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ABSTRACT 
 
 

 
Cyclic Dipeptides and Alpha Lipoic Acid Forms for the Design of Pharmaceutical and 

Nutraceutical Co-crystals 
 
 
 
Andy Tsang        Advisor: 
University of Guelph, 2017      Professor D. Soldatov 
 
  
 

This thesis explores the ability of cyclic dipeptides and α-lipoic acid forms to act 

as co-crystallization agents. The target co-crystals are supramolecular materials 

combining the molecules of an active pharmaceutical ingredient (API) and an excipient in 

the same crystal structure. 

Five cyclic dipeptides and four α-lipoic acid forms were utilized in this work as 

potential co-crystal co-formers. Over 120 binary combinations were tested using PXRD 

screening technique, 11 crystal structures were studied, 10 bulk co-crystalline materials 

were isolated and characterized, and phase diagrams of four binary systems were 

determined. The main methods included powder and single crystal X-ray diffraction, 

differential scanning calorimetry, IR spectroscopy, as well as various preparation and in-

lab characterization techniques. The data on the molecular composition, crystal structure, 

stability limits and degradation behavior were compared in order to develop 

comprehensive understanding of the factors defining the formation of co-crystalline 

phases and their essential properties. Special attention was given to complementarity of 

the co-formers manifested in the crystal packing efficiency, hydrogen bonding network 

dimensionality, as well as thermal and chemical stability of the studied co-crystals. 



 iii 

The results of this study will help to diversify the market of pharmaceuticals and 

nutraceuticals through the introduction of new forms with improved efficacy, stability, 

and shelf life, and to develop new strategies in the design of such forms. This study also 

contributes to the chemistry of supramolecular materials and crystal engineering of 

organic solids. 
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1 Introduction 

1.1 Molecular Crystals 

 Crystalline solids are solid materials built up of a regular arrangement of atoms or 

molecules in a three-dimensional pattern represented by the unit cell. The unit cell is 

defined as the smallest repeating unit which shows the full symmetry of the crystal 

structure. The entire crystal can be described by translating the unit cell in all three 

dimensions1. There are four main types of crystalline solids: ionic, covalent, metallic and 

molecular crystals2. 

 Molecular crystals are made up of neutral molecules that self-assemble into 

crystal structures by means of “non-valent” or “weak” interactions (as opposed to 

chemical bonds). As compared to the other three types, molecular crystals have relatively 

low melting and sublimation temperatures and mechanically they are rather soft3,4. Van 

der Waals forces and hydrogen bonds are the two most common types of “non-valent” or 

“weak” interactions found in molecular crystals. These intermolecular interactions are 

present whenever possible because they minimize the energy of the crystal lattice3. 

Understanding these interactions and how they dictate the formation of crystal structures 

is important for the design of molecular materials. 

1.1.1 Hydrogen Bonds 

The hydrogen bond is a directional attractive electrostatic interaction where 

hydrogen chemically bound to an electronegative atom or group (donor) is attracted to 

another electronegative atom or group (acceptor). Hydrogen bonds occur between polar 

molecules or within a polar molecule or group. In principle, a dipole moment could be 

induced by any atom or group with a higher electronegativity bound to a hydrogen atom 
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and making the hydrogen act as a donor. The most common donor groups are OH (e.g. in 

water) and NH (e.g. in amine), and other common donor groups include SH, FH and CH. 

Acceptor groups are most commonly the lone pairs of electrons of an electronegative 

atom and π-electron systems5,6. 

In order to understand and predict hydrogen-bonding patterns in molecular 

crystals, Margaret C. Etter has proposed a set of general rules7: 

1. All good proton donors and acceptors are used in hydrogen bonding. 

2. Six-membered-ring intramolecular hydrogen bonds form in preference to 

intermolecular hydrogen bonds. 

3. The best proton donors and acceptors remaining after intramolecular hydrogen-

bond formation form intermolecular hydrogen bonds to one another. 

These are general rules for hydrogen bonding in organic crystals and there are additional 

rules for specific functional groups. Good proton donors include carboxylic acids, 

amides, ureas, anilines, and phenols. Good proton acceptors include acid and amide 

carbonyl groups, amine nitrogens, nitroxides, and sulfoxides7. Hydrogen bonds are 

directional; for example, carbonyl lone pairs as acceptors tend to generate hydrogen 

bonds with the C=O---H angles around 120°8–10. 

1.1.2 Van der Waals Forces 

 Van der Waals forces are weak interactions that lead to attraction between 

uncharged molecules and atoms without the exchange of electrons. These interactions 

involve induced dipole moments and may also involve permanent dipoles. Polar 

molecules have permanent dipole moments and will experience attractive and repulsive 

interactions with another permanent dipole (permanent-permanent dipole). A permanent 
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dipole can induce a dipole moment in a neighbouring atom or molecule and create 

attractive interactions (permanent-induced dipole). Induced dipole-induced dipoles are 

attractive interactions that exist between atoms or molecules independently of their 

polarity. The attraction of neutral atoms and molecules that are separated from each other 

come from fluctuating dipole moments, which arise from the instantaneous position of 

moving electrons in atoms. These moments create instantaneous electric fields and 

induced dipole moments in the neighbouring atoms resulting in an attractive force 

between the atoms. Most organic crystals are formed due to these forces holding the 

molecules together3. 

Each atom can be assigned a van der Waals radius. The radius is half a specific 

distance between two non-bonding atoms of the same element where they are slightly 

attracted but will experience a strong repulsive interaction if drawn closer together11. 

Bondi determined van der Waals radii in 1964 by evaluating the distances between 

nonbonding atoms of neighbouring molecules from the most reliable X-ray diffraction 

data at the time12. Rowland and Taylor characterized millions of nonbonded contact 

distances from 28403 structures in the Cambridge Structural Database 30 years later. 

Their results agreed with the data compiled from Bondi except for the van der Waals 

radius of hydrogen to be too high by 0.11 Å13. Overall, van der Waals interactions are 

one of the weakest non-valent interactions and one of the most difficult to employ in the 

design of new materials, but they are always present in all solid materials3,11. 

Close packing in the solid state is a phenomenon that arises from the tendency of 

molecules to pack in the crystal structure as densly as possible, in an arrangement that 

minimizes the volume of empty space and maximizes van der Waals interactions between 
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molecules in a crystal. This is achieved by the arrangement of the molecules to make as 

many contacts with the neighbours as possible: no molecules are in a void space or 

interpenetrate, and bumps in a molecule enter the hollows of another. In the context of 

Kitaigorodskii’s Close Packing Principle, molecules undergo a shape simplification as 

they progress towards dimers, trimers, oligomers, and ultimately crystals to maximize 

favourable isotropic van der Waals interactions. This results in the maximization of 

favourable interactions within the structure leading to the creation of denser and more 

stable crystals14. 

1.2 Supramolecular Chemistry and Crystal Engineering 

 Supramolecular chemistry has been defined by Jean-Marie Lehn as “the chemistry 

of molecular assemblies and of the intermolecular bond” or “chemistry beyond the 

molecule”15. While traditional chemistry focuses on covalent bonds, supramolecular 

chemistry focuses on molecular assemblies through the utilization of non-covalent 

intermolecular interactions. In 1987, Donald J. Cram, Jean-Marie Lehn and Charles J. 

Pedersen won the Nobel Prize in Chemistry for their “development and use of molecules 

with structure-specific interactions of high selectivity”16. Their work popularized the field 

of host-guest chemistry and supramolecular chemistry. 

 Crystal engineering is the design of crystal structures with desired properties, 

utilizing an understanding of intermolecular interactions that prevail in molecular solids. 

The crystal is designed to have a specific function such as chemical reactivity, optical, 

magnetic or electronic properties17. New materials can be created from previously 

existing molecules without adding or destroying covalent bonds18. Creation of new 

materials involves the manipulation of intermolecular interactions, especially hydrogen 
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bonds due to their relative strength and directionality. Solvent, temperature, pH and 

concentration are other parameters that are manipulated for the formation of crystals. 

Spontaneous association through self-assembly of the molecular species in a suitable 

medium governs the formation of target solids17. The research conducted within this 

project utilizes the crystal engineering approach in order to create co-crystals from known 

molecules. 

1.2.1 Co-crystals 

 Co-crystals are a relatively new concept and are not well defined in the current 

literature. The basis of a co-crystal comes from two or more different molecules, which 

form solids at room temperature, that combine to create a new crystalline phase. 

However, this is a rather vague definition which can describe too many materials. 

Aakeröy and Salmon proposed19 the utilization of a set of rules to restrict the category of 

compounds being discussed for their work, and this thesis will also follow these rules: 

1. Only compounds constructed from discrete neutral molecular species will be 

considered as co-crystals. Consequently, all solids containing ions, including 

complex transition-metal ions, are excluded. 

2. Only co-crystals made from reactants that are solid at ambient conditions will be 

included. Therefore all hydrates and other solvates are excluded which, in 

principle, eliminates compounds that are typically classified as clathrates or 

inclusion compounds (where the guest is a molecule of solvent or gas).  

3. A co-crystal is a structurally homogenous crystalline material that contains two or 

more neutral building blocks that are present in definite stoichiometric amounts. 
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Co-crystallization is a great method within crystal engineering to create new materials 

with modified properties of initial components. Co-crystallization has the ability to alter 

key physical properties such as solubility, mechanical stability, crystal morphology, etc., 

while retaining molecular activity of the initial compound. This has become a 

fundamental interest of commercial industry, most suitably, the pharmaceutical 

industry19. 

1.2.1.1 Pharmaceutical Co-crystals 

 Pharmaceutical companies use co-crystals to alter the properties of active 

pharmaceutical ingredients (API’s). These properties include: solubility, dissolution rate, 

bioactivity, stability and melting point18,20-21. Pharmaceutical co-crystals are also of high 

interest because of drug patents. The creation of pharmaceutical co-crystals from an API 

and an excipient (co-crystallization agent) results in new intellectual property that can be 

patented22. 

In the past, available forms of API’s were limited to salts, polymorphs and 

solvents but now the focus has been shifted towards crystal engineering of 

pharmaceutical co-crystals20. Pharmaceutical co-crystallization is becoming an important 

alternative to salt formation of drugs, especially for neutral compounds or compounds 

with weakly ionizable groups23. Pharmaceutical co-crystals have been shown to increase 

melting points of an API in many co-crystals such as: (ibuprofen)2(4,4′-bipyridine), 

(flurbiprofen)2(4,4′-bipyridine) and (flurbiprofen)2(1,2-bis(4-pyridyl)ethylene)24. The 

application of crystal engineering approaches to drug delivery system design can improve 

solubility, dissolution rate and subsequent bioavailability of poorly soluble drugs25.  
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Co-crystallization is useful for drugs such as indomethacin (nonsteroidal anti-

inflammatory drug), a class II drug (permeates membranes well but poorly soluble and 

shows dissolution-limited bioavailability)26. Co-crystals of indomethacin and saccharin 

were shown to have higher aqueous solubility than pure indomethacin. The co-crystal 

exhibits a high dissolution rate compared to other brands of indomethacin drugs. The co-

crystal completely dissociated within 20 minutes whereas the indomethacin drugs had 

much lower dissolution rates leading to delayed complete release of the drug. Slight 

improvement of bioavailability was observed in beagle dogs, which correlates with the 

increase of aqueous solubility and a higher dissolution rate of the indomethacin-saccharin 

co-crystal25.  

 AMG 517 is a drug that was developed for the treatment of chronic and acute 

pain. It is insoluble in buffers at physiological pH and in water, resulting in solubility 

limited absorption. A co-crystal of AMG 517 and sorbic acid has been reported with 

higher solubility than the free form of AMG 517. The mean maximum plasma 

concentration observed for a 10 mg/kg dose of the co-crystal was comparable to that of a 

500 mg/kg dose of AMG 517 in its free form. The co-crystal has increased the 

bioavailability of AMG 517 by 50 fold27.  

 Controlled release is another property that can be manipulated using 

pharmaceutical co-crystals. Co-crystals of insulin and lipophilically modified insulin 

derivative octanoyl-Nε-LysB29-human insulin (C8-HI) have been synthesized to control 

the release rate of insulin. The rate of dissolution is strongly related to the proportion of 

C8-HI in the co-crystal as C8-HI decreases the aqueous solubility of the co-crystal by 

enhancing the hydrophobicity of insulin. Modifying the weight percent composition of 
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C8-HI in the co-crystal with insulin has shown a change in dissolution rate compared to 

pure insulin. An increase in the weight percent composition of C8-HI results in a slower 

release rate of insulin, which is expected as it decreases the overall aqueous solubility of 

the co-crystal28. 

1.2.1.2 Nutraceutical Co-crystals 

Nutraceuticals are natural bioactive chemical compounds that have disease 

preventing or medicinal properties and health promoting properties29. A nutraceutical will 

be defined in this thesis as a food supplement that displays specific bioactive properties 

beneficial to human health but is not regarded as a drug to avoid overlap with 

pharmaceutical co-crystals. Examples of nutraceuticals are vitamins and flavonoids. 

Nutraceutical co-crystals are a class of compounds that are little studied. Like 

pharmaceutical co-crystals, nutraceutical co-crystals are designed to alter properties such 

as stability, solubility, dissolution rate and bioavailability. Many nutraceuticals display 

problems such as low water solubility and bioavailability that can possibly be enhanced 

by co-crystallization29,30. 

 Vitamin D3 is a fat-soluble vitamin that is chemically unstable due to its 

conjugated triene31. It is generally formulated in a liquid form because the solid form is 

sensitive to light, heat and oxygen, and controlled conditions are required for its storage 

and transportation. Current vitamin D supplements contain an excessive amount of 

vitamin D compared to the labeled dosage. This is done to compensate for the loss of 

activity during the storage and transportation stages. This results in inaccurate dosages 

with insufficient or excessive amounts of vitamin D. There are also possible health risks 

arising from unidentified degradation impurities32. Vitamin D3 has been co-crystallized 
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with cholesterol and cholestanol and a drastic increase in stability was observed. For an 

experimental comparison the co-crystals and pure vitamin D3 were stored at elevated 

temperatures and illumination. In two days, pure vitamin D3 turned from a white powder 

to a brown powder and HPLC analysis revealed that only 4.4% of vitamin D3 remained. 

After six months, the co-crystals did not show any signs of degradation and HPLC 

analysis revealed that 97.6% of the cholesterol co-crystal and 96.6% of the cholestanol 

co-crystal remained intact. The co-crystals have excellent stability in the solid phase 

compared to that of pure vitamin D3
31. An intake of excessive steroids, especially 

cholesterol, may cause cardiovascular disease32. Although cholesterol is not an ideal co-

crystallization agent, the above example shows that the stability of vitamin D3 can be 

drastically increased by co-crystallization. 

1.3 Phase Diagrams 

The phase is a homogeneous and physically distinct portion of a system that is 

mechanically separable in principle2. Phase diagrams show in graphical form which 

phases and/or mixture of phases are stable under conditions of thermodynamic 

equilibrium at various compositions and temperatures. They display information on the 

compositions of compounds that exist in the system, melting temperatures, phase 

transitions and the modes of melting.  
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Figure 1.1: Four possible phase diagrams of a binary system. 

 For a simple two-component (binary) system, four types of phase diagrams are 

most common, as shown in Figure 1.1. Phase diagram (a) is the simplest binary system 

where A and B do not interact in the solid state and only a mixture of solid A and B is 
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present. Point y, the eutectic point (components in a fixed ratio where the entire mixture 

melts at a single temperature) is at a lower temperature than the melting points of A and 

B. The eutectic line (the horizontal line containing point y) is here the solidus curve, the 

lowest temperature where liquid can exist, while the liquidus curve (lines x-y and y-z) 

defines the highest temperature where crystals can exist for a given ratio of A and B. 

Phase diagram (b) is an example of a system with a binary compound that melts 

congruently. Congruent melting is when a compound melts directly from solid to liquid 

of the same composition. On the diagram (b) the compound melts in point y. A 

characteristic feature of congruent melting is that the melting temperature on both sides 

of point y will decrease. Point x represents the eutectic point for the mixture of A and AB 

and point z represents the eutectic point for the mixture of B and AB.  

Phase diagram (c) is an example of a system with a binary compound that melts 

incongruently. Incongruent melting is when a compound melts into a mixture of solid and 

liquid. Point y in (c) is the peritectic point, and three phases co-exist on the corresponding 

peritectic line: B, AB and liquid of the composition defined by the point y. Unlike for 

congruent melting, the temperature of the incongruent melting does not change if the 

composition of a sample deviates from AB within the peritectic line. 

 Phase diagram (d) is an example of a system where a solid solution forms. The 

solid solution is a crystalline phase where the ratio of components varies by substitution 

for molecules in the parent structure, or molecules occupying normally empty spaces in a 

parent structure. A and B will mix in any ratio in both solid and liquid states2. 
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1.4 Research Goals 

 The pure forms of many drugs and nutraceuticals consist of relatively reactive 

molecules that are sensitive to light, air, moisture or subjective to spontaneous 

decomposition at ambient conditions. The stability of bioactive compounds can affect 

their shelf life and imposes limitations and restrictions on their manufacturing, 

transportation, storage and consumption. Pure forms of bioactive compounds may be 

undesirable to consume or may be less efficient due to low bioactivity or uncontrollable 

delivery rates. The incorporation of drugs and nutraceuticals into co-crystals makes it 

possible to improve their main bioactive characteristics such as bioavailability, solubility 

and dissolution rate. Co-crystallization can also increase chemical and thermal stability or 

reduce hygroscopicity, which can lead to increased shelf life and lift restrictions on 

manufacturing, transportation and storage.  To create co-crystals, reliable strategies need 

to be developed. One of the major problems is identification of compounds that could be 

used as excipients to co-crystallize with target compounds. The excipient should be non-

toxic and ideally inexpensive, as well as easy to handle at ambient conditions. 

