233 10_90_C10_C20_233.00K_Cycle_3.xrdml 

07/19/2016 10 90 243 10_90_C10_C20_243.00K.xrdml 

08/04/2016 10 90 253 10_90_C10_C20_253.00K_Cycle_1.xrdml 

08/04/2016 10 90 253 10_90_C10_C20_253.00K_Cycle_2.xrdml 

08/04/2016 10 90 253 10_90_C10_C20_253.00K_Cycle_3.xrdml 

07/19/2016 10 90 263 10_90_C10_C20_263.00K.xrdml 

08/04/2016 10 90 263 10_90_C10_C20_263.00K_Cycle_1.xrdml 

08/04/2016 10 90 263 10_90_C10_C20_263.00K_Cycle_2.xrdml 

08/04/2016 10 90 263 10_90_C10_C20_263.00K_Cycle_3.xrdml 

07/19/2016 10 90 283 10_90_C10_C20_283.00K.xrdml 

08/04/2016 10 90 283 10_90_C10_C20_283.00K_Cycle_1.xrdml 

08/04/2016 10 90 283 10_90_C10_C20_283.00K_Cycle_2.xrdml 

08/04/2016 10 90 283 10_90_C10_C20_283.00K_Cycle_3.xrdml 

07/19/2016 10 90 298 10_90_C10_C20_298.00K.xrdml 

08/04/2016 10 90 298 10_90_C10_C20_298.00K_Cycle_1.xrdml 

08/04/2016 10 90 298 10_90_C10_C20_298.00K_Cycle_2.xrdml 

08/04/2016 10 90 298 10_90_C10_C20_298.00K_Cycle_3.xrdml 

08/04/2016 10 90 303 10_90_C10_C20_303.00K_Cycle_1.xrdml 

08/04/2016 10 90 303 10_90_C10_C20_303.00K_Cycle_2.xrdml 

08/04/2016 10 90 303 10_90_C10_C20_303.00K_Cycle_3.xrdml 

08/04/2016 10 90 313 10_90_C10_C20_313.00K_Cycle_1.xrdml 

08/04/2016 10 90 313 10_90_C10_C20_313.00K_Cycle_2.xrdml 

08/04/2016 10 90 313 10_90_C10_C20_313.00K_Cycle_3.xrdml 

08/04/2016 10 90 323 10_90_C10_C20_323.00K_Cycle_1.xrdml 

08/04/2016 10 90 323 10_90_C10_C20_323.00K_Cycle_2.xrdml 

08/03/2016 15 85 233 15_85_C10_C20_223.00K_Cycle_1.xrdml 

08/03/2016 15 85 233 15_85_C10_C20_223.00K_Cycle_2.xrdml 

07/19/2016 15 85 233 15_85_C10_C20_223K_Mel5.xrdml 

08/03/2016 15 85 233 15_85_C10_C20_233.00K_Cycle_1.xrdml 

08/03/2016 15 85 233 15_85_C10_C20_233.00K_Cycle_2.xrdml 

08/03/2016 15 85 233 15_85_C10_C20_233.00K_Cycle_3.xrdml 
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07/19/2016 15 85 243 15_85_C10_C20_243K_Mel5.xrdml 