 The thesis explores several cyclic dipeptides and forms of α-lipoic acid as 

potential co-crystallization agents. Cyclic dipeptides are advantageous as a class of 

excipients because they are very diverse and can be modified in small steps. Many cyclic 

dipeptides also have bioactive properties themselves, acting as flavours, or anti-tumor, 

anti-bacterial or anti-fungal drugs. One disadvantage of cyclic dipeptides is that they are 

expensive compounds, but research in our group has shown that the development of a 

new method to synthesize cyclic dipeptides from their corresponding linear dipeptides in 

the solid state is possible. α-Lipoic acid and its derivatives can be excellent excipients as 
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they are naturally occurring compounds in humans. These compounds are bioactive 

themselves with antioxidant and metal chelator properties and are used as nutritional 

supplements or drugs in different parts of the world.  α-Lipoic acid is inexpensive but can 

be difficult to work with at ambient temperatures while α-lipoamide is less readily 

available but easier to handle.  

 The thesis includes: 

• Screening a range of bioactive compounds for co-crystal formation with a target 

cyclic dipeptide or α-lipoic acid form using powder diffraction method. 

• Isolation of co-crystals for crystal structure studies using single crystal X-ray 

diffraction method and infrared spectroscopy. 

• Isolation of pure co-crystalline materials and studies of their composition, thermal 

stability and decomposition modes using X-ray diffraction and thermal analysis 

techniques. 

• Determination of phase diagrams of selected binary systems where co-crystalline 

phases form to find the conditions of their formation and limits of their stability 

using thermal analysis and other techniques. 

1.5 Methods 

1.5.1 X-Ray Diffraction Analysis 

The method is based on Bragg’s Law:  

  𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃          (Equation 1) 

where   n= a positive integer 

  λ= wavelength of the incident wave 

  d= interplanar distance in the crystal 

  θ= Bragg’s angle 
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Figure 1.2: Schematic of Bragg’s Law. 

 Figure 1.2 illustrates Bragg’s Law. Parallel waves 1 and 2 enter the crystal lattice 

at an angle θ. Adjacent crystal planes A and B are separated by an interplanar distance, d. 

Planes A and B reflect waves 1 and 2 at an angle θ. The reflected waves 1′ and 2′ 

interfere constructively or destructively. Equation 1 defines the conditions for 

constructive interference which results in a signal, whereas destructive interference does 

not. 

1.5.1.1 Powder X-Ray Diffraction  

 Powder X-ray diffraction (PXRD) is a fast, simple, non-destructive and direct 

method to detect the formation of new crystalline phases. Each crystalline phase has its 

own unique powder pattern or “fingerprint”. Peaks in the observed powder pattern are 

characterized by the Bragg angle (θ), total intensity and the line width (width of line at 

half of the line’s height). Each crystalline phase shows a unique set of diffraction lines in 

the powder pattern with specific 2θ angles. The 2θ angle corresponds to the angle 

between the incident X-ray beam (1) and the diffracted beam (1′). Peak intensity, relative 

peak intensity and width are less characteristic because these depend on multiple factors 

such as the instrument, geometry of the experiment and the sample size/shape. 
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The formation of a new crystalline phase in a bulk sample can be identified in 

PXRD. New peaks in the powder pattern indicate the new crystalline phase has formed. 

Sample preparation methods for PXRD depended on the diffractometer used and 

are described in the experimental sections of the next two chapters. The PXRD data were 

collected either on a SuperNova single crystal diffractometer (see next section) or a 

PANalytical Empyrean powder diffractometer equipped with a CuKα (λ=1.54184 Å) 

radiation line focus source and PIXcel1D linear detector. The data were analyzed using 

CrysAlisPro and HighScore Plus software packages associated with the SuperNova and 

PANalytical diffractometers, respectively. 

1.5.1.2 Single Crystal X-Ray Diffraction  

 Single crystal X-ray diffraction (SCXRD) is a non-destructive technique that 

provides information of the crystal structure down to atomic resolution such as the unit 

cell parameters, space group and position of the atoms. In this method, a single crystal 

sample is optimal for high quality data. The sample is held in a specific orientation 

relative to the incident beam and the detector and is exposed to X-ray radiation from a 

point focus source. As the X-rays enter the crystal, they are scattered by the lattice planes 

and the detector records the scattered “reflections”. Constructive interference of the 

scattered X-rays occurs at certain conditions defined by Bragg’s Law and results in the 

reflections that are detected. By changing the orientation of the sample and the angle 

between the incident beam and the detector, it is possible to obtain the 3D diffraction 

pattern for the sample in reciprocal space. The 3D diffraction pattern is the result of 

combining all of the frames read by the detector during the whole experiment. Using the 



 17 

appropriate crystallographic software, the crystal structure represented by the unit cell 

can be obtained.  

 All single crystals obtained from crystallization were mounted on the tip of a 

glass fiber with epoxy glue. The ideal size of a crystal should be close to size of the X-ray 

beam created by the copper or molybdenum source, which was ~0.3 mm or ~0.2 mm in 

diameter, respectively. SCXRD analysis was carried out using a SuperNova single crystal 

diffractometer equipped with microfocus X-ray sources with CuKα (λ=1.54184 Å) and 

MoKα (λ=0.71073 Å) radiation and an Atlas CCD detector.  

1.5.2 Thermal Analysis 

Thermal analysis is the study of changes in physical and chemical properties of a 

sample caused by changes in temperature. Properties that can be studied through thermal 

analysis include temperatures and enthalpies of phase transitions or chemical 

decomposition33. Once the crystal structure of a co-crystal has been studied, the phase 

diagram of the corresponding binary system can be determined to obtain information 

about the properties of the co-crystalline bulk phase that is not available from the X-ray 

diffraction analysis.  

1.5.2.1 Differential Scanning Calorimetry (DSC) 

DSC measures the heat flow needed to keep a sample at the same temperature as a 

reference sample as both are heated. DSC can provide temperature values and enthalpy 

changes of phase transitions such as melting, crystallization, or polymorphic 

transformation. The DSC cell has two platforms equipped with thermocouples, one for a 

pan containing sample and one for an empty reference pan. The pans are heated 

simultaneously in a way to keep them both at the same temperature. To maintain the 
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temperature balance, more or less heat has to be supplied to the sample with respect to 

the reference. If the sample is undergoing an endothermic process, more heat must be 

supplied to the sample pan, whereas in an exothermic process, more heat must be 

supplied to the reference. During a phase transition, the difference is graphically recorded 

and reported as the change in enthalpy34.  

DSC was used in this work to observe phase changes in pure components and 

their mixtures to determine the phase diagrams. All DSC experiments were performed on 

a Q2000 DSC analyzer from TA Instruments. The data were analyzed using TA 

Instrument’s Universal Analysis software. 

1.5.2.2 Thermogravimetric Analysis (TGA) 

TGA allows the monitoring of mass loss due to release of volatile components 

from the sample as a function of temperature. The TGA instrument is equipped with a 

precision balance and a furnace programmed to increase temperature linearly with time35. 

TGA can be used to study decomposition, sublimation, vaporization and solubility.  

TGA was used in this work to study the solubility of components in a binary 

system to locate the liquidus curve on the phase diagram. All TGA experiments were 

performed on a Q5000-IR TGA from TA Instruments. The data were analyzed using TA 

Instrument’s Universal Analysis software. 

1.5.3 Infrared Spectroscopy 

Infrared (IR) spectroscopy is used to identify specific functional groups of organic 

and inorganic molecules. IR spectroscopy is sensitive to the vibrational modes of the 

groups. IR spectra of solids are often complex with a large number of peaks, with some 
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of the peaks being characteristic of the molecular vibrations in a particular crystal 

structure2. 

Infrared spectroscopy was used to compare vibrational modes of the molecules in 

pure components, mixtures and a co-crystalline phase. All samples were ground and 

loaded on a Thermo Fisher Scientific Nicolet iS10 FT-IR Spectrometer with an 

attenuated total reflection (ATR) smart iTR accessory with ZnSe window. All spectra 

were analyzed using OMNIC 8 software. 

1.5.4 Determination of Phase Diagrams 

In order to determine phase diagrams, several techniques were used to draw 

specific points, locate curves, or provide other information required. 

1.5.4.1 Melting Points of Pure Compounds 

The melting points of pure compounds were determined by two different 

techniques that complement each other. The first technique is standard DSC where the 

melting point is defined by the onset temperature of the endotherm. The advantage of 

DSC is that it is a very precise and reliable technique that can show temperature and 

character (endotherm/exotherm) of thermal events and can also help to detect if a 

decomposition chemical reaction has occurred. The disadvantage of DSC is that it is not 

possible to see what happens to the sample during the thermal event. An endotherm could 

be due to melting, sublimation or a chemical reaction.  

To complement DSC, samples were melted in a Mel-Temp apparatus under visual 

observation. The Mel-Temp apparatus was previously calibrated for thermocouple 

readings using a mercury thermometer. In this method, a melting range was obtained. In 

congruent melting, when the solid sample melts completely to liquid, the start of the 
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melting range is when the first drop of liquid appears and the end is when all solid melts 

and a meniscus is seen. In incongruent melting, the start of the melting range is when the 

first drop of liquid appears and the end is when the formation of liquid has stopped. 

1.5.4.2 Preparation and Study of Mixed Samples 

Mixed samples studied by DSC were prepared by weighing the two components 

of the co-crystal into a Tzero pan with varying weight percentages. The samples were 

sealed with a Tzero hermetic lid and analyzed by DSC over different temperature ranges 

depending on the binary system at a rate of 5 °C/min. The thermal history of the 

components was removed by running multiple heating and cooling cycles on the same 

sample. 

 If the mixed samples were melting as individual components and not as a mixture, 

another sample preparation method was used. The samples were prepared by weighing 

the components into a mortar and then grinding them together with a pestle. After 

grinding, this sample was transferred into a 20 mL scintillation vial and rapidly shaken to 

facilitate better mixing of the solid components. The sample was then weighed into a 

Tzero pan and sealed with a Tzero hermetic lid. The sample was analyzed by DSC using 

the same method as above. The described sample preparation method was only used in 

the studies of the phase diagram of the binary system (R/S)-α-lipoic acid—(R)-α-lipoic 

acid. 

1.5.4.3 Solubility Measurements 

Solubility can be determined by TGA to supply additional data points to a phase 

diagram. A more volatile component of the binary phase diagram is melted into liquid 

and the other, less volatile solid component is added to the liquid and stirred at a specific 
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temperature until equilibrium between the liquid and solid phases is reached. A liquid 

portion of the sample is extracted with a syringe and analyzed by TGA, by heating to 250 

°C at 10 °C/min. The amount of solid that remains after heating divided by the amount of 

the withdrawn liquid sample gives the solubility of the less volatile component at the 

specific temperature. 

1.5.4.4 PXRD Test for Phase Composition 

PXRD can be used to determine the solid phases of a sample. It can confirm that a 

co-crystalline phase formed from solid components as a thermodynamically stable 

compound. The components of the co-crystalline phase can be grinded for a period of 

time to reach equilibrium. The sample then can be analyzed by PXRD to identify the 

solid phases present in the sample. The method was used to confirm the formation of co-

crystals between cyclo-glycyl-glycine and sesamol in Section 2.3.1.3. 
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2 Cyclic Dipeptides as Co-crystallization Agents 

2.1 Introduction 

 The potential of cyclic dipeptides to act as co-crystallization agents for 

pharmaceutical and nutraceutical co-crystals was investigated in this project. The main 

goals were to identify co-crystals between cyclic dipeptides and bioactive molecules and 

to collect data on their crystal structure, stability limits and degradation process. The 

obtained results would make it possible both to evaluate the prospects of cyclic 

dipeptides as excipients and to form a basis of their future applications. PXRD, SCXRD 

and thermal analysis of binary systems where the co-crystals formed were used as the 

main methods. This section introduces cyclic dipeptides with the emphasis on their solid 

state structure, reviews previous literature on their co-crystals and comments on solid 

state organic synthesis as a new potential method of their preparation. 

2.1.1 Cyclic Dipeptides 

 Cyclic dipeptides are the smallest cyclic peptides with only two amide functional 

groups (Figure 2.1). Their diversity is defined by the number of combinations of two 

amino acids, or the side groups (R and R′) on the ring. Cyclic dipeptides are of interest to 

chemists due to their resistance to proteolysis, rigid cyclic structure, chirality, hydrogen 

bonding and accepting groups, substituent group stereochemistry and heterocyclic system 

that is found in many bioactive compounds1,2. The list of amino acid residues appearing 

in this chapter is given in Table 1A in the Appendix. 



 26 

 
Figure 2.1: General scheme of cyclic dipeptides where R and R′ represent amino acid substituent groups. 

In the solid state, cyclic dipeptides form intermolecular hydrogen bonds (N—H---

O) between adjacent molecules. Each amide group acts as a donor and acceptor to make 

two hydrogen bonds to amide group of an adjacent molecule. As a result, one of the most 

common structural motifs is the “tape” structure. Tapes occur when a molecule only 

forms hydrogen bonds with two neighbouring molecules and the hydrogen bonds 

between any two molecules form an eight-membered cyclic ring. The packing of the 

tapes in the crystal is usually controlled by van der Waals forces3. 

 
Figure 2.2: Hydrogen bonded planar “tape” of cyclic dipeptides. 

Cyclo-glycyl-glycine (c2G) is parent of cyclic dipeptides where the two R-groups 

are a single hydrogen atom. In Figure 2.2, the hydrogen bonded tape of c2G in its crystal 

structure is shown. These flat tapes stack on top of each other creating van der Waals 

packing of the molecules in a monoclinic structure4. In the hydrogen bonded tapes of 

cyclic dipeptides, hydrogen bonding is not fully satisfied on the two carbonyls. The 

oxygen atoms of carbonyls could still accept an additional hydrogen bond thereby 

increasing the potential of the molecule to act as a co-crystallization agent. 

N
H

H
N O
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 Adding substituent groups with hydrogen bonding donors or acceptors to the 

parent cyclic dipeptide or changing the amino acid residue from the L to D enantiomer 

can alter the formation of hydrogen bonding network and result in different tape 

orientations. In cyclo(L-Glu-L-Glu), each glutamic acid residue contains a carboxylic acid 

group that changes the one dimensional hydrogen bonded tape into a layer. As seen in 

Figure 2.3, there are two polymorphs of cyclo(L-Glu-L-Glu) and a two dimensional layer 

is present in both, instead of one dimensional tapes seen in c2G. In polymorph 1, the 

carboxylic acid groups hydrogen bond to the amide in the cyclic dipeptide instead of 

amide-amide interactions seen in the tape structures. In polymorph 2, the amide-amide 

interaction of cyclic dipeptides is still present but the carboxylic acid groups form dimers 

that connect the tapes, creating a different type of layer5. 

 
Figure 2.3: a) Hydrogen bonding seen in polymorph 1 of cyclo(L-Glu-L-Glu), b) Hydrogen bonding seen in 
polymorph 2 of cyclo(L-Glu-L-Glu)5. Adapted with permission from ref. 5. Copyright 2009 John Wiley & 
Sons. 

In cyclo(D-Ala-L-Ala)6, the hydrogen bonds create layers with an 18-membered 

ring seen in Figure 2.4, whereas cyclo(L-Ala-L-Ala)7 creates the same tape motif as c2G 

(with eight-membered hydrogen bonded rings). The carbonyl in all these structures forms 

only one hydrogen bond and has a potential to form another, if a suitable hydrogen bond 

donor was available. 
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Figure 2.4: Hydrogen bonding pattern in cyclo(D-Ala-L-Ala). 

2.1.1.1 Cyclic Dipeptide Co-crystals 

 Short linear peptides can form co-crystals8,9 and inclusion compounds10,11, but 

cyclic peptides have not been studied in this respect thoroughly. Cyclic dipeptides would 

be desirable as excipients for pharmaceutical co-crystals because they are non-toxic and 

biocompatible. They can also act as API’s because they are bioactive12. The biological 

activities include blood-clotting functions13, antitumor1, antiviral14, antifungal15, 

antibacterial16 and antihyperglycemic17. There are no ecological problems with cyclic 

dipeptides as they are biodegradable. Cyclic dipeptides are diverse and their target 

properties can be tuned by changing the side groups of the amino acid residues. 

Cyclo(L-Asp-L-Asp), where both R and R′ are carboxylic acid groups, forms two 

dimensional hydrogen bonded networks18 similar to that in polymorph 2 of cyclo(L-Glu-

L-Glu) (Figure 2.3, b). Cyclo(L-Asp-L-Asp) has been co-crystallized with pyridine 

derivatives. With compounds containing two hydrogen bond accepting groups (bis 

pyridyl compounds), it built a layered structure. The bis pyridyl compounds included: 

4,4′-bipyridine, trans-1,2-bis(4-pyridyl)-ethylene and hexa-2,4-diyne-1,6-diol-

dinicotinate. A general scheme of the hydrogen bonded layer in these co-crystals is 

shown in Figure 2.5. The bis pyridyl compounds bridge two tapes by accepting one 
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strong hydrogen bond from each of two carboxylic acid groups on the two tapes, in a 

similar way as carboxylic acid dimers connect adjacent tapes together in cyclo(L-Asp-L-

Asp). 

 
Figure 2.5: General scheme of a hydrogen bonded layer in co-crystals of cyclo(L-Asp-L-Asp) and a bis 
pyridyl compound19. Adapted with permission from ref. 19. Copyright 1999 American Chemical Society. 

Cyclo(L-Asp-L-Asp) was also co-crystallized with 4-phenylpyridine, a compound 

with only one hydrogen bond accepting group. Instead of a two dimensional hydrogen 

bonded network, cyclo(L-Asp-L-Asp) forms tapes where each peptide molecule hydrogen 
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bonds to two 4-phenylpyridine molecules, one at each carboxylic acid group19. The 

studied co-crystals contain toxic pyridine compounds but over 100 marketed drugs 

contain a pyridyl fragment in their molecule, including loratadine (Claritin), mirtazapine 

(for depression) and crizotinib (anti-cancer)20. Pyridyl is also present in vitamin B3 

(nicotinic acid) and all three forms of vitamin B6 (pyridoxine, pyridoxamine and 

pyridoxal). 

 c2G, where both R and R′ are hydrogen atoms, co-crystallizes with carboxylic 

acids to produce crystals with one, two and three dimensional hydrogen bonding motifs. 

The assembly of c2G with 2,5-dichlorobenzoic acid into one dimensional hydrogen 

bonded tapes in the co-crystal is illustrated in Figure 2.6. The c2G tapes are decorated 

with the arrays of 2,5-dichlorobenzoic acid molecules forming hydrogen bonds with the 

amide hydrogen bond acceptor of c2G. These one dimensional tapes pack together 

through van der Waals forces to create the crystal structure. 

  

Figure 2.6: Hydrogen bonding in the co-crystal of c2G and 2,5-dichlorobenzoic acid21. Adapted with 
permission from ref. 21. Copyright 2002 American Chemical Society. 
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           a                      b 
Figure 2.7: Hydrogen bonding in the co-crystals of c2G with 2,5-dihydroxybenzoic acid (a) and c2G with 
2,5-dihydroxyterephthalic acid (b)21. Adapted with permission from ref. 21. Copyright 2002 American 
Chemical Society. 

In Figure 2.7, c2G co-crystal structures with 2,5-dihydroxybenzoic acid and 2,5-

dihydroxyterephthalic acid are illustrated, both containing two dimensional hydrogen 

bonded networks. Here the c2G tapes are bridged by the molecules of the carboxylic 

acids to create layers that pack together by means of van der Waals forces21.  

In some instances of c2G co-crystals, the supramolecular tape structures are not 

present and a different network structure is seen. In co-crystals of c2G with 3,5-

dihydroxybenzoic acid, 5-chloro-2-hydroxybenzoic acid or 2,5-dichloro-1,4-

hydroquinone, a three dimensional hydrogen bonding network forms. The disruption of 

the tape formation occurs when the molecule co-crystallized with c2G contains a 

hydroxyl group that acts as a hydrogen bond acceptor and donor group. Amide functional 

groups on the molecule co-crystallized with c2G can also disrupt the formation of tapes. 

The co-crystal of c2G and 3,5-dihydroxybenzoic acid displays a layered hydrogen 

bonded structure extended to a three dimensional hydrogen bonded network, shown in 

Figure 2.821,22. 



 32 

  

a       b 
Figure 2.8: Hydrogen bonding in the co-crystal of c2G and 3,5-dihydroxybenzoic acid: two-dimensional 
hydrogen bonding producing a layer (a); bridged layers yielding a three-dimensional framework (b)22. 
Adapted (a) and reprinted (b) with permission from ref. 22. Copyright 2012 Springer. 

 The limited studies of cyclo(L-Asp-L-Asp) and c2G have shown there may be a 

great potential for cyclic dipeptides as co-crystallization agents. The reported crystal 

structures show several types of successfully co-crystallized molecules, and suggest that 

molecules containing hydrogen bonding groups such as carboxylic acids, alcohols and 

amines are good candidates. The structures also show some variety of supramolecular 

architectures in the co-crystals reported. However much broader studies are necessary 

before cyclic dipeptides can be utilized as co-crystallization agents in the design of new 

supramolecular materials. A broader range of molecules, varying in geometry, 

conformational flexibility and hydrogen bonding functionality, need to be screened, and a 

broader range of cyclic dipeptides need to be attempted, in order to develop a knowledge 

base for such design. On the other hand, the stability and other properties of the bulk co-

crystalline materials need to be investigated to assess their prospects for pharmaceutical 

and nutraceutical formulations. 
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2.1.2 Solid State Organic Synthesis 

 Solid state organic synthesis is a synthetic approach making use of solvent-free 

reactions occurring in the solids. Most synthetic reactions within traditional organic 

synthesis are conducted in a liquid or gas phase, and they are accompanied with multiple 

side reactions. Solid state synthesis can occur as a single step stereoselective process in a 

high yield (~100%) without solvents, side products, waste or pollution23. Solid state 

synthesis is an ecofriendly process since it satisfies at least four of The 12 Principles of 

Green Chemistry24. These principles include: prevention, atom economy, safer solvents 

and auxiliaries and reduced derivatives. 

 The cyclic peptides used in this project were, or can be, synthesized by solid state 

synthesis from their corresponding linear dipeptides. Thermal treatment of linear glycyl-

glycine induces intramolecular cyclization yielding the cyclic dipeptide, c2G in this 

case25. 

2.2 Experimental and Methodology 

2.2.1 Chemicals Utilized 

 This research utilized cyclic dipeptides that have been synthesized and 

characterized in our group by solid state synthesis. The list of peptides can be found in 

Table 2A within the Appendix. Other chemicals of reagent grade or higher were used as 

received without further purification; they can be found in Table 3A within the Appendix. 

For the phase diagram studies, c2G was obtained from Sigma-Aldrich (100 %) and 

sesamol from TCI (>98 %). 
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2.2.2 Preparation Methods 

2.2.2.1 Synthesis of Cyclic Dipeptides 

 The corresponding linear dipeptide was heated at a temperature above the 

temperature of intramolecular cyclization for a required amount of time. The temperature 

of intramolecular cyclization of the linear dipeptide was obtained from previous TGA and 

DSC experiments. The amount of time required for the reaction to complete was detected 

using PXRD (Figure 2.9). The thermally induced intramolecular cyclization of glycyl-

glycine (2G) produced a black fraction that was insoluble in water. Recrystallization of 

the soluble fraction in water yielded c2G as confirmed by PXRD, 1H and 13C NMR. The 

full description of this synthesis is a subject of another student’s project in the group. 

 
Figure 2.9: Experimental powder patterns of 2G, products recovered after its thermal treatment at 230 °C 
and simulated powder pattern of c2G4. 

2.2.2.2 PXRD Screening for Co-crystals 

The combinations cyclic dipeptide — bioactive compound were tested for co-

crystallization using so-called solvent assisted grinding followed by PXRD analysis. The 

two solids were ground together in approximately 1:1 mass ratio and the total mass of 
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~20 mg with a few droplets of 80:20 ethanol:water solution to accelerate the formation of 

a new crystalline phase. The grinding was continued until the solvent fully evaporated 

from the mortar. The material was then loaded into a Mel-Temp glass capillary, mounted 

onto a sample holder and analyzed by PXRD. 

 The screening test was considered negative if each peak in the powder pattern of 

the ground mixture came from either the powder patterns of the cyclic dipeptide or the 

bioactive compound. The result shows that the sample is still a mixture of two initial 

compounds, and no new crystalline phase formed. The screening test was counted as 

positive if the formation of new peaks and disappearance of peaks from initial 

compounds occurred. The positive result means that the formation of a new crystalline 

phase has occurred in the screening test experiment. 

 All powder diffraction patterns for the screening tests were collected on the 

SuperNova diffractometer using the Cu X-ray radiation source (CuKα λ=1.54184 Å) (see 

sections 1.5.1.1-1.5.1.2). The patterns were obtained using four ϕ scans 30° each with 30 

seconds exposure time (Table 2.1). The analyses of powder diffraction patterns were 

carried out using the CrysAlisPro software. 

Table 2.1: Parameters of the andy4runs30secs.run run list used for screening tests. 

Type of 
Scan 

ϕ Range 
(deg.) 

ω (deg.) Detector 
Angle (deg.) 

κ (deg.) Exposure Time 
(s) 

ϕ 0 – 30 10 10 0 30 + 30 
ϕ 180 – 210 30 30 0 30 + 30 
ϕ 160 – 190 -10 -10 0 30 + 30 
ϕ 240 – 270 -30 -30 0 30 + 30 

  
2.2.2.3 Preparation of Co-crystals 

 The combinations of a cyclic dipeptide and a bioactive compound with a positive 

screening test result were crystallized in attempt to isolate their co-crystals. c2G and the 
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bioactive compound in 1:1 or 1:2 molar ratio were dissolved using a solvent both 

components are soluble in. Approximately 40 mg of c2G was used. Stirring and 

sometimes heating were required to facilitate dissolution. The solution was filtered 

through cotton into a vial and set for evaporation. The rate of evaporation was controlled 

by slightly covering the opening of the vial with the lid. Crystallizations were stopped 

after crystals had formed and most of the solvent evaporated. The products were tested 

with single crystal and powder XRD to confirm a new co-crystalline phase formed. 

Substituted cyclic dipeptides and a bioactive compound in 1:2 (peptide : bioactive 

compound) molar ratio were dissolved in ethanol, with some amount of distilled water if 

necessary. Approximately 20-30 mg of cyclic dipeptide was used. Stirring at room 

temperature was required to facilitate dissolution. If dissolution did not occur with 15 mL 

of the solvent, heating at 40 °C was applied. The solution was then filtered through cotton 

into a vial and set for evaporation. The rate of evaporation was controlled by slightly 

covering the opening of the vial with the lid or placing the vial in a fridge (~5 °C) or 

ventilation oven (60 °C). Crystallizations were stopped after crystals had formed and 

most of the solvent evaporated. The products were tested with SCXRD to confirm a new 

co-crystalline phase formed. 

An additional method of bulk crystalline material preparation was used for 

c2G*2(sesamol). The two components taken in the exact 1:2 molar ratio to the total 

amount of 33.35 mg were subjected to grinding in agate mortar and pestle for 0.5 hr with 

the addition of solvent (50:50 ethanol:water). The product was tested with PXRD using 

PANalytical diffractometer (section 1.5.1.1). The obtained PXRD pattern was compared 

with PXRD pattern simulated from the crystal structure data obtained from a single 
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crystal to confirm that the entire bulk product was the c2G*2(sesamol) co-crystalline 

phase. 

2.2.2.4 Phase Diagram c2G — Sesamol 

 The phase diagram was determined using general procedures described in section 

1.5.4. Five mixed samples, 5-10 mg each, were initially prepared for testing by DSC. The 

first experiments indicated that the formation of the co-crystalline phase occurs too 

slowly in the DSC pan even after repeated heating/cooling cycles. Therefore a new series 

of 16 samples was prepared using finely ground components. The registered phase 

transitions were reversible, although the reverse processes were slow, and reproducible, 

although the temperatures of DSC peaks started to decline due to gradual degradation of 

the components if the samples were heated higher than 105-110 °C. 

 To better locate the liquidus curve, the solubility of c2G in sesamol at 80 °C was 

determined. A hermetically sealed mixture of c2G (10.7 mg) and sesamol (410.5 mg) was 

heated and stirred for 15 minutes at 80 °C and then rested for 20 minutes at this 

temperature to reach equilibrium between solid and liquid phases. Then a portion of the 

liquid was extracted by a syringe and needle pre-heated at 80 °C and quickly filtered 

through a 0.45 µm filter (low protein binding hydrophilic LCR Millex LH) into a pre-

weighed and pre-heated TGA pan (platinum, 100 µL). A standard TGA experiment was 

immediately started. The TGA curve went to a plateau at ~200 °C. The mass of the 

residue at the plateau was taken as the amount of c2G in the saturated liquid of the 

equilibrated sample. The TGA experiments of pure components were run for comparison, 

and a correction for the mass loss of c2G was introduced. 
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2.3 Results and Discussion 

2.3.1 Cyclo-glycyl-glycine (c2G) 

2.3.1.1 Screening Results 

 c2G was used in combination with 42 bioactive compounds including aliphatic 

and aromatic ethers, ketones, carboxylic acids, diols, amines, amides, and compounds 

with mixed functionalities (Table 2.2). New crystalline phases were detected for nine 

binary combinations including those with carbamazepine, cholic acid, citric acid 

monohydrate, isonicotinamide, orcinol, piperazine, quinol, sesamol and urea. 

Table 2.2: Compounds used in screening tests for co-crystallization with c2G and the test results.  

Bioactive compound Class by functionality* Result** 
1,8-Octanediol Alcohol - 
1,12-Dodecanediol Alcohol - 
2-Aminopyrazine Amine, azine - 
2-Bromo-2-nitro-1,3-propanediol Alcohol, nitro - 
2-Butyl-2-ethyl-1,3-propanediol Alcohol - 
2,2-Dimethyl-1,3-propanediol Alcohol - 
2-Phenyl-2-propanol Alcohol - 
2-Picolinic acid Azine, carboxylic acid - 
2,6-Pyridinedicarboxylic acid Azine, carboxylic acid - 
4,4′-Biphenyldicarboxylic acid Carboxylic acid - 
Acetovanillone Alcohol, aldehyde, ether - 
Acetylsalicylic acid Carboxylic acid, ester - 
Carbamazepine Amide, azepine + 
Cholesterol Alcohol - 
Cholic Acid Alcohol, carboxylic acid + 
Citric acid monohydrate Alcohol, carboxylic acid + 
Curcumin Alcohol, ether, ketone - 
Cytidine Mixed - 
dl-Epinephrine Alcohol, amine - 
Isonicotinamide Amide, azine + 
Isovanillin Alcohol, aldehyde, ester - 
Nicotinamide Amide, azine - 
o-Vanillin Alcohol, ether, ketone - 
Orcinol Alcohol + 
Phloroglucinol Alcohol - 
Pimelic acid Carboxylic acid - 
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* Only functional groups able to form strong hydrogen bonds are taken into account. 
Molecules with more than three functionalities are denoted as “mixed”. 

** “-” means no new crystalline phase formed in the screening test and “+” means a new 
crystalline phase was detected. 
 
 The results of screening tests make it possible to narrow down the list of binary 

molecular combinations that could form co-crystals. It is important to understand that the 

formation of a new crystalline phase in a binary sample does not necessarily mean co-

crystallization of the two molecules. The new phase could be a new polymorph, hydrate, 

or solvate with the grinding solvent, of any of the two components. In order to prove the 

two molecules actually co-crystallize, additional studies are required. These studies may 

be of two types, with isolation or without isolation of the co-crystals. The first type 

implies isolation of the co-crystals for crystal structure analysis and a bulk single phase 

product for other characterization methods. The main outcomes of such study are the 

direct evidence of the co-crystallization and essential information on the structure and 

properties of the co-crystals. One disadvantage of these studies is that they may not 

reveal the stability of the co-crystal with respect to initial components. It may not be clear 

Piperazine Amine + 
Piroxicam Mixed - 
Pyrazinamide Amide, azine - 
Pyrazine-2-carboxylic acid Azine, carboxylic acid - 
Pyridine-2-thiocarboxamide Azine, thioamide - 
Quinol Alcohol + 
Riboflavin Alcohol, amide, amine - 
Sesamol Alcohol, ether + 
Sorbic acid Carboxylic acid - 
Starch Alcohol, ether - 
Succinic acid Carboxylic acid - 
Syringol Alcohol, ether - 
Taurine Amine, sulfonic acid - 
Urea Amide + 
Vanillin Alcohol, ether, ketone - 
Vanillyl alcohol Alcohol, ether - 
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if the co-crystalline phase is stable or appears as a metastable product, in what 

temperature range it exists, and if other co-crystalline or any other binary phases can exist 

for the combination, such as co-crystals with a different stoichiometry. The other type 

comprises studies that can be conducted without isolation of co-crystals from the reaction 

mixture, such as determination of phase diagram of the system or monitoring co-

crystallization in situ. These studies can reveal co-crystallization even when the isolation 

of single crystals or pure bulk product is impossible, can provide essential information on 

the thermodynamic stability of co-crystals, or can show the kinetics of the co-

crystallization or dissociation reaction. 

2.3.1.2 Crystallization Experiments 

Crystallization experiments were conducted to confirm the formation of co-

crystals for the combinations identified in the PXRD screening tests and to obtain more 

information about the structure and properties of the co-crystals. The crystallizations 

were prepared using general procedures described in section 2.2.2.3. Different solvents 

were used when the general procedure did not result in any single crystals. Instead of a 

mixed solvent, pure solvents were used such as distilled water, anhydrous ethanol, 1,2-

dichloroethane, and nitromethane. If a compound in the crystallization was not very 

soluble in a pure solvent, additional distilled water or anhydrous ethanol was added.  