08/03/2016 15 85 253 15_85_C10_C20_253.00K_Cycle_1.xrdml 

08/03/2016 15 85 253 15_85_C10_C20_253.00K_Cycle_2.xrdml 

08/03/2016 15 85 253 15_85_C10_C20_253.00K_Cycle_3.xrdml 

08/03/2016 15 85 263 15_85_C10_C20_263.00K_Cycle_1.xrdml 

08/03/2016 15 85 263 15_85_C10_C20_263.00K_Cycle_2.xrdml 

08/03/2016 15 85 263 15_85_C10_C20_263.00K_Cycle_3.xrdml 

07/19/2016 15 85 263 15_85_C10_C20_263K_Mel5.xrdml 

08/03/2016 15 85 283 15_85_C10_C20_283.00K_Cycle_1.xrdml 

08/03/2016 15 85 283 15_85_C10_C20_283.00K_Cycle_2.xrdml 

08/03/2016 15 85 283 15_85_C10_C20_283.00K_Cycle_3.xrdml 

07/19/2016 15 85 283 15_85_C10_C20_283K_Mel5.xrdml 

08/03/2016 15 85 298 15_85_C10_C20_298.00K_Cycle_1.xrdml 

08/03/2016 15 85 298 15_85_C10_C20_298.00K_Cycle_2.xrdml 

08/03/2016 15 85 298 15_85_C10_C20_298.00K_Cycle_3.xrdml 

07/19/2016 15 85 298 15_85_C10_C20_298K_Mel5.xrdml 

08/03/2016 15 85 303 15_85_C10_C20_303.00K_Cycle_1.xrdml 

08/03/2016 15 85 303 15_85_C10_C20_303.00K_Cycle_2.xrdml 

08/03/2016 15 85 303 15_85_C10_C20_303.00K_Cycle_3.xrdml 

08/03/2016 15 85 313 15_85_C10_C20_313.00K_Cycle_1.xrdml 

08/03/2016 15 85 313 15_85_C10_C20_313.00K_Cycle_2.xrdml 

08/03/2016 15 85 313 15_85_C10_C20_313.00K_Cycle_3.xrdml 

08/03/2016 15 85 323 15_85_C10_C20_323.00K_Cycle_1.xrdml 

08/03/2016 15 85 323 15_85_C10_C20_323.00K_Cycle_2.xrdml 

09/23/2016 20 80 223 

20_80_C10_C20_2_223.00K_Cycle_1.xrdm

l 

09/23/2016 20 80 233 

20_80_C10_C20_2_233.00K_Cycle_1.xrdm

l 

09/23/2016 20 80 253 

20_80_C10_C20_2_253.00K_Cycle_1.xrdm

l 

07/19/2016 20 80 223 20_80_C10_C20_223.00K.xrdml 

08/03/2016 20 80 223 20_80_C10_C20_223.00K_Cycle_1.xrdml 

08/03/2016 20 80 223 20_80_C10_C20_223.00K_Cycle_2.xrdml 

08/03/2016 20 80 233 20_80_C10_C20_233.00K_Cycle_1.xrdml 

08/03/2016 20 80 233 20_80_C10_C20_233.00K_Cycle_2.xrdml 

08/03/2016 20 80 233 20_80_C10_C20_233.00K_Cycle_3.xrdml 

07/19/2016 20 80 243 20_80_C10_C20_243.00K.xrdml 

08/03/2016 20 80 253 20_80_C10_C20_253.00K_Cycle_1.xrdml 

08/03/2016 20 80 253 20_80_C10_C20_253.00K_Cycle_2.xrdml 

08/03/2016 20 80 253 20_80_C10_C20_253.00K_Cycle_3.xrdml 
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07/19/2016 20 80 263 20_80_C10_C20_263.00K.xrdml 