As seen in Table 2.3, most of the crystals isolated were that of c2G or the 

bioactive compound. The general procedure for crystallization was used with c2G and 

sesamol but the solvent completely evaporated. All crystals had the same plate-like 

morphology with a slight brown tint in colour. The crystals were analyzed and found to 

be the co-crystal, c2G*2(sesamol). Sesamol was of interest because it is naturally 
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occurring and is a powerful antioxidant that is responsible for the high stability of sesame 

oil26. After determining the formula for c2G*2(sesamol), different molar ratios of 

c2G:bioactive compound were attempted with isonicotinamide and urea. The molar ratios 

used were 1:2, 1:3 and 1:4, but they did not lead to the isolation of co-crystals. With 

isonicotinamide, up to three different polymorphs could be found in the same 

crystallization product. In the crystallizations with carbamazepine, very poor quality 

crystals would precipitate out of solution as clusters. To slow down the crystal growth, 

the vials were capped with a lid covering 90% of the vial’s opening and set to evaporate 

at room temperature. Another method was to set the crystallization in the fridge for 

evaporation, but both methods resulted in the formation of the mentioned clusters. 

Multiple crystallizations were set where the vials were sealed with Parafilm with a very 

small hole made by a needle. These vials were set to evaporate at room temperature and, 

after two months, very long and thin needle crystals were isolated and determined to be 

c2G*2(carbamazepine). Carbamazepine was also of interest because it is a drug used for 

the treatment of epilepsy and seizures with poor solubility27.  
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Table 2.3: Crystallization results of c2G with bioactive compounds that formed new crystalline phases in 
the screening tests. Isolated crystals were tested by SCXRD to determine the unit cell. 

Bioactive 
compound 

Solvent / temperature Results of SCXRD test 

Sesamol EtOH:H2O / RT Co-crystal (c2G*2(sesamol)) 
Carbamazepine MeOH:H2O / RT Co-crystal (c2G*2(carbamazepine)) 

EtOH:H2O / RT c2G 
EtOH:H2O / 50 °C Carbamazepine 

Cholic acid EtOH:H2O / RT 
 

Inclusion compound previously known 
(cholic acid)·EtOH28 

Quinol EtOH:H2O / RT α-Quinol polymorph 
 

 
Isonicotinamide 

EtOH:H2O / RT c2G (3 samples)  
1,2-Dichloroethane / RT Isonicotinamide polymorph (2 samples) 

Nitromethane / RT Isonicotinamide polymorph (3 samples) 
Orcinol EtOH:H2O / RT c2G (2 samples) 

EtOH / 40 °C c2G (2 samples) 
Piperazine EtOH:H2O / RT c2G 

Urea EtOH:H2O / RT c2G and urea (3 samples) 
Citric acid  

monohydrate 
EtOH:H2O / RT c2G 

 
Potential problems that resulted in only obtaining crystals of the pure initial 

components could be due to kinetics or due to the co-crystals being too small and poor in 

quality to be isolated. For crystallizations that did not contain any polymorphs, collecting 

PXRD patterns of samples from the crystallization could show if a new crystalline phase 

was present or only a mixture of the initial compounds was in the product. 

2.3.1.3 Crystal Structures of c2G*2(sesamol) and Sesamol 

Prior to the discovery of c2G*2(sesamol), the crystal structure of sesamol was 

unknown. The crystal structure of c2G was previously reported4, and with the crystal 

structure of sesamol, the co-crystal could be compared with its components. From the co-

crystallization between c2G and sesamol, c2G*2(sesamol) formed big, plate shaped 

crystals that had the same shape as c2G crystals, but were not as thick. The crystallization 

produced c2G*2(sesamol) crystals only, as no crystals of the initial components were 
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found. Sesamol proved to be a very challenging molecule on which to obtain the crystal 

structure. Sesamol crystals were obtained by recrystallization of stock sesamol in 1:1 

mixture of distilled water:ethanol. A brown wax resulted from the recrystallization and 

the vial was sealed. The colourless crystals took several months to grow on top of the 

brown wax as long prisms; the crystals taken out of the vial disappeared under ambient 

conditions due to sublimation during analysis.  

The co-crystal with sesamol has the formula c2G*2(sesamol). It crystallizes in the 

triclinic space group P-1, with the unit cell parameters listed in Table 2.4. The structure 

was solved down to an R-value of 4.3%. As seen in Figure 2.10, the crystal structure 

reveals one dimensional hydrogen bonded bands where c2G accepts four hydrogen bonds 

and donates two. The band is centrosymmetric, with the inversion center in the middle of 

c2G. Two sesamol molecules are attached to each c2G by strong hydrogen bonds, with 

the oxygen-oxygen distance of 2.70 Å. The whole assembly is approximately planar. In 

the band (Figure 2.10), the c2G molecules form a hydrogen bonded tape typical for cyclic 

dipeptides, with the O---N distance of 3.05 Å. The one dimensional hydrogen bonded 

bands pack together through van der Waals forces to create the three dimensional crystal 

structure. The formation of c2G tapes in co-crystals were thought to be disrupted when 

c2G co-crystallizes with a compound containing a hydroxyl group in the absence of a 

carbonyl group21. Sesamol is a compound containing a hydroxyl group with the absence 

of a carbonyl group and when it co-crystallizes with c2G, the tapes are present in the 

structure. 
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Table 2.4: Results of single crystal X-ray diffraction analysis of c2G*2(sesamol) and sesamol. 

Formula c2G*2(sesamol) Sesamol, C7H6O3 
Crystal system Triclinic Monoclinic 
Space group P-1 P21/c 
Unit cell 
a (Å) 
b 
c 
α (°) 
β 
γ 
Volume (Å3) 

 
6.3263(2) 
7.2709(2) 
10.1884(3) 
107.184(3) 
94.933(3) 
103.758(3) 
428.67(2) 

 
12.6783(4) 
4.34901(12) 
11.9369(3) 
90 
103.174(3) 
90 
640.86(3) 

Z 1 4 
Densitycalc (g/cm3) 1.512 1.432 
R1 0.043 0.037 

  

 
Figure 2.10: Hydrogen bonded band in c2G*2(sesamol) co-crystal. 

Sesamol crystallizes in the monoclinic space group P21/c (Table 2.4). The 

structure was solved down to an R-value of 3.7%. As seen in Figure 2.11, molecules 

assemble in one dimensional hydrogen bonded chains. The hydroxyl group accepts one 
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hydrogen bond from an adjacent molecule and donates one hydrogen bond to another. 

The chains pack in the crystal through van der Waals forces. 

 

Figure 2.11: Hydrogen bonded chain in the crystal of sesamol. 

With the room temperature crystal structures of c2G*2(sesamol), c2G and 

sesamol, the densities and hydrogen bonding motifs could be compared and used to 

determine the driving forces for the co-crystallization. The comparison is made in Table 

2.5. The calculated average density of 1:2 mixture of c2G and sesamol is 1.485 g/cm3. 

The SCXRD density of the c2G*2(sesamol) co-crystal is 1.512 g/cm3. The comparison 

shows that there is more efficient packing occurring in the co-crystal suggesting a gain in 

van der Waals contribution to the lattice energy. This could be one of driving forces for 

the co-crystallization because more efficient packing usually leads to an increase in 

thermodynamic stability. From Table 2.5, a different mode of hydrogen bonding in the 

co-crystal is observed. c2G forms two extra hydrogen bonds in the co-crystal, while each 

sesamol loses one such bond. The bonds in the co-crystal seem to be somewhat longer 

however the NH---O angle in the co-crystal of 173.1° is better than the NH---O angle in 
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pure c2G. It is not immediately clear if hydrogen bonds on the whole help in the 

formation of the co-crystal. 

Table 2.5: Comparison of c2G, sesamol, a mixture of c2G +2 sesamol and the co-crystal. The distances are 
between two non-hydrogen atoms. 

 c2G Sesamol c2G + 2 sesamol c2G*2(sesamol) 
Density (g/cm3) 1.592 1.432 1.485 1.512 
NH---O (Å) 
NH---O (deg.) 

2.85 
169.6 

- - 3.05 
173.1 

OH---O (Å) 
OH---O (deg.) 

- 2.67 
168.4 

- 2.70 
168.9 

Reference 4 This work - This work 

 

 A fast and reproducible method of preparing co-crystals as a bulk material would 

be required for industrial use. Grinding the individual components together with added 

solvent would be a faster preparation method than crystallization. A bulk sample of 

c2G*2(sesamol) was prepared using general procedures described in section 2.2.2.3. A 

comparison of the bulk sample’s powder pattern and the powder patterns of the initial 

compounds is shown in Figure 2.12.  All peaks with the exception of one in the powder 

pattern of the bulk sample are unique peaks that were not present in the powder patterns 

of the initial compounds. 
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Figure 2.12: Experimental PXRD patterns of the bulk sample, sesamol and c2G. 

The powder pattern of the bulk sample and the calculated powder pattern of the 

co-crystal are shown in Figure 2.13. The two patterns are identical with the exception of 

one extra peak in the bulk sample at 15.25°. This peak could potentially arise from 

sesamol, which has a peak at 15.21°. After grinding for 30 minutes by hand, the mixture 

had almost entirely converted to the co-crystalline phase. The bulk sample was also 

evaluated by IR spectroscopy.  In Figure 2.14, the bulk sample (red line) nearly matches 

the co-crystals obtained from solution (green line) indicating that most of the sample had 

converted to the co-crystal with a small amount of starting material remaining in the 

sample. Both PXRD and IR spectroscopy show that the co-crystals could be prepared as a 

bulk product by grinding the two initial compounds together with a solvent. 
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Figure 2.13: Experimental PXRD pattern of the bulk sample and the calculated PXRD pattern of the co-
crystal from SCXRD data. The peak at 15.25° is marked with an arrow. 

 

 
Figure 2.14: IR spectra of c2G*2(sesamol) (green), ground c2G and sesamol for 30 minutes (red), c2G 
(blue) and sesamol (purple). 
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2.3.1.4 Phase Diagram of Binary System c2G — Sesamol 

The phase diagram (Figure 2.15) was studied in the full concentration range and 

the temperature range of -85 to 300 °C. Sesamol melts at 64.1 °C (lit. 65.5 °C29) and c2G 

starts decomposing at ~290 °C.  The co-crystal is the only binary compound that forms 

between sesamol and c2G. It is stable up until 102.6(8) °C and then melts incongruently. 

The reaction for the incongruent melting is c2G*2(sesamol)(s) à c2G(s) + liquor. The 

phase diagram type is consistent with visual observation in a Mel-Temp apparatus of an 

isolated co-crystal, which melted incongruently. The crystallization field of the 

compound, where it co-exists with the liquid, is located between 56.6 and 102.6 °C 

within ~5-29% of c2G. The solubility of c2G in sesamol at 80 °C was calculated to be 

4.8(4)% from TGA experiments (Table 4A within the Appendix). From Table 5A within 

the Appendix, the eutectic average was calculated to be 56.6(4) °C and the peritectic 

average to be 102.6(8) °C 

 
Figure 2.15: The phase diagram of the binary system c2G — sesamol. Tentative lines are shown by dashes. 
Only positive temperature range is shown. 
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The main conclusions from the phase diagram study are the following. The co-

crystal is the only thermodynamically stable binary compound formed between sesamol 

and c2G. The stoichiometry of the bulk co-crystals agrees with the formula 

c2G*2(sesamol) obtained from SCXRD analysis, as well as from PXRD and IR data for 

bulk samples prepared by grinding. The co-crystalline product could be obtained by 

cooling the ~10-25% c2G solution in sesamol from above 102.6 °C to just above 56.6 °C 

(although crystallization from a solvent near room temperature seems to be a better 

method due to possible thermal degradation of sesamol). One interesting and important 

conclusion is that sesamol exists as part of the co-crystalline phase in the solid state up to 

102.6 °C which is ~37 °C higher than the melting point of pure sesamol. Taking into 

account that sesamol has a low melting point and can sublime in air, co-crystallization 

appears to be a good way to stabilize the molecule in a product that may be exposed to 

heat during production, transportation or storage. 

2.3.1.5 Crystal Structure of c2G*2(carbamazepine) 

The bulk crystallization products of c2G and carbamazepine mixtures contained 

two different types of crystals. Both were very long and thin crystals, but one type may 

be described as needles and the other type as plates. Isolated plate-like crystals were 

found to be carbamazepine via melting point. An isolated needle-like crystal was 

analyzed by SCXRD and was found to be a co-crystal.  

The co-crystal composition is c2G*2(carbamazepine). It crystallizes in the 

monoclinic space group P21/c, with the unit cell parameters listed in Table 2.6. The 

structure was solved down to an R-value of 4.4%. The hydrogen bonding in the co-crystal 
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is illustrated in Figure 2.16. A similar pattern was observed in other co-crystals of 

carbamazepine with benzoquinone and terephthaldehyde30.  

Table 2.6: Results of single crystal X-ray diffraction analysis of c2G*2(carbamazepine). 

Formula c2G*2(carbamazepine) 
Crystal system Monoclinic 
Space group P21/c 
Unit cell 
a (Å) 
b 
c 
β(°) 
Volume (Å3) 

 
5.21215(13) 
26.5421(4) 
12.7095(3) 
127.229(4) 
1399.95(8) 

Z 2 
Densitycalc (g/cm3) 1.392 
R1 0.044 

 

 
Figure 2.16: A layer of the c2G*2(carbamazepine) co-crystal that extends into the page. 

Each c2G molecule in the structure hydrogen bonds with four different 

carbamazepine homodimers. Each homodimer hydrogen bonds to three other c2G 

molecules to create a hydrogen bonded layer shown in Figure 2.17. The layers are packed 

in the third dimension by van der Waals forces only. 
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Figure 2.17: Two dimensional hydrogen bonded network in the c2G*2(carbamazepine) co-crystal. Only 
amide groups of the carbamazepine molecules are shown for simplicity. 

With the room temperature crystal structures of c2G*2(carbamazepine), c2G4 and 

carbamazepine31, the densities and hydrogen bonding motifs could be compared and used 

to determine the driving forces for the co-crystallization. The comparison is made in 

Table 2.7. Looking at the density of c2G*2(carbamazepine), it does not appear that more 

efficient packing is occurring in the co-crystal. From Table 2.7, a different mode of 

hydrogen bonding in the co-crystal is shown. Carbamazepine forms two extra hydrogen 

bonds in the co-crystal, while each c2G maintains the same amount of hydrogen bonds. 

The bonds in the co-crystal seem to be slightly longer and the NH---O angles do not 

appear to be better than the angles in the pure components. The new hydrogen bonds that 
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form satisfy all hydrogen bonding on carbamazepine and could be the driving force for 

the formation of the co-crystal.  

Table 2.7: Comparison of c2G, carbamazepine, a mixture of c2G + 2 carbamazepine and the co-crystal. 

 c2G Carbamazepine c2G + 2 
carbamazepine 

c2G*2(carbamazepine) 

Density 
(g/cm3) 

1.592 1.347 1.429 1.392 

NH---O (Å)1 

NH---O (deg.) 
2.85 
169.6 

- - 2.87 
133.9 

NH---O (Å)2 

NH---O (deg.) 
- 2.93 

174.0 
- 2.95 

171.5 
NH---O (Å)3 

NH---O (deg.) 
- - - 2.97 

154.2 
Reference 4 31 - This work 
1 NH---O hydrogen bond corresponds to the NH on c2G 
2 NH---O hydrogen bond corresponds to the NH in the carbamazepine homodimer 
3 NH---O hydrogen bond corresponds to the NH on carbamazepine and O on c2G 
 

 
Figure 2.18: IR spectra of c2G*2(carbamazepine) (red), c2G (pink) and carbamazepine (blue). 

IR spectroscopy could be used to identify very small quantities of 

c2G*2(carbamazepine) quickly. The IR spectrum of c2G*2(carbamazepine) significantly 
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differs from the IR spectra of initial components (Figure 2.18). The differences reflect a 

heavily changed hydrogen bonding motif after the two molecules have co-crystallized. 

The thermal stability of c2G*2(carbamazepine) was evaluated by DSC. The DSC 

thermogram of a single crystal isolated from the crystallization mixture is shown in 

Figure 2.19. The strong endotherm with the onset at 225.2 °C arises due to incongruent 

melting of the co-crystal into solid c2G and liquor. The melting temperature is 

intermediate between the melting of carbamazepine (~191 °C) and the decomposition of 

c2G (~290 °C). The next endotherm signifies the decomposition of c2G. The incongruent 

mode of melting was confirmed visually by melting another single crystal in a Mel-Temp 

apparatus. The co-crystal melted from 232.8-233.5 °C (heating rate 1.6 °C/min). The 

remaining solid after the melting of the co-crystal decomposed at ~290 °C. As in the case 

of sesamol, placing carbamazepine in the co-crystal with c2G extends its existence in the 

solid state by ~35 °C to higher temperatures. 

 
Figure 2.19: DSC thermogram of a single crystal of c2G*2(carbamazepine) (4.55 mg). 
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The two co-crystals containing c2G are quite different from one another. In 

c2G*2(sesamol), the c2G tape remains intact, with sesamol hydrogen bonded onto the 

tapes, whereas in c2G*2(carbamazepine), the c2G tape assembly is not present anymore 

in the structure. The SCXRD density of c2G*2(sesamol) is higher than the density of a 

weighted average of its components, but this is not the case for c2G*2(carbamazepine). 