08/03/2016 20 80 263 20_80_C10_C20_263.00K_Cycle_1.xrdml 

08/03/2016 20 80 263 20_80_C10_C20_263.00K_Cycle_2.xrdml 

08/03/2016 20 80 263 20_80_C10_C20_263.00K_Cycle_3.xrdml 

07/19/2016 20 80 283 20_80_C10_C20_283.00K.xrdml 

08/03/2016 20 80 283 20_80_C10_C20_283.00K_Cycle_1.xrdml 

08/03/2016 20 80 283 20_80_C10_C20_283.00K_Cycle_2.xrdml 

08/03/2016 20 80 283 20_80_C10_C20_283.00K_Cycle_3.xrdml 

07/19/2016 20 80 298 20_80_C10_C20_298.00K.xrdml 

08/03/2016 20 80 298 20_80_C10_C20_298.00K_Cycle_1.xrdml 

08/03/2016 20 80 298 20_80_C10_C20_298.00K_Cycle_2.xrdml 

09/22/2016 30 70 223 30_70_C10_C20_223.00K_Cycle_1.xrdml 

09/22/2016 30 70 223 30_70_C10_C20_223.00K_Cycle_2.xrdml 

09/22/2016 30 70 223 30_70_C10_C20_233.00K_Cycle_1.xrdml 

09/22/2016 30 70 233 30_70_C10_C20_233.00K_Cycle_2.xrdml 

09/22/2016 30 70 233 30_70_C10_C20_233.00K_Cycle_3.xrdml 

09/22/2016 30 70 253 30_70_C10_C20_253.00K_Cycle_1.xrdml 

09/22/2016 30 70 253 30_70_C10_C20_253.00K_Cycle_2.xrdml 

09/22/2016 30 70 253 30_70_C10_C20_253.00K_Cycle_3.xrdml 

09/22/2016 30 70 263 30_70_C10_C20_263.00K_Cycle_1.xrdml 

09/22/2016 30 70 263 30_70_C10_C20_263.00K_Cycle_2.xrdml 

09/22/2016 30 70 263 30_70_C10_C20_263.00K_Cycle_3.xrdml 

09/22/2016 30 70 283 30_70_C10_C20_283.00K_Cycle_1.xrdml 

09/22/2016 30 70 283 30_70_C10_C20_283.00K_Cycle_2.xrdml 

09/22/2016 30 70 283 30_70_C10_C20_283.00K_Cycle_3.xrdml 

09/22/2016 30 70 298 30_70_C10_C20_298.00K_Cycle_1.xrdml 

09/22/2016 30 70 298 30_70_C10_C20_298.00K_Cycle_2.xrdml 

09/22/2016 30 70 298 30_70_C10_C20_298.00K_Cycle_3.xrdml 

09/22/2016 30 70 308 30_70_C10_C20_308.00K_Cycle_1.xrdml 

09/22/2016 30 70 308 30_70_C10_C20_308.00K_Cycle_2.xrdml 

09/16/2016 40 60 223 40_60_C10_C20_223.00K_Cycle_1.xrdml 

09/16/2016 40 60 223 40_60_C10_C20_223.00K_Cycle_2.xrdml 

09/16/2016 40 60 233 40_60_C10_C20_233.00K_Cycle_1.xrdml 

09/16/2016 40 60 233 40_60_C10_C20_233.00K_Cycle_2.xrdml 

09/16/2016 40 60 233 40_60_C10_C20_233.00K_Cycle_3.xrdml 

09/16/2016 40 60 253 40_60_C10_C20_253.00K_Cycle_1.xrdml 

09/16/2016 40 60 253 40_60_C10_C20_253.00K_Cycle_2.xrdml 

09/16/2016 40 60 253 40_60_C10_C20_253.00K_Cycle_3.xrdml 

09/16/2016 40 60 263 40_60_C10_C20_263.00K_Cycle_1.xrdml 
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09/16/2016 40 60 263 40_60_C10_C20_263.00K_Cycle_2.xrdml 

09/16/2016 40 60 263 40_60_C10_C20_263.00K_Cycle_3.xrdml 

09/16/2016 40 60 283 40_60_C10_C20_283.00K_Cycle_1.xrdml 

09/16/2016 40 60 283 40_60_C10_C20_283.00K_Cycle_2.xrdml 

09/16/2016 40 60 283 40_60_C10_C20_283.00K_Cycle_3.xrdml 

09/16/2016 40 60 293 40_60_C10_C20_293.00K_Cycle_1.xrdml 

09/16/2016 40 60 293 40_60_C10_C20_293.00K_Cycle_2.xrdml 

09/16/2016 40 60 293 40_60_C10_C20_293.00K_Cycle_3.xrdml 

09/16/2016 40 60 303 40_60_C10_C20_303.00K_Cycle_1.xrdml 

09/16/2016 40 60 303 40_60_C10_C20_303.00K_Cycle_2.xrdml 

09/16/2016 40 60 303 40_60_C10_C20_303.00K_Cycle_3.xrdml 

09/16/2016 40 60 308 40_60_C10_C20_308.00K_Cycle_1.xrdml 

09/16/2016 40 60 308 40_60_C10_C20_308.00K_Cycle_2.xrdml 

09/16/2016 50 50 223 50_50_C10_C20_223.00K_Cycle_1.xrdml 

09/16/2016 50 50 223 50_50_C10_C20_223.00K_Cycle_2.xrdml 

09/16/2016 50 50 233 50_50_C10_C20_233.00K_Cycle_1.xrdml 

09/16/2016 50 50 233 50_50_C10_C20_233.00K_Cycle_2.xrdml 

09/16/2016 50 50 233 50_50_C10_C20_233.00K_Cycle_3.xrdml 

09/16/2016 50 50 253 50_50_C10_C20_253.00K_Cycle_1.xrdml 

09/16/2016 50 50 253 50_50_C10_C20_253.00K_Cycle_2.xrdml 

09/16/2016 50 50 253 50_50_C10_C20_253.00K_Cycle_3.xrdml 

09/16/2016 50 50 263 50_50_C10_C20_263.00K_Cycle_1.xrdml 

09/16/2016 50 50 263 50_50_C10_C20_263.00K_Cycle_2.xrdml 

09/16/2016 50 50 263 50_50_C10_C20_263.00K_Cycle_3.xrdml 

09/16/2016 50 50 283 50_50_C10_C20_283.00K_Cycle_1.xrdml 

09/16/2016 50 50 283 50_50_C10_C20_283.00K_Cycle_2.xrdml 

09/16/2016 50 50 283 50_50_C10_C20_283.00K_Cycle_3.xrdml 

09/16/2016 50 50 293 50_50_C10_C20_293.00K_Cycle_1.xrdml 

09/16/2016 50 50 293 50_50_C10_C20_293.00K_Cycle_2.xrdml 

09/16/2016 50 50 293 50_50_C10_C20_293.00K_Cycle_3.xrdml 

09/16/2016 50 50 303 50_50_C10_C20_303.00K_Cycle_1.xrdml 

09/16/2016 50 50 303 50_50_C10_C20_303.00K_Cycle_2.xrdml 

09/16/2016 50 50 303 50_50_C10_C20_303.00K_Cycle_3.xrdml 

09/16/2016 50 50 308 50_50_C10_C20_308.00K_Cycle_1.xrdml 

09/16/2016 50 50 308 50_50_C10_C20_308.00K_Cycle_2.xrdml 

07/18/2016 60 40 223 60_40_C10_C20_223K_Mel5.xrdml 

07/18/2016 60 40 243 60_40_C10_C20_243K_Mel5.xrdml 

07/18/2016 60 40 263 60_40_C10_C20_263K_Mel5.xrdml 

07/18/2016 60 40 283 60_40_C10_C20_283K_Mel5.xrdml 
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07/18/2016 60 40 298 60_40_C10_C20_298K_Mel5.xrdml 

08/04/2016 80 20 223 80_20_C10_C20_223.00K_Cycle_1.xrdml 

08/04/2016 80 20 223 80_20_C10_C20_223.00K_Cycle_2.xrdml 

08/04/2016 80 20 233 80_20_C10_C20_233.00K_Cycle_1.xrdml 

08/04/2016 80 20 233 80_20_C10_C20_233.00K_Cycle_2.xrdml 

08/04/2016 80 20 233 80_20_C10_C20_233.00K_Cycle_3.xrdml 

08/04/2016 80 20 253 80_20_C10_C20_253.00K_Cycle_1.xrdml 

08/04/2016 80 20 253 80_20_C10_C20_253.00K_Cycle_2.xrdml 

08/04/2016 80 20 253 80_20_C10_C20_253.00K_Cycle_3.xrdml 

08/04/2016 80 20 263 80_20_C10_C20_263.00K_Cycle_1.xrdml 

08/04/2016 80 20 263 80_20_C10_C20_263.00K_Cycle_2.xrdml 

08/04/2016 80 20 263 80_20_C10_C20_263.00K_Cycle_3.xrdml 

08/04/2016 80 20 273 80_20_C10_C20_273.00K_Cycle_1.xrdml 

08/04/2016 80 20 273 80_20_C10_C20_273.00K_Cycle_2.xrdml 

08/04/2016 80 20 273 80_20_C10_C20_273.00K_Cycle_3.xrdml 

08/04/2016 80 20 283 80_20_C10_C20_283.00K_Cycle_1.xrdml 

08/04/2016 80 20 283 80_20_C10_C20_283.00K_Cycle_2.xrdml 

08/04/2016 80 20 283 80_20_C10_C20_283.00K_Cycle_3.xrdml 

08/04/2016 80 20 298 80_20_C10_C20_298.00K_Cycle_1.xrdml 

08/04/2016 80 20 298 80_20_C10_C20_298.00K_Cycle_2.xrdml 

08/03/2016 90 10 223 90_10_C10_C20_223.00K_Cycle_1.xrdml 

08/03/2016 90 10 223 90_10_C10_C20_223.00K_Cycle_2.xrdml 

07/18/2016 90 10 223 90_10_C10_C20_223K_Mel5.xrdml 

08/03/2016 90 10 233 90_10_C10_C20_233.00K_Cycle_1.xrdml 

08/03/2016 90 10 233 90_10_C10_C20_233.00K_Cycle_2.xrdml 

08/03/2016 90 10 233 90_10_C10_C20_233.00K_Cycle_3.xrdml 

07/18/2016 90 10 243 90_10_C10_C20_243K_Mel5.xrdml 

08/03/2016 90 10 253 90_10_C10_C20_253.00K_Cycle_1.xrdml 

08/03/2016 90 10 253 90_10_C10_C20_253.00K_Cycle_2.xrdml 

08/03/2016 90 10 253 90_10_C10_C20_253.00K_Cycle_3.xrdml 

08/03/2016 90 10 263 90_10_C10_C20_263.00K_Cycle_1.xrdml 

08/03/2016 90 10 263 90_10_C10_C20_263.00K_Cycle_2.xrdml 

08/03/2016 90 10 263 90_10_C10_C20_263.00K_Cycle_3.xrdml 

08/03/2016 90 10 283 90_10_C10_C20_283.00K_Cycle_1.xrdml 

08/03/2016 90 10 283 90_10_C10_C20_283.00K_Cycle_2.xrdml 

08/03/2016 90 10 283 90_10_C10_C20_283.00K_Cycle_3.xrdml 

08/03/2016 90 10 298 90_10_C10_C20_298.00K_Cycle_1.xrdml 

08/03/2016 90 10 298 90_10_C10_C20_298.00K_Cycle_2.xrdml 

08/03/2016 90 10 298 90_10_C10_C20_298.00K_Cycle_3.xrdml 



158 

 