In c2G*2(sesamol), hydrogen bonding of sesamol to c2G creates hydrogen bonded 

bands. In c2G*2(carbamazepine), hydrogen bonding of carbamazepine homodimers to 

c2G creates hydrogen bonded layers. This suggests that c2G is flexible and can adapt to 

accommodate various types and sizes of molecules in the co-crystals it forms. 

2.3.2 Other Cyclic Dipeptides 

To date, there are two publications on the co-crystallization of c2G21,22 and only 

one publication on the co-crystallization of another cyclic dipeptide, cyclo(L-Asp-L-

Asp)19. Cyclo(L-Asp-L-Asp) has carboxyl as the R-group that takes an active part in co-

crystallization. Therefore, this cyclic dipeptide is very different from others and cannot 

serve as a model compound. This project concentrated mostly on c2G due to it being the 

simplest and the least expensive cyclic dipeptide. As an extension of this research, four 

other cyclic dipeptides were used, cyclo-L-α-aminobutyric acid-L-alanine (cyclo(Abu-

Ala)), cyclo-L-leucyl-L-alanine (cyclo(Leu-Ala)), cyclo-L-phenylalanyl-L-phenylalanine 

(cyclo(Phe-Phe)) and cyclo-L-isoleucyl-L-valine (cyclo(Ile-Val)). Due to limited amounts 

of the peptides available, the research was organized differently to yield maximum 

results. Screening was halted if no new crystalline phases were detected after several tests 

and was moved on to another cyclic dipeptide. The main goal of this part of the project 

was to explore if substituted cyclic dipeptides could form co-crystals at all and compare 
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the results with those for c2G. For this purpose, the bioactive compounds used for 

screening were selected from compounds that formed new crystalline phases with c2G 

and compounds that contained hydrogen bond donor groups. The latter choice was based 

on the assumption that a molecule has to contain a donor group to interact with the cyclic 

dipeptide tapes.  

Table 2.8: List of compounds used in screening tests for co-crystallization with the four cyclic dipeitdes 
and the test results.  

Bioactive 
compound 

Result* 
Cyclo  
(Abu-Ala) 

Cyclo  
(Leu-Ala) 

Cyclo  
(Phe-Phe) 

Cyclo  
(Ile- Val) 

2-Amino-2-methyl-
1,3-propanediol 

 
- 

   

2-Aminopyrazine -    
Acetaminophen -    
Acetovanillone   -  
Carbamazepine -    
Cinnamic acid  +   
Cytosine  +   
Citric acid 
monohydrate 

+    

Isonicotinamide - - - - 
Nicotinamide - - - - 
o-Vanillin -  -  
Orcinol   -  
Picolinamide  -   
Pyrazinamide -    
Resorcinol   -  
Sesamol + - - - 
Syringol + - - - 
Thiamine 
hydrochloride 

- +   

trans-2-Ethoxy-5-(1-
propenyl) phenol 

 +   

Vanillin - - -  
Vanillyl alcohol - - -  

 
* “-” means no new crystalline phase formed in the screening test, “+” means a new 
crystalline phase was detected and no symbol means the combination was not tested. 
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All screening results are listed in Table 2.8. Cyclo(Abu-Ala) was screened against 

14 bioactive compounds and new crystalline phases were detected with citric acid 

monohydrate, sesamol and syringol. Sesamol and syringol are two compounds that 

formed new crystalline phases with c2G. Both these compounds possess a hydroxyl and 

ether functional groups attached to the benzene aromatic ring. Crystallizations in 

anhydrous ethanol were set but no usable crystals were obtained with citric acid or 

syringol. Further crystallizations were attempted at different temperatures by evaporation 

in a fridge (~5 °C) and in a ventilation oven (60 °C), but they also did not yield any 

single crystals. From the crystallization with sesamol, a single crystal of pure cyclo(Abu-

Ala) was isolated and studied by SCXRD. This crystal structure has not been previously 

reported and the structure solution is in progress in the group. No other crystals suitable 

for SCXRD were found as all were either very small in size or of poor quality. 

The screening results for cyclo(Leu-Ala) include four successful results, with 

cinnamic acid, thiamine hydrochloride, trans-2-ethoxy-5-(1-propenyl)phenol and 

cytosine. Crystallizations were set but no usable crystals were isolated. Crystallizations 

were attempted with the peptide:bioactive compound molar ratios of 1:1 and 1:2 and 

different solvents such as ethanol and distilled water. All solids obtained from the 

crystallizations were large, poor quality and resembled feathers. After evaluating the 

power patterns produced from screening, the new peaks found in the mixture with 

cinnamic acid were due to its β-polymorph. The new peaks found in the mixture with 

thiamine hydrochloride were due to thiamine dichloride hemihydrate. There are no 

reported structures of trans-2-ethoxy-5-(1-propenyl)phenol for comparison and the new 

peaks found from this screening experiment could be due to a co-crystal. The new peaks 
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found in the mixture with cytosine could potentially be due to a co-crystal, as the new 

peaks did not belong to any known polymorphs or hydrates of the compound. 

Screening of cyclo(Phe-Phe) with different amides, alcohols, and compounds with 

mixed functionality yielded no positive results as shown in Table 2.8. This peptide has 

bulky benzyl groups as R-substituents. 

Preliminary screening of cyclo(Ile-Val) with compounds containing an amide or 

alcohol group showed no new crystalline phases and screening was stopped due to very 

limited quantities of the peptide. This peptide also has rather bulky R-groups as compared 

to the first two in the series (Table 2.8) 

Proceeding from c2G to the other cyclic dipeptides, the R-groups on the peptide 

ring are changed from the hydrogen atom to a larger hydrocarbon substituent group. All 

hydrocarbon substituent groups in these amino acid residues (except cyclo(Abu-Ala)) 

contain bulky alkyl or aryl groups, which can create steric hindrance.  

 
Figure 2.20: Hydrogen bonded tape of cyclo(Leu-Ala). 

In the hydrogen bonded tapes of these cyclic dipeptides, illustrated in Figure 2.20, 

the alkyl substituent group is on the carbon adjacent to the carbonyl group where a 

potential co-crystallizing molecule could donate a hydrogen bond to the tape. The bulky 

groups can create steric hindrance around the carbonyl preventing the formation of such a 
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bond. From overall comparison of the five cyclic dipeptides studied, the growth of the R-

group seems to reduce the ability of the cyclic dipeptide to form co-crystals. As it was 

mentioned before, the only cyclic dipeptide other than c2G that was reported to form co-

crystals is cyclo(L-Asp-L-Asp), where the co-crystallization occurs due to hydrogen 

bonding to the carboxyl R-groups of the peptide rather than the carbonyl groups of the 

main tape. If any co-crystals form with hydrophobic cyclic dipeptides, these would be 

peptides with small R-groups on the ring. 

2.4 Conclusions and Future Work 

The studies described in this chapter consisted of two sub-projects, an in depth 

study on c2G and an exploration type of research on substituted cyclic dipeptides. The 

first study focused on c2G that was already known to co-crystallize with carboxylic acids. 

Since c2G is the simplest, parent cyclic dipeptide, and since it was available in good 

amounts, more detailed studies were conducted in this case, including extensive 

screening and multiple crystallization experiments, crystal structure studies, preparation 

and characterization of bulk co-crystalline products, and a phase diagram determination. 

The second study was on substituted cyclic dipeptides, with nothing known about their 

capabilities of co-crystallization, and the compounds being available in limited quantities 

only. These factors defined a preliminary character of research in this case, consisting of 

less extensive screening experiments, several crystallization attempts, and 

characterization of the scarce products obtained. The main goal of the first sub-project 

was to build a base knowledge on cyclic dipeptides as co-crystallization agents using c2G 

as a model peptide. The main goal of the second sub-project was to obtain preliminary 
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data on the ability of substituted cyclic dipeptides to act as co-crystallization agents in 

order to evaluate prospects and suggest future directions of research. 

The isolation of c2G co-crystals proved to be a difficult task, possibly due to 

kinetics as c2G crystallizes on its own very easily, or due to the co-crystals themselves 

being too small or poor in quality to be isolated. Two co-crystals of c2G were confirmed 

and more are suspected to exist. It was previously thought that if c2G co-crystallized with 

a compound containing a hydroxyl group in the absence of a carbonyl group, the 

formation of tapes would be disrupted, but the crystal structure of c2G*2(sesamol) 

studied in this work showed it is not the case. c2G was co-crystallized with amides, that 

was not seen before. A totally new structural motif was observed in the co-crystal with 

carbamazepine, where the hydrogen bonded tape formation was disrupted while the c2G 

molecules were integrated into the structure dominated by carbamazepine. The phase 

diagram and DSC studies have shown that the co-crystals are thermodynamically stable 

phases with substantially increased thermal life of the co-crystallized compounds in the 

solid state. The co-crystals kept the co-crystallized compound in the solid phase by ~35 

°C above their melting points. This result suggests potential applications of the peptides 

for stabilization of the liquid forms of drugs into solid phases at ambient conditions. With 

evidence of co-crystal formation in the literature and with the studies on co-crystals 

obtained in this study, c2G has been shown to be a flexible co-crystallization agent that 

can adapt to accommodate a variety of compounds and could have potential as a co-

crystallization agent for pharmaceutical industrial use. 

Cyclic dipeptides that contain larger substituent groups appear to be able to form 

co-crystals, although less frequently. Cyclo(Abu-Ala) formed new crystalline phases with 
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sesamol and syringol, which both also formed new crystalline phases with c2G, with co-

crystallization of c2G with sesamol has been confirmed. Although no co-crystals with 

substituted cyclic dipeptides suitable for SCXRD were isolated, the limited data of this 

study suggest that the ability of cyclic dipeptides to co-crystallize still exists after 

introducing alkyl groups, but the increasing size of the groups diminishes this ability. 

This could be due to the bulky R-groups causing steric hindrance around the hydrogen 

bond acceptor site of carbonyl on the cyclic dipeptides. A preliminary conclusion of this 

study is that substituted cyclic dipeptides with bulky hydrophobic R-groups are not 

suitable as co-crystallization agents in pharmaceutical or relevant industries. 

Since it seems unlikely for cyclic dipeptides containing large R substituent groups 

to form co-crystals, investigation into cyclic dipeptides with small substituent groups as 

co-crystallization agents could be done, such as with those containing glycine and 

alanine. It would also be interesting to investigate cyclic dipeptides containing small 

polar substituent groups like serine and cysteine, including their combinations with 

glycine or alanine in the same peptide. 
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3  α-Lipoic Acid Forms as Co-crystallization Agents 

3.1 Introduction 

α-Lipoic acid (LA, Figure 3.1) is a cheap dietary supplement that can be purchased 

at grocery stores, pharmacies and supplement stores. The potential of LA to be used as a 

co-crystallization agent for industrial use was explored in this project. LA, its amide 

(LM) and their optically pure forms (RLA and RLM) were characterized by SCXRD and 

screened for co-crystallization with bioactive molecules. Crystal structures, stability 

limits and degradation process of several co-crystals were studied. With the use of 

PXRD, SCXRD and the determination of phase diagrams of binary systems where a co-

crystal forms, conclusions were drawn about the potential of LA and its forms as co-

crystallization agents for industrial use. I would like to thank Samuel Netzke for all of his 

work on screening LA and co-crystallizations involving LA. I would also like to thank 

Angel Ho for all of her work on screening RLM and on the phase diagram of the binary 

system LA – carbamazepine. 

3.1.1 α-Lipoic Acid 

LA is a naturally occurring compound found in plants and animals in small 

amounts1. It is synthesized enzymatically in the mitochondria from octanoic acid and 

cysteine as the sulfur source2. In human beings, LA is bound to proteins and acts as a 

cofactor for mitochondrial energy metabolism1. LA also exhibits antioxidant properties 

that may be due to its reduced form (dihydrolipoic acid), which reacts with free radicals 

in aqueous and lipid domains. Dihydrolipoic acid interacts with other antioxidants and 

can regenerate vitamin C and glutathione from their radical or inactive forms. LA and 
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dihydrolipoic acid both have metal-chelating activity binding with copper, lead, mercury 

and other transition metals3,4. Human plasma levels of LA and dihydrolipoic acid are 

reported to be 1-25 ng/mL and 33-145 ng/mL, respectively, that is most LA is reduced to 

dihydrolipoic acid5. 

 
Figure 3.1: Structure of a) racemic LA and b) RLA. 

LA has a number of biological functions, which include: acting as a potent 

biological antioxidant, restoring intracellular glutathione levels which decrease with age, 

and acting as a cofactor in many enzyme systems relating to energy production6. It is 

used in the treatment of diabetes, heavy metal poisoning and age-associated 

cardiovascular, neuromuscular and cognitive deficits. These different functions have 

gathered interest among the public and research community to the compound as both a 

drug and a nutritional supplement7. 

LA has a chiral carbon and occurs naturally as the R enantiomer (RLA, Figure 

3.1)8. RLA is the only form that is used in biological systems whereas the S enantiomer is 

inactive9. Chemically the compound is not very stable. The disulfide bond can undergo 

ring opening polymerization by homolytic cleavage with near ultraviolet irradiation or by 

heating above the melting point of LA. LA has a relatively low melting point of 60 °C 

and polymerizes above this temperature. The formed thiyl radical can react with another 

molecule of LA and create a linear disulfide polymer shown in Figure 3.210–12. 
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Figure 3.2: Linear disulfide polymer of LA. 

The crystal structure of racemic LA has been reported in 196713 and 197214 with 

high R-values  of 13.7 % and 12.0 %. In the crystal, LA occurs as hydrogen bonded 

dimers typical of all carboxylic acids; the two molecules in the dimer are related by a 

center of symmetry (inversion center)13. The dimers pack together through van der Waals 

forces to create a monoclinic centrosymmetric crystal structure. The crystal structure of 

RLA has not been reported. 

LA might become a suitable component in new formulations of pharmaceuticals 

acting as a co-crystallization agent. It is naturally occurring in humans and it is a 

biocompatible molecule that is already labeled as a nutritional supplement. More research 

is required on its toxicity and optimal dosages, but a study showed that oral doses of 1800 

mg/day for 6 months had no significant adverse effects compared to a placebo group15. 

LA can act as both API and an excipient. Two forms of LA are currently in use and 

studied in this work, racemic and optically pure (R).  

3.1.1.1 α-Lipoic Acid as a Drug for Diabetes 

Decreased antioxidant potential and increased formation of free radicals, leading 

to oxidative damage of cell components, has been shown in many studies to be associated 

with both type 1 and 2 diabetes mellitus (diabetes)16. LA enhances glucose uptake, 

prevents beta cell destruction, and shows antioxidant effect slowing down the 

development of diabetic complications2. In the development of type 2 diabetes, impaired 

cellular glucose uptake in the response to insulin leads to insulin resistance17. It has been 

shown in a study of 72 patients with type 2 diabetes that insulin sensitivity improved by 
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25% after four weeks of treatment with oral administration of LA in doses of 600, 1200 

or 1800 mg/day. Among the three different doses, there was no significant differences 

that may suggest that 600 mg/day is the maximum effective dosage18. Diabetic 

neuropathy is a common, long-term complication of type 1 and 2 diabetes. Diabetic 

neuropathy results in the progressive loss of nerve fibers that may affect the peripheral 

nervous system. In a study where three different drugs for the treatment of diabetic 

neuropathy were compared, it was shown that pregabalin and LA had equivalent 

effectiveness and carbamazepine was inferior to both. Pregabalin is a first line therapy in 

the treatment of diabetic neuropathy that suggests LA can also be used as a first line 

therapy for this condition19. 

3.1.1.2 α-Lipoic Acid Co-crystals 

LA has been shown to form co-crystals with nicotinamide, isonicotinamide and 

trans-cinnamamide but only the crystal structure with nicotinamide was reported. Powder 

patterns of LA — isonicotinamide and LA — trans-cinnamamide mixtures showed the 

formation of a new crystalline phase in both cases. To further support the formation of 

co-crystals, thermal analysis was done on mixtures with various molar ratios, and the 

results support the stoichiometry of 1:1 in both cases. For both mixtures, an endotherm in 

DSC was observed between the melting points of the pure components. These 

experiments clearly indicate the formation of new crystalline phases in the mixtures but 

single crystals are required to explicitly confirm the formation of the co-crystals 

LA*isonicotinamide and LA*trans-cinnamamide. 

In the crystal structure of LA*nicotinamide, three LA and three nicotinamide 

molecules form the asymmetric unit. Two of the three LA molecules are highly 
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disordered causing a high R-value of 7.33% at 150K. Nicotinamide molecules form 

hydrogen bonded dimers through their amide functional groups and the dimers stack 

along the b axis of the unit cell. Each LA molecule forms two hydrogen bonds to two 

adjacent dimers, to the pyridine N atom of one nicotinamide and the amide N atom of 

another, and there are two such LA molecules on both sides of each pair of adjacent 

dimers. This assembly produces a one dimensional hydrogen bonded chain stretching 

along the b axis. In Figure 3.3, the chain extends into the page. 

 

Figure 3.3: The crystal packing in LA*nicotinamide, viewed down the b axis. C, N, O, S and H atoms are 
shown in grey, violet, red, yellow and black, respectively. Hydrogen bonds are shown as green dotted lines. 
Other H atoms have been omitted for clarity20. Reprinted with permission from ref. 20. Copyright 2014 
Royal Society of Chemistry. 

The co-crystallization with nicotinamide increased the thermal stability of LA by 

~20 °C with no thermal decomposition or degradation above the melting point of LA, and 

up to 160 °C. The cause of LA’s improved thermal stability by nicotinamide is still 
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unknown. The stabilization is not only limited to the solid state, but is also evident in the 

liquid state, above the melting points of LA and the co-crystal20. 

 Co-crystallization of LA with β-cyclodextrin21 and RLA with γ-cyclodextrin22 

have been also reported. The co-crystal between RLA and γ-cyclodextrin has a higher 

solubility compared to the free form of RLA. A 6 g dose of the co-crystal which is the 

equivalent amount to 600 mg RLA was shown to increase the bioavailability of RLA by 

2.5 times22. 

3.1.2 α-Lipoamide 

 α-Lipoamide (LM), shown in Figure 3.4, is the amide derivative of LA not 

occurring naturally in either plants or animals. Like LA, LM is also an antioxidant, metal 

chelator, cofactor for mitochondrial energy metabolism and a regenerator of glutathione. 

LM can be used in the treatment of diabetes and neurodegenerative complications like 

LA23–25.  

 
Figure 3.4: Structure of a) racemic LM and b) RLM. 

The biomedical properties of LM are somewhat different from LA. LM can 

suppress oxidant-induced cell death like desferrioxamine (a powerful iron chelator) while 

LA cannot. It is proposed that higher concentration of LM versus LA in the cell is 

responsible for the ability to quench reactive iron protecting the cells25. LM is roughly 10 

times more effective than LA in stimulating mitochondrial energy production in fat cells. 

The mechanism of the higher potency of LM over LA is unknown23,24. It may be due to 
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their different abilities of cellular penetration. At physiological pH, LA is mainly charged 

(slower cellular membrane penetration) while LM is mainly neutral at any pH. LM is also 

more lipid soluble than LA resulting in a better cellular penetration23,25. It has been also 

reported that the potency of LM over LA may be related to its greater toxicity. LM is 

about 10 times more toxic but roughly 10 times more effective than LA. Therefore, 

dosages of LM should be a tenth of the dosages for LA. More detailed studies of LM 

toxicity should be conducted in the future to facilitate its potential use23.  

No crystal structure data have been reported in the literature on LM or (R)-α-

lipoamide (RLM), and they are described in the results section of this chapter. 

3.1.3 Phase Diagrams of Enantiomer Pairs 

There are two common types of phase diagrams for binary mixtures of 

enantiomers, the conglomerate system and the racemic system. In the conglomerate 

system, the racemic mixture of two enantiomers crystallizes as a mechanical mixture of 

the two enantiomeric phases. The melting points of the enantiomers are higher than the 

melting point of the racemate as shown in Figure 3.5 a). However, a more common type 

is the racemic system where the crystalline racemate is a single phase containing equal 

quantities of the two enantiomers. The racemic phase differs from pure enantiomers and 

has a higher melting point26 as shown in Figure 3.5 b). 

                      
Figure 3.5: Binary phase diagrams of a) conglomerate system and b) racemic system27. Reprinted with 
permission from ref. 27. Copyright 2010 American Chemical Society. 
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3.2 Experimental and Methodology 

3.2.1 Chemicals Utilized 

LA and RLA were obtained from NuSci® (USP grade) and Prescribed for Life™, 

respectively, and used as received. The chemicals were tested by NMR and IR 

spectroscopy; the data can be found within the Appendix from Figures 1A to 6A. LM and 

RLM have been synthesized and characterized by a group member, Farukh I. Ali. 

Characterization of LM and RLM can be found within the Appendix from Figures 7A to 

12A.  

Other chemicals of reagent grade or higher were used as received without further 

purification; they can be found in Table 3A within the Appendix. For the phase diagram 

studies, isonicotinamide (99%) and carbamazepine (≥98%) were obtained from Sigma-

Aldrich. 

3.2.2 Preparation Methods 

3.2.2.1 PXRD Screening for Co-crystals  

The combinations LA — bioactive compound were tested for co-crystallization 

using solvent assisted grinding followed by PXRD analysis. Due to the tendency of LA to 

polymerize, the procedure had to be changed from that described in section 2.2.2.2. LA 

and the bioactive compound were ground together in approximately 1:1 molar ratio with 

the addition of (L)-cysteine hydrochloride (5% of the total weight) to prevent the 

polymerization. The total mass of the sample was ~60 mg with a few droplets of 1-

pentanol to accelerate the formation of a new crystalline phase. The mixture would 

become waxy and was left to dry in air for five minutes before grinding into a fine 

powder. The material was then loaded into a flat stage holder and placed onto the flat 
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stage on the PANalytical’s diffractometer (section 1.5.1.1) where the PXRD data were 

collected. 

RLM was screened with the same procedure without the addition of (L)-cysteine 

hydrochloride, and ethanol was used instead of 1-pentanol as the solvent. In combinations 

with RLM, the mixtures would not turn waxy and grinding was continued until the 

solvent fully evaporated from the mortar. 

3.2.2.2 Preparation of Co-crystals 

 The combinations of LA and a bioactive compound with a positive screening test 

result were crystallized in attempt to isolate their co-crystals. Combinations of RLA and 

the same bioactive compounds were also subjected to crystallization in hope to obtain co-

crystals with RLA. It was assumed that the formation of a co-crystalline phase with LA 

automatically means the existence of the corresponding phase for RLA (but not vice 

versa). LA or RLA and the bioactive compound in a 1:1 molar ratio were dissolved using 

a solvent both components are soluble in. Solvents included MeOH, EtOH or 

isopropanol, and volumes ranged from 10-20 mL. Approximately 60 mg of LA or RLA 

was used. Stirring at room temperature was required to facilitate dissolution. The solution 

was filtered through cotton into a vial and set for evaporation. The rate of evaporation 

was controlled by slightly covering the opening of the vial. Crystallizations were stopped 

when crystals have formed and most of the solvent has evaporated. The products were 

tested with SCXRD to confirm a new co-crystalline phase. 

 An additional method of bulk crystalline material preparation was used to 

compare LA*carbamazepine and RLA*carbamazepine. The components of the co-

crystals were taken in the exact 1:1 molar ratio with the addition of 5% of the total weight 
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of L-cysteine hydrochloride for LA and 10% for RLA. The total amounts of 452.28 mg 

(LA) and 480.80 mg (RLA) were subjected to grinding in an agate mortar and pestle with 

the addition of 0.5 mL 1-pentanol for five minutes. The product was waxy and was left to 

dry for 20 minutes before grinding into a fine powder. The product was tested with 

PXRD using PANalytical diffractometer (section 1.5.1.1), IR using Thermo Fisher 

Scientific Nicolet iS10 FT-IR Spectrometer and DSC using Q2000 DSC analyzer from 

TA Instruments (section 1.5.2.1). 

3.2.2.3 Phase Diagrams 

The samples for the study of the phase diagram RLA — LA were prepared using 

the specific procedure described in section 1.5.4.2. The samples for the phase diagrams 

LA — isonicotinamide and LA — carbamazepine were prepared and studied using the 

general method described in the same section. Isonicotinamide and carbamazepine were 

ground into a fine powder beforehand. 

3.3 Results and Discussion 

3.3.1 α-Lipoic Acid Solids 

3.3.1.1 Crystal Structures of LA and RLA 

Prior to this thesis, the crystal structure of LA was reported13,14 with very high R-

values and the crystal structure of RLA was unknown. LA and RLA were dissolved in 

cyclohexane / anhydrous ethanol. Evaporation of the solutions at room temperature 

yielded yellow plate-like crystals. LA crystallizes in the monoclinic space group P21/c 

and RLA in the monoclinic space group P21 due to its chirality (Table 3.1). The 

structures of LA and RLA were solved down to R-values of 5.3 and 5.8%, respectively. 

Hydrogen bonding in both LA and RLA produces dimers that pack in the crystal through 

van der Waals forces, as illustrated in Figure 3.6. One can clearly see from Table 3.1 that 
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overall packing is more efficient in the racemic crystal, as its density is >3% higher. This 

may be seen as a driving force for the co-crystallization of the two enantiomers in a 

racemic crystal. 

Table 3.1: Results of single crystal X-ray diffraction analysis of LA and RLA. 

Formula LA, C8H14O2S2 RLA, C8H14O2S2 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21 
Unit cell 
a (Å) 
b 
c 
β(°) 
Volume (Å3) 

 
11.7726(2) 
9.94769(15) 
9.22521(19) 
109.296(2) 
1019.67(3) 

 
5.76224(12) 
9.6660(2) 
18.9694(4) 
94.992(2) 
1052.55(4) 

Z 4 4 
Densitycalc (g/cm3) 1.344 1.302 
R1 0.053 0.058 

 

 
Figure 3.6: Hydrogen bonded dimers in the LA crystal. 

3.3.1.2 Phase Diagram of Binary System RLA — LA 

The phase diagram was studied in the temperature range of -85 to 75 °C. The 

diagram is one half of the full diagram with the two enantiomers as components (R- and 

S- enantiomers of LA), with the other half being identical as a mirror image from basic 

principles. RLA melts at 48.8 °C (lit. 46-49 °C22) and LA melts at 61.0 °C (lit. 61-62 

°C12). The phase diagram type is consistent with the racemic system and not the 
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conglomerate system (Figure 3.7). From Table 6A within the Appendix, the eutectic 

average was calculated to be 44.2(8) °C. 

 

Figure 3.7: The phase diagram of the binary system RLA — LA. 

The melting point of LA is low and that of RLA is even lower, approaching the 

ambient temperature range. RLA is more active than LA, but its lower temperature limit 

of the solid phase existence imposes restrictions on the production, transportation and 

storage conditions for the RLA-containing formulations. From the phase diagram, the 

eutectic line representing the temperature at which the eutectic mixture melts is ~5 °C 

lower than the melting point of pure RLA. Since chemical degradation of α-lipoic acid is 

greatly accelerated when it is in a liquid state, the mixture is the least desired form, worse 

than pure RLA or LA. The creation of new forms of α-lipoic acid by making its co-

crystals with higher thermal stability in the solid state would help to address the described 

problems. 
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3.3.2 α-Lipoic Acid Co-crystals 

3.3.2.1 Screening Results of LA 

LA was used in combination with 38 various bioactive compounds including 

cyclic dipeptides, carboxylic acids, amines, amides, diols, esters, aldehydes, ethers and 

compounds with mixed functionalities, seen in Table 3.2. New crystalline phases were 

detected for six binary combinations where two (with nicotinamide and isonicotinamide) 

were already reported to form co-crystals20. The four other binary combinations included 

those with carbamazepine, cinnamic acid, melamine and thiourea. Isonicotinamide and 

nicotinamide were screened with LA to test the screening procedure.  

 From the screening results, it appears that five out of six bioactive compounds 

contain an amide functional group where four amides also contain a nitrogen heterocycle 

in its structure.  A new crystalline phase forms with isonicotinamide, but not with 

isonicotinic acid, that is replacing the amide group with a carboxylic acid group 

suppresses co-crystallization in this case. New crystalline phases form with 

isonicotinamide (para) and nicotinamide (meta), but not with picolinamide (ortho), 

suggesting that structural positioning of functional groups is critical for co-crystallization. 
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Table 3.2: Compounds used with LA in PXRD screening tests and the test results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Only functional groups able to form strong hydrogen bonds are taken into account. 
Molecules with more than three functionalities are denoted as “mixed”.                          
** “-” means no new crystalline phase formed in the screening test and “+” means a 
new crystalline phase was detected. 

Bioactive compound Class by functionality* Result** 
2-Picolinic acid Azine, carboxylic acid - 
5-Acetylsalicylamide Alcohol, amide, ketone - 
Acetaminophen Alcohol, amide - 
Acetylsalicylic acid Carboxylic acid, ester - 
Acrylamide Amide - 
Carbamazepine Amide, azepine + 
Cinnamic acid Carboxylic acid + 
Citric acid monohydrate Alcohol, carboxylic acid - 
Creatine Amine, carboxylic acid - 
Cyclo(Ala-Ala) Amide - 
Cyclo(Gly-Gly) Amide - 
Cyclo(Ile-Val) Amide - 
Cyclo(Leu-Ala) Amide - 
L-Cysteine Amine, carboxylic acid, thiol - 
dl-Epinephrine Alcohol, amine - 
Glycine Amine, carboxylic acid - 
Glycyl-glycine Amide, amine, carboxylic acid - 
Glutamic acid Amine, carboxylic acid - 
Glutamine Amide, amine, carboxylic acid - 
Isonicotinamide Amide, azine + 
Isonicotinic acid Azine, carboxylic acid - 
Lidocaine Amide, amine - 
Melamine Amine, azine + 
Methyl nicotinate Azine, ester - 
Nicotinamide Amide, azine + 
Oxamide Amide - 
Picolinamide Amide, azine - 
Pyrazinamide Amide, azine - 
Quinol Alcohol - 
(R)-Lipoamide Amide - 
(R/S)-Lipoamide Amide - 
Salicylic acid Alcohol, carboxylic acid - 
Thionicotinamide Azine, thioamide - 
Thiourea Thioamide + 
Thymine Amine, amide - 
Urea Amide - 
Vanillin Alcohol, ether, ketone - 
Vanillyl alcohol Alcohol, ether - 
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3.3.2.2 Crystallization Experiments 

In order to confirm co-crystallization in the positive screening tests, isolation of 

the co-crystals for crystal structure analysis and bulk single phase products for studies of 

their properties was attempted. The crystallizations were prepared using the procedure 

described in section 3.2.2.2. The results of these experiments are shown in Table 3.3. The 

PXRD patterns of cinnamic acid and thiourea obtained from screening tests were re-

examined. The new peaks were found to be due to polymorphs of these compounds and 

not a co-crystal.  

Table 3.3: Crystallization results of LA and RLA with bioactive compounds that formed new crystalline 
phases in the screening tests. Isolated crystals were tested by SCXRD to determine their unit cells. 

Bioactive 
compound 

LA or 
RLA 

Solvent  Results of SCXRD test 

 
Carbamazepine 

LA EtOH Co-crystal 
(LA*carbamazepine) 

RLA EtOH Co-crystal 
(RLA*carbamazepine) 

 
Cinnamic acid 

LA EtOH No usable crystals 
EtOH:H2O No usable crystals 

RLA EtOH No usable crystals 
 
 
 

Isonicotinamide 

 
 

LA 

 
MeOH  

Co-crystal 
(LA*isonicotinamide) 

(3 samples) 
Hexane:isopropanol  Co-crystal 

(LA*isonicotinamide) 
 

RLA 
Hexane:isopropanol  No usable crystals 

MeOH No usable crystals 
EtOH No usable crystals 

Melamine LA EtOH:H2O No usable crystals 
RLA EtOH:H2O No usable crystals 

Nicotinamide RLA EtOH No usable crystals 
Hexane:isopropanol  No usable crystals 

Thiourea LA EtOH LA (2 samples) 
RLA EtOH No usable crystals 
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3.3.2.3 Crystal Structure of LA*isonicotinamide 

LA*isonicotinamide formed a bulk of light yellow plate-like crystals with MeOH 

as the solvent. The co-crystal is triclinic, space group P-1, with the unit cell parameters 

listed in Table 3.4. The structure was solved down to an R-value of 3.8%.  

Table 3.4: Results of single crystal X-ray diffraction analysis of LA*isonicotinamide. 

Formula LA*isonicotinamide 
Crystal system Triclinic 
Space group P-1 
Unit cell 
a (Å) 
b 
c 
α (°) 
β 
γ 
Volume (Å3) 

 
6.62426(2) 
11.2677(4) 
12.4576(4) 
113.642(3) 
95.078(3) 
106.016(3) 
797.56(5) 

Z 2 
Densitycalc (g/cm3) 1.368 
R1 0.038 

 

 

Figure 3.8: One dimensional hydrogen bonded bands in LA*isonicotinamide co-crystal. 

The hydrogen bonding in the co-crystal is illustrated in Figure 3.8. 

Isonicotinamide forms homodimers in the structure, while LA molecules link these 

dimers in a band. Each LA molecule forms OH---N hydrogen bond to the azine group of 
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one dimer and O---HN hydrogen bond to the amide group of another. The bands pack 

together through van der Waals forces to create a three dimensional crystal structure. 

Table 3.5: Comparison of LA, isonicotinamide (ISON), a mixture of LA + ISON and the co-crystal. The 
distances are between two non-hydrogen atoms. 

 LA ISON LA + ISON LA*ISON 
Density (g/cm3) 1.344 1.347 1.346 1.368 
OH---O (Å) 
OH---O (deg.) 

2.65 
178.0 

- - - 

NH---O (Å)* 
NH---O (deg.) 

- 2.94 
161.0 

- 2.92 
167.2 

NH---N (Å) 
NH---N (deg.) 

- 2.99 
171.9 

- - 

NH---O (Å)** 
NH---O (deg.) 

- - - 2.99 
165.8 

OH---N (Å) 
OH---N (deg.) 

- - - 2.64 
169.8 

Reference This work 28 - This work 

* NH---O hydrogen bond with O atom on ISON 
** NH---O hydrogen bond with O atom on LA 

With the room temperature crystal structures of LA*isonicotinamide, LA and 

isonicotinamide, the densities and hydrogen bonding motifs can be compared and used to 

determine the driving forces for the co-crystallization. The comparison is made in Table 

3.5. The SCXRD density of LA*isonicotinamide (1.368 g/cm3) is higher than the 

calculated average density of a 1:1 mixture of LA and isonicotinamide (1.345 g/cm3). 