08/03/2016 90 10 303 90_10_C10_C20_303.00K_Cycle_1.xrdml 

08/03/2016 90 10 303 90_10_C10_C20_303.00K_Cycle_2.xrdml 

08/03/2016 90 10 303 90_10_C10_C20_303.00K_Cycle_3.xrdml 

08/03/2016 90 10 313 90_10_C10_C20_313.00K_Cycle_1.xrdml 

08/03/2016 90 10 313 90_10_C10_C20_313.00K_Cycle_2.xrdml 

08/03/2016 90 10 313 90_10_C10_C20_313.00K_Cycle_3.xrdml 

08/03/2016 90 10 323 90_10_C10_C20_323.00K_Cycle_1.xrdml 

08/03/2016 90 10 323 90_10_C10_C20_323.00K_Cycle_2.xrdml 

07/18/2016 100 0 223 C10_223K_Mel5.xrdml 

 

 

Table A6: Ramp, Cryostream and PreFIX optics configuration settings for the 

PANalytical diffractometer during experiment  

Voltage 45 kV 

Current 40 mA 

Sample Stage Capillary Spinner 

Soller slits 0.02 RAD 

Mask 10 mm 

FDS 1/32º 

IBASS FDS 1/16º 

 Liquid Nitrogen Flow 5 L/min 

 

Table A7: Continuous scan properties for Mel5.xrdmp run list on the capillary spinner 

stage 

Scan Axis 2 Theta 

Omega (º) 0.0000 

Start angle (º) 3.4900 

End angle (º) 40.0053 

Step size (º) 0.0131303 

Time per step (s) 20.400 

Net time per step (s) 18.870 

Scan speed (º/s) 0.164129 

Pre-set counts (counts) 10000 

Number of steps 2781 

Total time (h:m:s) 00:04:05 
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Table A8: n-Decane – n-eicosane solidus and liquidus from DSC experiments 

% Decane 

(C10H22) 

% Eicosane 

(C20H42) Solidus (°C) Liquidus (°C) 

0 100 - 36.6 

5 95 -30.6 36.7 

10 90 -30.7 34.1 

15 85 -30.8 34.6 

20 80 -30.8 31.7 

30 70 -30.3 29.4 

40 60 -30.4 26.9 

50 50 -31.7 25.1 

60 40 -30.5 21.0 

70 30 -30.1 16.4 

80 20 -30.0 8.7 

98 2 -29.8 -22.2 

100 0 -30.4 - 

 Average -30.5  

 St. Dev. 0.5  
 

Table A9: n-Undecane – n-eicosane rotator phase transition, solidus and liquidus from 

DSC experiments  

% Undecane 

(C11H24) 

% Eicosane 

(C20H42) 

Rotator 

Transition (°C) 

Solidus 

(°C) 

Liquidus 

(°C) 

0 100   35.6 

10 90 -38.9 -27.0 34.9 

20 80 -38.8 -27.0 35.2 

30 70 -38.7 -27.0 22.7 

40 60 -38.6 -26.9 19.6 

50 50 -38.6 -26.9 15.4 

60 40 -38.7 -26.9 11.2 

70 30 -38.7 -26.9 6.6 

80 20 -38.7 -27.0 1.2 

90 10 -38.7 -27.0 -6.7 

95 5 -38.8 -27.0 -11.6 

100 0 -38.5 -26.9  

 Average -38.7 -27.0  

 St. Dev. 0.1 0.1  
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Table A10: n-Dodecane – n-eicosane solidus and liquidus from DSC experiments 

% Dodecane 

(C12H26) 

% 

Eicosane 

(C20H42) 

Solidus 

(°C) 

Liquidus 

(°C) 

0 100  –  35.5 

10 90 -11.4 34.6 

20 80 -11.8 36.1 

30 70 -11.2 31.4 

40 60 -11.3 27.6 

50 50 -11.4 26.1 

60 40 -11.3 21.4 

70 30 -11.2 17.9 

80 20 -11.3 13.2 

90 10 -11.4 5.8 

100 0 -11.1 –  

 Average -11.3  

 St. Dev 0.2  
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 : Raw Data for Industrial Waxes 
 

 

1H NMR Spectra  
All data were collected on Bruker’s 300 MHz UltraSheild NMR at 338.2 K 

 

 

AC6 Honeywell  

 
AC9 Honeywell 
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C10 Epolene 

 
CHUSEI CHU561 
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Clariant PE 130 

 
Exxon Mobil Prowax 561 
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GMT01 

 
GMT02 
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GMT03 

 
GMT04 
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GMT05 

 
GMT06 
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GMT07 

 
 

GMT08 
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H1 Sasol 

 
Polywax 500 
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Polywax 1000 

 
 

Westlake N21 
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13C NMR Spectra  
All data were collected on Bruker’s 300 MHz UltraSheild NMR at 338.2 K 

 

AC6 Honeywell 

 
AC9 Honeywell 

 



171 

 

C10 Epolene  

 
CHUSEI CHU561 
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Clariant PE130 

 
Exxon Mobil Prowax 561 
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GMT01 

 
GMT02 
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GMT03 

 
GMT04 
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GMT05 

 
GMT06 
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GMT07 

 
GMT08 
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H1 Sasol 

 
Polywax 500  
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Polywax 1000 

 
Westlake N21 
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Gel Permeation Chromatography (GPC) 

 

All data were collected at NanoQAM, Montréal, Québec and provided by GreenMantra 

Technologies in Brantford, Ontario.  