The comparison shows that more efficient packing is occurring in the co-crystal and 

could suggest a gain in van der Waals contribution to the lattice energy. This could be 

one of the driving forces for the co-crystallization to occur. From Table 3.5, a different 

mode of hydrogen bonding in the co-crystal is observed. Neither LA nor isonicotinamide 

form extra hydrogen bonds in the co-crystal. The bonds in the co-crystal appear to be 

slightly shorter and some bond angles get better or worse. It is not clear if the new 

hydrogen bonding motif helps in the formation of the co-crystal. 
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3.3.2.4 Phase Diagram of Binary System LA — Isonicotinamide 

The phase diagram was studied in the full concentration range and the 

temperature range of -85 to 175 °C (Figure 3.9). LA melts at 61.0 °C (lit. 61-62 °C12) and 

isonicotinamide melts at 156.2 °C (lit. 155-157 °C28). The co-crystal is the only binary 

compound that forms between LA and isonicotinamide. It is stable up until 92.2(3) °C, 

the temperature at which it melts congruently. The reaction for the congruent melting is 

LA*isonicotinamide(s) à liquor. The phase diagram type is consistent with visual 

observations in the Mel-Temp apparatus of an isolated co-crystal, which melted 

congruently, although the phase diagram is close to intermediate between the congruent 

and incongruent melting compound types. The crystallization field on the left from the 

binary compound is located between 46.7(6) and 92.2(3) °C within ~13-37 % of 

isonicotinamide. The crystallization field on the right from the binary compound is too 

small to be located from the experiments. From Table 7A within the Appendix, the 

eutectic average on that side was calculated to be 89.2(7) °C. 

 
Figure 3.9: Phase diagram of the binary system LA – isonicotinamide. Only positive temperature range is 
shown. 
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The main conclusions from the phase diagram study are the following. The co-

crystal is the only thermodynamically stable binary compound that could form between 

LA and isonicotinamide. The stoichiometry of the bulk co-crystals agrees with the 

formula LA*isonicotinamide obtained from SCXRD analysis. The eutectic mixture of 

isonicotinamide and LA*isonicotinamide has almost the same composition as the co-

crystal and is described as a degenerate eutectics. The composition of the liquid on 

melting is almost the same as that of the co-crystal. The most interesting conclusion is 

that LA exists as part of the co-crystalline phase in the solid state up to 92.2 °C which is 

~31 °C higher than the melting point of pure LA. LA polymerizes at temperatures above 

its melting point, but when the co-crystal melts, the formation of the polymer was not 

observed.  It was suggested that after melting the co-crystal of LA*nicotinamide the 

hydrogen bonded units may be preserved in the liquid phase20 and this could explain why 

the polymer does not form. Since LA is a reactive molecule quickly degrading in the 

liquid phase at elevated temperatures, co-crystallization appears to be a good way to 

stabilize the molecule in a product that may be exposed to heat during production, 

transportation and storage. 

3.3.2.5 Crystal Structures of LA*carbamazepine and RLA*carbamazepine 

LA*carbamazepine and RLA*carbamazepine produced light yellow needle-like 

crystals. These are two interesting co-crystals because both LA/RLA and carbamazepine 

can be used to treat diabetic neuropathy19. LA*carbamazepine crystallizes in the 

monoclinic space group P21/c and RLA*carbamazepine crystallizes in the monoclinic 

space group P21 (Table 3.6). The structures were solved down to the preliminary R-

values of 6.4% (LA*carbamazepine) and 7.4% (RLA*carbamazepine). 
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Table 3.6: Results of SCXRD of LA*carbamazepine and RLA*carbamazepine. 

Formula LA*carbamazepine RLA*carbamazepine 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21 
Unit cell 
a (Å) 
b 
c 
β (°) 
Volume (Å3) 

 
12.9507(4) 
5.7770(1) 
30.9775(6) 
100.481(2) 
2278.95(9) 

 
12.8438(2) 
5.58342(1) 
31.0195(4) 
100.182(1) 
2287.79(6) 

Z 4 4 
Densitycalc (g/cm3) 1.290 1.285 
R1 0.064 0.074 

  

The two structures are isomorphous to one another, with very minute differences 

in their unit cell parameters. The hydrogen bonding patterns for the structures are 

identical and are illustrated in Figure 3.10. LA and carbamazepine form hydrogen bonded 

dimers that bond to two adjacent identical dimers producing a one dimensional hydrogen 

bonded chain that extends into the page. 

 

Figure 3.10: Hydrogen bonded chains in the LA*carbamazepine co-crystal. 

With the room temperature crystal structures of LA*carbamazepine, LA and 

carbamazepine, the densities and hydrogen bonding motifs could be compared and used 
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to determine the driving forces for the co-crystallization. The comparison is made in 

Table 3.7. From the densities of the three, it does not appear that more efficient packing 

is occurring in the co-crystal. From Table 3.7, a new mode of hydrogen bonding in the 

co-crystal is observed. Both LA and carbamazepine form one extra hydrogen bond in the 

co-crystal, creating one dimensional hydrogen bonded chains, compared to the dimers 

formed in their pure structures. The LA OH---O in the co-crystal (O---O distance 2.57 Å) 

is shorter than the OH---O in pure LA (2.65 Å), however the angles of hydrogen bonds in 

the co-crystals deviate substantially from the optimal 180°. One of the driving forces for 

the formation of the co-crystal may be the formation of the new hydrogen bonds that 

satisfy hydrogen bonding capabilities of carbamazepine. The trends observed in 

LA*carbamazepine are all observed in RLA*carbamazepine and the comparison can be 

found in Table 8A within the Appendix. 

Table 3.7: Comparison of LA, carbamazepine (CBMZ), a mixture of LA + CBMZ and the co-crystal. The 
distances are between two non-hydrogen atoms.  

 LA CBMZ LA + CBMZ LA*CBMZ 
Density (g/cm3) 1.344 1.347 1.346 1.290 
OH---O (Å) 
OH---O (deg.) 

2.65 
178.0 

- - 2.57 
141.97 

NH---O (Å)* 
NH---O (deg.) 

- 2.93 
174.0 

- 2.93 
153.7 

NH---O (Å)** 
NH---O (deg.) 

- - - 2.96 
124.2 

* NH---O hydrogen bond to NH in the dimer 
** NH---O hydrogen bond to NH connecting dimers together 

The bulk samples of RLA*carbamazepine and LA*carbamazepine were prepared 

using the procedure described in section 3.2.2.2. A comparison of the bulk 

RLA*carbamazepine sample’s powder pattern and the powder pattern of bulk 

LA*carbamazepine are shown in Figure 3.11. The two patterns are almost identical, 

which is expected for isomorphic structures. All peaks are in the same position or slightly 
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shifted. An overall uniform shift (due to the instrumental factor) would indicate that the 

same structure is present, but the shifts in the powder patterns are not uniform and peaks 

are shifted in both directions. 

 
Figure 3.11: Experimental PXRD patterns of RLA*carbamazepine (red) and LA*carbamazepine (blue). 

The bulk samples were also evaluated by IR spectroscopy. In Figure 3.12, the 

bulk sample of LA*carbamazepine (purple) and the bulk sample of RLA*carbamazepine 

(red) match each other and match the spectrum of an isolated co-crystal of 

LA*carbamazepine (blue). It is evident that the two structures have the same functional 

groups and hydrogen bonding motif. IR provides more evidence of the two co-crystals 

being isomorphous. 

 



 87 

 
Figure 3.12: IR spectra of LA*carbamazepine (blue), bulk sample of LA*carbamazepine (purple) and bulk 
sample of RLA*carbamazepine (red). 

 
The thermal stability of LA*carbamazepine and RLA*carbamazepine were 

evaluated by DSC. The DSC thermogram of a single crystal isolated from the 

crystallization mixture is shown in Figure 3.13 (LA*carbamazepine) and Figure 3.14 

(RLA*carbamazepine). The endotherm with the onset at 98.7 °C in Figure 3.13 is due to 

the congruent melting of LA*carbamazepine into liquor and the next thermal event is due 

to the decomposition of the liquor. The congruent mode of melting was confirmed 

visually by melting a single crystal in the Mel-Temp apparatus. The co-crystal melted 

completely within 100.5-101.3 °C (heating rate 2.0 °C/min). The endotherm with the 

onset at 88.5 °C in Figure 3.14 is due to the melting of RLA*carbamazepine. A poor 

quality single crystal of RLA*carbamazepine was melted in the Mel-Temp apparatus 

incongruently within 97.4-98.2 °C (heating rate 1.2 °C/min). The remaining solid after 

the melting of the co-crystal melted at ~180 °C. The substitution of RLA for LA in the 
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co-crystal reduces the melting point and causes the co-crystal to melt incongruently into 

solid carbamazepine and liquor. 

 

Figure 3.13 DSC thermogram of a single crystal of LA*carbamazepine (2.61 mg). 

 

Figure 3.14: DSC thermogram of a poor quality single crystal of RLA*isonicotinamide (2.60 mg). 
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 The two co-crystals have similar crystal structures and the 1:1 stoichiometry. The 

bulk phases reveal higher thermal stability than the corresponding forms of pure α-lipoic 

acid by 38-40 °C. It may suggest that LA and RLA are good co-crystallization agent 

candidates for compounds containing azine and amide functional groups. 

3.3.2.6 Phase Diagram of Binary System LA — Carbamazepine 

The phase diagram was studied in the full concentration range and the 

temperature range of -85 to 200 °C (Figure 3.15). LA melts at 61.0 °C (lit. 61-62 °C12) 

and carbamazepine melts at 190.8 °C (lit. 190-191 °C30). The co-crystal is the only binary 

compound that forms between LA and carbamazepine. It is stable up until 98.7 °C, the 

temperature at which it melts congruently. The reaction for the congruent melting is 

LA*carbamazepine (s) à liquor. The phase diagram type is consistent with visual 

observations in the Mel-Temp apparatus of an isolated co-crystal, which melted 

congruently. The crystallization field on the left from the binary compound is located 

between 46 and 98.7 °C within ~8-53 % of carbamazepine. The crystallization field on 

the right from the binary compound is too small to be located from the experiments. From 

Table 9A within the Appendix, the eutectic average on that side was calculated to be 

97.2(4) °C. 
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Figure 3.15: Phase diagram of the binary system LA – carbamazepine. Only positive temperature range is 
shown. 

This phase diagram is similar to the phase diagram LA — isonicotinamide in that 

it is close to intermediate between the congruent and incongruent melting compound 

types. As a result, the crystallization field on the right from the binary compound is also 

very small and the eutectic composition between the co-crystal and carbamazepine is also 

degenerate. The conclusions from the phase diagram study are the following. The co-

crystal is the only thermodynamically stable binary compound that forms in the system. 

The composition of the liquid on melting of the degenerate eutectics is almost the same 

as the co-crystal in the solid phase. The most important conclusion is that LA does exist 

as part of the co-crystalline phase in the solid state up to 98.7 °C which is ~38 °C higher 

than the melting point of pure LA. The polymer also does not form in the system, as it did 

not in LA*isonicotinamide, suggesting that the hydrogen bonded units survive in the 

liquid state. Co-crystallization of LA with carbamazepine enhances its stability in the 

solid state, which could be beneficial for production, transportation and storage. 
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3.3.3  α-Lipoamide 

3.3.3.1 Crystal Structures and Thermal Properties of LM and RLM 

Prior to this thesis, the crystal structures of (R/S)-α-lipoamide (LM) and (R)-α-

lipoamide (RLM) were unknown. LM grew as thin light yellow plate-like crystals from a 

solution of 5 mL cyclohexane, 3 mL EtOH and 1 mL acetone left for evaporation at room 

temperature. RLM grew as thin light yellow plate-like crystals from a solution of 7 mL 

acetonitrile and 1mL EtOH left for evaporation at room temperature. LM crystallizes in 

the monoclinic space group P21/c and RLM in the monoclinic space group P21 due to its 

chirality (Table 3.8). The crystal structures of LM and RLM were solved to the 

preliminary R-values of 7.6 and 10.5%, respectively. The hydrogen bonding motif in both 

LM and RLM is a one dimensional hydrogen bonded chain; the chains pack in the crystal 

through van der Waals forces as illustrated in Figure 3.16. As in the case of α-lipoic acid, 

the racemic crystal displays denser packing with >6% higher density than the crystal of 

pure enantiomer (Table 3.8). 

Table 3.8 Results of single crystal X-ray diffraction analysis of LM and RLM. 

Formula LM, C8H15NOS2 RLM, C8H15NOS2 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21 
Unit cell 
a (Å) 
b 
c 
β (°) 
Volume (Å3) 

 
17.7744(7) 
5.89349(14) 
9.9550(2) 
100.470(3) 
1025.45(5) 

 
9.8223(2) 
5.83352(16) 
18.6327(5) 
90.107(2) 
1067.63(5) 

Z 4 4 
Densitycalc (g/cm3) 1.359 1.277 
R1 0.076 0.105 
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Figure 3.16: Hydrogen bonded chains in the crystal of LM. 

The thermal stabilities of LM and RLM were evaluated by DSC. The DSC 

thermograms of single crystals isolated from crystallization mixtures are shown in Figure 

3.17 (LM) and Figure 3.18 (RLM). The endotherm corresponding to the melting of LM 

had an onset at 132.1 °C, and the melting range observed in the Mel-Temp apparatus was 

132.9-133.4 °C (heating rate 0.53 °C/min). The endotherm corresponding to the melting 

of RLM had an onset at 120.6 °C and the melting range in the Mel-Temp apparatus was 

122.8-123.4 °C (heating rate 0.75 °C/min). The melting point drastically increased by 

~71 °C on changing the carboxylic acid group in LA/RLA to amide group in LM/RLM. 

This increase can be attributed to the additional hydrogen bonding in the amides leading 

to a one dimensional hydrogen bonding pattern in the crystals. 
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Figure 3.17: DSC thermogram of a single crystal of LM (3.41 mg). 

  

 
Figure 3.18: DSC thermogram of a single crystal of RLM (0.52 mg). 
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3.3.3.2 Screening Results for RLM 

As described earlier in this chapter, LA forms co-crystals with a range of 

bioactive molecules. In order to investigate what gives LA this property, two factors can 

be examined, specific shape and/or unbalanced hydrogen bonding. When LA forms a 

dimer, it has a shape that resembles wheel and axle geometry characteristic of many host 

species31. There is also unbalanced hydrogen bonding in the crystals of LA as it has one 

hydrogen bond donor and two to four hydrogen bond acceptors depending on the steric 

hindrance around the OH accepting group. To test these two factors, one should be kept 

constant and the other altered. LM has almost the same shape as LA, but differs in the 

amount of hydrogen bond donors and acceptors. LM has two hydrogen bond donors and 

two to three acceptors depending on the steric hindrance around RNH2. RLM was used 

for screening experiments, as it should have greater co-crystallization potential than LM 

due to its chirality causing less efficient packing. RLM was used in combination with 20 

various bioactive compounds including cyclic dipeptides, carboxylic acids, amines, 

amides, diols, esters, ethers and compounds with mixed functionalities. No new 

crystalline phases where observed between RLM and any of the compounds listed in 

Table 3.9. 
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Table 3.9: Compounds used in screening tests for co-crystallization with RLM and the test results 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Only functional groups able to form strong hydrogen bonds are taking into account. 
Molecules with more than three functionalities are denoted as “mixed”. 

** “-” means no new crystalline phase formed in the screening test. 
 

Changing the carboxylic functional group to amide has completely changed the 

properties of the species. The thermal and chemical stability of both LM and RLM has 

heavily improved as seen in their high melting points and no disposition for 

polymerization. For screening experiments with LA and RLA, special procedures had to 

be used to avoid the polymerization of LA, whereas screening experiments with RLM 

were conducted according to a standard procedure without stabilizing additives. 

Changing the balance of hydrogen bond acceptors and donors has yielded a different 

hydrogen bonding motif. In LA/RLA, the molecules create discrete hydrogen bonded 

Bioactive compound Class by functionality* Result** 
Acetylsalicylic acid Carboxylic acid, ester - 
Carbamazepine Amide, azepine - 
Curcumin Alcohol, ether, ketone - 
Cyclo(Gly-Gly) Amide - 
dl-Epinephrine Alcohol, amine - 
Isoniazid Azine, hydrazide - 
Isonicotinamide Amide, azine - 
Isonicotinic acid Azine, carboxylic acid - 
Isovanillin Alcohol, aldehyde, ether - 
Melamine Amine, azine - 
Nicotinamide Amide, azine - 
Nicotinic hydrazide Azine, hydrazide - 
Piroxicam Mixed - 
Pyrazinamide Amide, azine - 
Riboflavin Alcohol, amide, amine - 
Sorbic acid Carboxylic acid - 
Thiamine hydrochloride Mixed - 
Thiourea Thioamide - 
Urea Amide - 
Vanillin Alcohol, ether, ketone - 
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dimers (zero dimensional motif) that are typically seen in carboxylic acids. In LM/RLM, 

dimers are also present but the extra hydrogen bond donor creates a one dimensional 

chain where all hydrogen bonding sites on the carbonyl are satisfied.  

Unlike LA and RLA, RLM did not yield any new crystalline phases with bioactive 

compounds. This is likely a result of the balance of hydrogen bonding sites in the 

molecule, leading to energetically more stable crystal phases with extending hydrogen 

bonding motif and no drive for co-crystallization. As a conclusion, the ability of LA/RLA 

to form co-crystals seems to arise from the unbalanced hydrogen bond donors to 

acceptors ratio in the molecule. 