 

AC6 Honeywell 

 
AC9 Honeywell 

 
 

C10 Epolene  
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Exxon Mobil Prowax 561 

 
 

GMT01 

 
 

GMT02 
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GMT03 

 
 

GMT04 

 
 

GMT05 
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GMT06 

 
 

H1 Sasol 

 
 

Polywax 500  
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Polywax 1000 

 
 

Polywax 3000 

 
 

Westlake N21 
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Differential Scanning Calorimetry (DSC) 
AC6 Honeywell 

 
AC9 Honeywell 
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C10 Epolene  

 
 

CHUSEI CHU561 
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Clariant PE130 

 
 

Clariant PE520 
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Exxon Mobil Prowax 561 

 
GMT01 
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GMT02 

 
 

GMT03 
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GMT04 

 
 

GMT05 

 



190 

 

GMT06 

 
 

GMT07 
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GMT08 

 
 

H1 Sasol 
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Polywax 500  

 
 

Polywax 1000 
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Polywax 3000 

 
 

Westlake N21 

 



194 

 

IR  
AC6 Honeywell 

 
 

AC9 Honeywell 

 
C10 Epolene  
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CHUSEI CHU561 

 
Clariant PE130 

 
 

Clariant PE520 
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Exxon Mobil Prowax 561 

 
 

GMT01 

 
GMT02 
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GMT03 

 
GMT04 

 
GMT05 
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GMT06 

 
GMT07 

 
GMT08 

 



199 

 

H1 Sasol 

 
Polywax 500  

 
Polywax 1000 
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Polywax 3000 

 
Westlake N21 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



201 

 

Powder X-Ray Diffraction (PXRD) 
 

AC6 Honeywell 

 
 

AC9 Honeywell 

 
C10 Epolene  

 
 

CHUSEI CHU561 
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Clariant PE130 

 
 

Clariant PE520 

 

 
 

Exxon Mobil Prowax 561 

 
 

GMT01 

 



203 

 

 

GMT02 

 
 

GMT03 

 
 

 

GMT04 

 
 

 

GMT05 

 
 



204 

 

GMT06 

 
 

GMT07 

 
 

GMT08 

 
 

 

H1 Sasol 
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Polywax 500  

 
 

 

Polywax 1000 

 
 

Polywax 3000 

 
Westlake N21 
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Figure C1: LI crystal structure at low temperature (150 K) 

 

Figure C2: LI·EtOH crystal structure at low temperature (150 K) 

Table C1: Low temperature (150 K) crystal structure data for LI and LI·EtOH 

Compound LI LI·EtOH 

Gross Formula C12H24N2O3 C14H30N2O4 

Temperature (K) 150 150 

Radiation λ (Å) Cu Kα, 1.54184 Cu Kα, 1.54184 

Crystal System Monoclinic Monoclinic 

Unit Cell Parameters 

a (Å) 

b (Å) 

c (Å) 

β (°) 

 

4.8453(4) 

12.2373(6) 

12.3512(10) 

92.293(7) 

 

10.89924(10) 

12.60960(9) 

12.85206(10) 

110.9878(10) 

V (Å3) 731.76(9) 1649.1(2) 

R1 (%) 5.32 2.91 
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Table D1: Low temperature (150 K) crystal structure data and room temperature unit cell 

parameters of LLL·EtOH·0.5xH2O 

Composition LLL·EtOH·0.5xH2O 

Gross Formula C20H41.8N3O5.4 C20H42N3O5.5 

Temperature 150 K 26 °C 

Radiation λ (Å) Cu Kα, 1.54184 

Crystal System Monoclinic 

Unit Cell Parameters 

a (Å) 

b (Å) 

c (Å) 

ß (o) 

 

11.9093(5) 

15.3861(2) 

14.0906(3) 

102.866(3) 

 

12.657(2) 

15.585(1) 

14.125(1) 

97.97(1) 

Volume (Å3) 2517.11(13)  2759.3(4) 

R1 (%) 5.04 - 

 

 

Data Collected Using Thermogravimetric Analysis (TGA) 

Followed by PXRD on SuperNova  
 

Table D2: Maximum TGA temperatures (ºC) and PXRD experiment codes collected on 

SuperNova for the LLL·EtOH·0.5xH2O preliminary study  

 

TGA Maximum 

Temperature (°C) 

SuperNova PXRD  

Experiment Code 

Wet Crystals P1927, P1928 

50 P1925, P1929 

93 P1796 

115 P1799, P2025 

150 P1923 

175 P1887 

260 P1892 
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Table D3: Run list parameters for LLLSolvates1.run 

Run # Type Start End Width Time Omega Detector Kappa 

1 Phi 0 20 20 10+10 20.000 20.000 30.000 

2 Phi 180 200 20 10+10 30.000 30.000 20.000 

3 Phi 60 80 20 10+10 -30.000 -30.000 -20.000 

4 Phi 240 260 20 10+10 -20.000 -20.000 -30.000 

 

 

Data Collected Using PANalytical Diffractometer 
 

Table D4: Ramp, Cryojet and PreFIX optics configuration settings for PANalytical 

diffractometer  

Voltage 45 kV 

Current 40 mA 

Sample Stage Capillary Spinner 

Soller slits 0.02 RAD 

Mask 10 mm 

FDS 1/32º 

IBASS FDS 1/16º 

 Liquid Nitrogen Flow 5 L/min 

 

Table D5: Continuous scan properties for Mel5.xrdmp run list on the capillary spinner 

stage 

Scan Axis 2 Theta 

Omega (º) 0.0000 

Start angle (º) 3.4900 

End angle (º) 40.0053 

Step size (º) 0.0131303 

Time per step (s) 20.400 

Net time per step (s) 18.870 

Scan speed (º/s) 0.164129 

Pre-set counts (counts) 10000 

Number of steps 2781 

Total time (h:m:s) 00:04:05 
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Table D6: PXRD experiment codes on PANalytical diffractometer for 

LLL·EtOH·0.5xH2O for Capillary 1 and Capillary 2 collected at room temperature  

Capillary # Date Experiment Code  

1 06/02/2016 LLL_EtOH_6_30pm_Jun2nd_Mel5r5.xrdml 

1 06/02/2016 LLL_EtOH_7_10pm_Jun2nd_Mel5r5.xrdml 

1 06/02/2016 LLL_EtOH_7_30pm_Jun2nd_Mel5r5.xrdml 

1 06/03/2016 LLL_EtOH_10_55am_Jun3rd_Mel5r5.xrdml 

1 06/03/2016 LLL_EtOH_11_40am_Jun3rd_Mel5r5.xrdml 

1 06/03/2016 LLL_EtOH_12_40pm_Jun3rd_Mel5r5.xrdml 

1 06/03/2016 LLL_EtOH_2_10pm_Jun3rd_Mel5r5.xrdml 

1 06/03/2016 LLL_EtOH_3_10pm_Jun3rd_Mel5r5.xrdml 

1 06/06/2016 LLL_EtOH_1_00pm_Jun6th_Mel5r5.xrdml 

1 06/06/2016 LLL_EtOH_3_10pm_Jun6th_Mel5r5.xrdml 

1 06/07/2016 LLL_EtOH_1_00pm_Jun7th_Mel5r5.xrdml 

1 06/07/2016 LLL_EtOH_10_50am_Jun7th_Mel5r5.xrdml 

1 06/08/2016 LLL_EtOH_1_00pm_Jun8th_Mel5r5.xrdml 

1 06/08/2016 LLL_EtOH_2_25pm_Jun8th_Mel5r5.xrdml 

1 06/08/2016 LLL_EtOH_3_25pm_Jun8th_Mel5r5.xrdml 

1 06/09/2016 LLL_EtOH_10_05am_Jun9th_Mel5r5.xrdml 

1 06/09/2016 LLL_EtOH_12_15pm_Jun9th_Mel5r5.xrdml 

1 06/15/2016 LLL_EtOH_2_55pm_Jun15th_Mel5r5.xrdml 

1 06/15/2016 LLL_EtOH_4_15pm_Jun15th_Mel5r5.xrdml 

1 06/17/2016 LLL_EtOH_9_50am_Jun17th_Mel5r5.xrdml 

1 06/20/2016 LLL_EtOH_10_55am_Jun20th_Mel5r5.xrdml 

1 06/20/2016 LLL_EtOH_12_35pm_Jun20th_Mel5r5.xrdml 

1 06/22/2016 LLL_EtOH_12_25pm_Jun22nd_Mel5r5.xrdml 

1 06/24/2016 LLL_EtOH_9_35am_Jun24th_Mel5r5.xrdml 

1 06/27/2016 LLL_EtOH_9_45am_Jun27th_Mel5r5.xrdml 

1 06/28/2016 LLL_EtOH_2_30pm_Jun28th_Mel5r5.xrdml 

1 06/28/2016 LLL_EtOH_3_00pm_Jun28th_Mel5r5.xrdml 

1 06/28/2016 LLL_EtOH_3_25pm_Jun28th_Mel5r5.xrdml 

1 06/28/2016 LLL_EtOH_3_55pm_Jun28th_Mel5r5.xrdml 

1 06/29/2016 LLL_EtOH_10_55am_Jun29th_Mel5r5.xrdml 

1 06/29/2016 LLL_EtOH_12_25pm_Jun29th_Mel5r5.xrdml 

1 06/29/2016 LLL_EtOH_3_55pm_Jun29th_Mel5r5.xrdml 

1 06/29/2016 LLL_EtOH_9_05am_Jun29th_Mel5r5.xrdml 

1 06/29/2016 LLL_EtOH_9_40am_Jun29th_Mel5r5.xrdml 

1 06/30/2016 LLL_EtOH_10_15am_Jun30th_Mel5r5.xrdml 

1 06/30/2016 LLL_EtOH_12_45pm_Jun30th_Mel5r5.xrdml 
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1 06/30/2016 LLL_EtOH_8_15am_Jun30th_Mel5r5.xrdml 

1 07/04/2016 LLL_EtOH_10_20am_Jul4th_Mel5r5.xrdml 

1 07/04/2016 LLL_EtOH_11_50am_Jul4th_Mel5r5.xrdml 

1 07/04/2016 LLL_EtOH_3_30pm_Jul4th_Mel5r5.xrdml 

1 07/05/2016 LLL_EtOH_1_00pm_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_10_10am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_10_20am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_10_30am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_10_40am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_11_10am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_11_40am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_9_25am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_9_35am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_9_45am_Jul5th_Mel5.xrdml 

1 07/05/2016 LLL_EtOH_9_55am_Jul5th_Mel5.xrdml 

1 07/06/2016 LLL_EtOH_2_20pm_Jul6th_Mel5.xrdml 

1 07/14/2016 LLL_EtOH_11_00am_Jul14th_Mel5.xrdml 

1 07/15/2016 LLL_EtOH_1_25pm_Jul15th_Mel5.xrdml 

1 07/20/2016 LLL_EtOH_10_55am_Jul20th_Mel5.xrdml 

1 07/21/2016 LLL_EtOH_9_35am_Jul21st_Mel5.xrdml 

1 07/25/2016 LLL_EtOH_9_55am_Jul25th_Mel5.xrdml 

1 07/25/2016 LLL_EtOH_Heating_10_45am_Jul25th_Mel5.xrdml 

1 07/25/2016 LLL_EtOH_Heating_12_05pm_Jul25th_Mel5.xrdml 

1 07/25/2016 LLL_EtOH_Heating_4_05pm_Jul25th_Mel5.xrdml 

1 07/25/2016 LLL_EtOH_Heating_5_40pm_Jul25th_Mel5.xrdml 

1 08/10/2016 LLL_EtOH_10_00am_Aug10th_Mel5.xrdml 

1 09/13/2016 LLL_EtOH_10_45am_Sept13th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_1_10pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_11_40am_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_11_50am_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_11_50pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_12_05pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_12_15pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_12_25pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_12_30pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_2_05pm_Jul14th_Mel5.xrdml 

2 07/14/2016 LLL_EtOH_2_3_10pm_Jul14th_Mel5.xrdml 

2 07/15/2016 LLL_EtOH_2_1_10pm_Jul15th_Mel5.xrdml 
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2 07/15/2016 LLL_EtOH_2_10_20am_Jul15th_Mel5.xrdml 

2 07/15/2016 LLL_EtOH_2_11_30am_Jul15th_Mel5.xrdml 

2 07/15/2016 LLL_EtOH_2_2_50pm_Jul15th_Mel5.xrdml 

2 07/15/2016 LLL_EtOH_2_3_50pm_Jul15th_Mel5.xrdml 

2 07/20/2016 LLL_EtOH_2_11_10am_Jul20th_Mel5.xrdml 

2 07/21/2016 LLL_EtOH_2_10_00am_Jul21st_Mel5.xrdml 

2 07/25/2016 LLL_EtOH_2_10_10am_Jul25th_Mel5.xrdml 

2 08/02/2016 LLL_EtOH_2_2_15pm_Aug2nd_Mel5.xrdml 

2 08/10/2016 LLL_EtOH_2_10_15am_Aug10th_Mel5.xrdml 

2 09/13/2016 LLL_EtOH_2_10_55am_Sept13th_Mel5.xrdml 

 

 