3.4 Conclusions and Future Work 

 From screening and crystallization experiments with LA and RLA, three co-

crystals were isolated and analyzed. LA was co-crystallized with isonicotinamide and 

carbamazepine and RLA was co-crystallized with carbamazepine. Prior to this project, 

only three co-crystals of LA were known, with nicotinamide, isonicotinamide and trans-

cinnamamide20. All the molecules co-crystallized with LA contained amide functional 

groups. The crystal structures displayed extended hydrogen bonded motif not present in 

the crystals of pure LA and RLA. Future work could explore the ability of LA and RLA 

to co-crystallize with various amide-containing molecules or other molecules that could 

improve the unbalanced hydrogen bond donors to acceptors ratio in α-lipoic acid.  

Another interesting task is to determine the solubility properties of the 

LA*carbamazepine co-crystal and compare it with the solubility of pure carbamazepine. 

Carbamazepine is a very poorly soluble drug, while LA is readily soluble in both 

hydrophobic and hydrophilic media. The co-crystals of LA and RLA with carbamazepine 
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may be used to illustrate the use of α-lipoic acid forms in the pharmaceutical industry to 

enhance the solubility of poorly soluble drugs. 

 There were no positive screening results with RLM and the same may be assumed 

for LM. This result appears to be a consequence of better balance between hydrogen 

bond donor and acceptor sites in the amide molecule. Despite negative results of the 

screening tests, they reveal the importance of the hydrogen bonding factor in the design 

of new co-crystals and will help to develop better strategies in future design endeavors. 

3.5 References 

1. Packer, L. & Cadenas, E. Lipoic acid: energy metabolism and redox regulation of 
transcription and cell signaling. J. Clin. Biochem. Nutr. 48, 26–32 (2010). 

2. Golbidi, S., Badran, M. & Laher, I. Diabetes and Alpha Lipoic Acid. Front. 
Pharmacol. 2, 1–15 (2011). 

3. Packer, L., Witt, E. H. & Tritschler, H. J. Alpha-lipoic acid as a biological 
antioxidant. Free Radical Bio. Med. 19, 227–250 (1995). 

4. Peana, A. T., Muggironi, G., Fois, G. & Diana, M. Alpha-Lipoic Acid Reduces 
Ethanol Self-Administration in Rats. Alcohol. Clin. Exp. Res. 37, 1816–1822 
(2013). 

5. Arner, E. S. J., Nordberg, J. & Holmgren, A. Efficient Reduction of Lipoamide 
and Lipoic Acid by Mammalian Thioredoxin Reductase. Biochem. Biophys. Res. 
Commun. 225, 268–274 (1996). 

6. Patel, M. & Packer, L. Lipoic Acid: Energy Production, Antioxidant Activity and 
Health Effects. (CRC Press: Boca Raton, 2008). 

7. Shay, K. P., Moreau, R. F., Smith, E. J., Smith, A. R. & Hagen, T. M. Alpha-lipoic 
acid as a dietary supplement: Molecular mechanisms and therapeutic potential. 
Biochim. Biophys. Acta - Gen. Subj. 1790, 1149–1160 (2009). 

8. Reed, L. J., Debusk, B. G., Gunsalus, I. C. & Hornberger, C. S. Crystalline α-
Lipoic Acid: A Catalytic Agent Associated with Pyruvate Dehydrogenase. Science 
114, 93–94 (1951). 

9. Raddatz, G. & Bisswanger, H. Receptor site and stereospecifity of 
dihydrolipoamide dehydrogenase for R- and S-lipoamide: A molecular modeling 
study. J. Biotechnol. 58, 89–100 (1997). 

10. Fuchs, J., Packer, L. & Zimmer, G. Lipoic Acid in Health and Disease. (CRC 
Press: New York, 1997). 

11. Thomas, R. C. & Reed, L. J. Disulfide Polymers of DL-α-Lipoic Acid. J. Am. 
Chem. Soc. 78, 6148–6149 (1956). 

12. Kisanuki, A., Kimpara, Y., Oikado, Y., Kado, N., Matsumoto, M. & Endo, K. 
Ring-opening polymerization of lipoic acid and characterization of the polymer. J. 
Polym. Sci. Part A Polym. Chem. 48, 5247–5253 (2010). 



 98 

13. Karle, I. L., Estlin, J. A. & Britts, K. The structure of the twinned crystal of D-L-6-
thioctic acid, C8H14O2S2. Acta Crystallogr. 22, 567–573 (1967). 

14. Stroud, R. M. & Carlisle, C. H. A single-crystal structure determination of DL-6-
thioctic acid, C8H14O2S2. Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. 
Chem. 28, 304–307 (1972). 

15. Ziegler, D., Hanefeld, M., Ruhnau, K. J., Hasche, H., Lobisch, M., Schütte, K., 
Kerum, G. & Malessa, R. Treatment of symptomatic diabetic polyneuropathy with 
the antioxidant alpha-lipoic acid: a 7-month multicenter randomized controlled 
trial (ALADIN III Study). ALADIN III Study Group. Alpha-Lipoic Acid in 
Diabetic Neuropathy. Diabetes Care 22, 1296–1301 (1999). 

16. Bashan, N., Kovsan, J., Kachko, I., Ovadia, H. & Rudich, A. Positive and Negative 
Regulation of Insulin Signaling by Reactive Oxygen and Nitrogen Species. 
Physiol. Rev. 89, 27–71 (2009). 

17. Ziegler, D. Thioctic Acid for Patients with Symptomatic Diabetic Polyneuropathy. 
Treat. Endocrinol. 3, 173–189 (2004). 

18. Jacob, S., Henriksen, E. J., Tritschler, H. J., Augustin, H. J. & Dietze, G. J. 
Improvement of insulin-stimulated glucose-disposal in type 2 diabetes after 
repeated parenteral administration of thioctic acid. Exp. Clin. Endocrinol. Diabetes 
104, 284–288 (1996). 

19. Patel, N., Mishra, V., Patel, P. & Dikshit, R. K. A study of the use of 
carbamazepine, pregabalin and alpha lipoic acid in patients of diabetic neuropathy. 
J. Diabetes Metab. Disord. 13, 62-68 (2014). 

20. Zhao, L., Raval, V., Briggs, N. E. B., Bhardwaj, R. M., McGlone, T., Oswald, I. D. 
H. & Florence, A. J. From discovery to scale-up: α-lipoic acid : nicotinamide co-
crystals in a continuous oscillatory baffled crystalliser. CrystEngComm. 16, 5769-
5780 (2014). 

21. Racz, C., Borodi, G., Pop, M. M., Kacso, I., Santa, S. & Tomoaia-Cotisel, M. 
Structure of the inclusion complex of β-cyclodextrin with lipoic acid from 
laboratory powder diffraction data. Acta Crystallogr. Sect. B Struct. Crystallogr. 
Cryst. Chem. 68, 164–170 (2012). 

22. Ikuta, N., Okamoto, H., Furune, T., Uekaji, Y., Terao, K., Uchida, R., Iwamoto, 
K., Miyajima, A. & Hirota, T. Bioavailability of an R-α-Lipoic Acid /γ-
Cyclodextrin Complex in Healthy Volunteers. Int. J. Mol. Sci. 17, 1–10 (2016). 

23. Shen, W., Hao, J., Feng, Z., Tian, C., Chen, W., Packer, L., Shi, X., Zang, W. & 
Liu, J. Lipoamide or lipoic acid stimulates mitochondrial biogenesis in 3T3-L1 
adipocytes via the endothelial NO synthase-cGMP-protein kinase G signalling 
pathway. Br. J. Pharmacol. 162, 1213–1224 (2011). 

24. Zhao, L., Liu, Z., Jia, H., Feng, Z., Liu, J. & Li, X. Lipoamide Acts as an Indirect 
Antioxidant by Simultaneously Stimulating Mitochondrial Biogenesis and Phase II 
Antioxidant Enzyme Systems in ARPE-19 Cells. PLoS One 10, e0128502 (2015). 

25. Persson, H. L., Svensson, A. I. & Brunk, U. T. α-Lipoic acid and α-lipoamide 
prevent oxidant-induced lysosomal rupture and apoptosis. Redox Rep. 6, 327–334 
(2001). 

26. Wang, Y. & Chen, A. M. Enantioenrichment by Crystallization. Org. Process Res. 
Dev. 12, 282–290 (2008). 

27. Srisanga, S. & Horst, J. H. Racemic Compound, Conglomerate, or Solid Solution: 



 99 

Phase Diagram Screening of Chiral Compounds. Cryst. Growth Des. 10, 1808–
1812 (2010). 

28. Eccles, K. S., Deasy, R. E., Fabian, L., Braun, D. E., Maguire, A. R. & Lawrence, 
S. E. Expanding the crystal landscape of isonicotinamide: concomitant 
polymorphism and co-crystallisation. CrystEngComm. 13, 6923–6925 (2011). 

29. Reboul, J. P., Cristau, B., Soyfer, J. C. & Astier, J. P. 5H-
Dibenz[b,f]azépinecarboxamide-5 (carbamazépine). Acta Crystallogr. Sect. B 
Struct. Crystallogr. Cryst. Chem. 37, 1844–1848 (1981). 

30. Aparecida, M., Pinto, L., Ambrozini, B., Paula, A., Ferreira, G., Tadeu, E. & 
Cavalheiro, G. Thermoanalytical studies of carbamazepine: hydration/ 
dehydration, thermal decomposition, and solid phase transitions. Brazilian J. 
Pharm. Sci. 50, 877–884 (2014). 

31. Soldatov, D. V. Soft organic and metal-organic frameworks with porous 
architecture: From wheel-and-axle to ladder-and-platform design of host 
molecules. J. Chem. Crystallogr. 36, 747–768 (2006). 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 



 100 

 
 
 

 
 
 
 

Chapter Four: 
Concluding Remarks 

  



 101 

4 Concluding Remarks 

Two studies described in chapters 2 and 3 of this thesis were parts of the same 

overall study on the search for new co-crystallization agents and the development of 

knowledge for better understanding of factors governing the co-crystallization 

phenomenon. Co-crystallization agents are important for industrial use, especially in the 

pharmaceutical industry. Combining the solid state structure analysis and the phase 

diagram determination yielded complementary results. The solid state structure analysis 

provided information on the crystal structure of various co-crystals and the phase diagram 

data were useful for characterizing the stability and decomposition modes of these co-

crystals. The phase diagram method was very informative but was complicated by c2G 

co-crystallization kinetics in the first part and by the degradation of LA in the second 

part. 

c2G, LA and RLA have been successfully co-crystallized with various bioactive 

compounds. c2G has been co-crystallized with sesamol, a powerful antioxidant, and 

carbamazepine, a drug used for the treatment of epilepsy and seizures. LA has been co-

crystallized with isonicotinamide, an isomer of vitamin B3, and carbamazepine. RLA has 

been co-crystallized with carbamazepine. Phase diagrams of four binary systems were 

studied, three of which were systems that contained a co-crystal as a binary compound.  

In both studies, the compounds used as the co-crystallization agents are bioactive 

and, with the exception of one compound, are chiral. Since the co-crystallization agents 

used are bioactive themselves, they could be considered as an active ingredient rather 

than an excipient. In other words, co-crystals containing these co-crystallization agents 

would contain two active ingredients and provide two therapeutic effects. These co-
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crystals could also contain one active ingredient to provide a therapeutic effect and 

another as a nutraceutical agent. In chapter two, cyclic dipeptides are studied as co-

crystallization agents and all cyclic dipeptides other than c2G are chiral. In chapter three, 

both racemic and chiral LA/LM are described. 

Considering that most of the compounds studied as co-crystallization agents are 

chiral, determining if chiral recognition could be used in the design of co-crystals using 

these co-crystallization agents would be very interesting. This would involve screening 

chiral cyclic dipeptides and RLA with both enantiomers of chiral bioactive compounds. 

Racemic LA could also be studied with chiral bioactive compounds to yield 

enantiospecific co-crystals or co-crystals containing racemic LA. Chiral recognition in 

pharmaceutical co-crystals would be extremely important as chirality plays a critical role 

in the design and bioactivity of drugs. 

 

 

 

 

 



 103 

Appendix 

Table 1A: Amino acid residues that have been mentioned in this thesis. 

Amino Acid Three Letter 
Notation 

One Letter  
Notation 

Side Group  
(R) 

α-Aminobutyric 
acid 

Abu - CH2CH3 

Alanine Ala A CH3 
Aspartic acid Asp D CH2COOH 

Cysteine Cys C CH2SH 
Glutamic acid Glu E CH2CH2COOH 

Glycine Gly G H 
Isoleucine Ile I CH(CH3)CH2CH3 

Phenylalanine Phe F CH2C6H5 
Serine Ser S CH2OH 
Valine Val V CH(CH3)2 

 
 

Table 2A: Cyclic dipeptides that have been used for co-crystal screening. 

Cyclic dipeptide Structure 
2,5-Diketopiperazine (c2G) 

 
(3S,6S)-3-Ethyl-6-
methylpiperazine-2,5-dione 
(cyclo(Abu-Ala)) 

 
(3S,6S)-3-sec-butyl-6-
Isopropylpiperazine-2,5-dione 
(cyclo(Ile-Val)) 

 

N
H

H
N O

O

N
H

H
N O

O

N
H

H
N O

O



 104 

(3S,6S)-3-Isobutyl-6-
methylpiperazine-2,5-dione 
(cyclo(Leu-Ala)) 

 
(3S, 6S)-3,6-
Dibenzylpiperazine-2,5-dione 
(cyclo(Phe-Phe)) 

 
 

Table 3A: Bioactive molecules selected for co-crystal screening (exist as solids at room temperature). 

Bioactive molecule Structure 
1,8-Octanediol 

 
1,12-Dodecanediol 

 
2-Amino-2-methyl-
1,3-propanediol 

 
2-Aminopyrazine 

 
2-Bromo-2-nitro-
1,3-propanediol 

 
2-Butyl-2-ethyl-1,3-
propanediol 

 

N
H

H
N O

O

N
H

H
N

O

O

HO
OH

HO
OH

HO OH

H2N

N

N

NH2

HO

HO

N+

O

O-

Br

OH

HO
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2,2-Dimethyl-1,3-
propanediol 

 
2-Phenyl-2-propanol 

 
2-Picolinic acid 

 
2,6-
Pyridinedicarboxylic 
acid 

 
4,4′-Biphenyl 
dicarboxylic acid 

 
5-
Acetylsalicylamide 

 
Acetaminophen 

 

OHHO

OH

N

O

OH

N

O

HO

O

OH

O

OHO

HO

OH

O

NH2

O

HO

H
N

O
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Acetovanillone 

 
Acetylsalicylic acid 

 
Acrylamide 

 
Carbamazepine 

 
Cholesterol 

 

O

O

HO

O

O OH

O

NH2

O

N

O NH2

HO

H

H

H
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Cholic Acid 

 
Cinnamic acid 

 
Citric acid 
monohydrate 

 
Creatine 

 
Curcumin  

 
 

HO
H

OH

OH

O

OH

H

H

H

OH
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OH
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Cyclo(Ala-Ala) 

 
L-Cysteine 

 
Cytidine 

 
Cytosine 

 
dl-Epinephrine 

 
trans-2-Ethoxy-5-(1-
propenyl)phenol 

 

N
H

H
N

O

O

HS OH

O
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Glutamic acid 

 
Glutamine 

 
Glycine 

 
Glycyl-glycine 

 
Isoniazid 

 
Isonicotinamide 

 

HO

O O
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NH2

H2N OH
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Isonicotinic acid 

 
Isovanillin 

 
Lidocaine 
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Methyl nicotinate 

 
Nicotinamide 
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Nicotinic hydrazide 

 
Orcinol 

 
Oxamide 

 
Phloroglucinol 

 
Picolinamide 

 
Pimelic acid 

 
Piperazine 
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Piroxicam 

 
Pyrazinamide 

 
Pyrazine-2-
carboxylic acid 

 
Pyridine-2-
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Riboflavin 

 
Salicylic acid 

 
Sesamol 

 
Sorbic acid 

 
Starch 
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Succinic acid 

 
Syringol 

 
Taurine 

 
Thiamine 
hydrochloride 

 
Thionicotinamide 

 
Thiourea 
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Thymine 

 
Urea 

 
o-Vanillin 

 
Vanillin 

 
Vanillyl alcohol 

 
 
Table 4A: TGA experiments of saturated liquid over solid phase for the mixture of sesamol and c2G at 
80°C and of pure components for corrections. 

Sample Sample 
mass (mg) 

Comments 

Saturated 
liquid 

35.75 1.70 ± 0.15 mg of 
c2G per 35.75 mg of 
liquid sample 

c2G 2.05 TGA of pure c2G for 
corrections (extra 
ground) 

Sesamol 30.64 TGA of pure sesamol 
for corrections 
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Table 5A: Samples of pure components and mixtures and the temperatures of thermal effects of phase 
transitions in the sesamol — c2G system from DSC. Thermal effect (J/g) is given in brackets. * represents 
a metastable peak and x represents a peak with irregular shape. 

% c2G Eutectic T 
(Q) 

Peritectic 
T (Q) 

Other or 
liquidus 

Comment 

0   64.13°C 
(111.6) 

Melting point 
of sesamol 

100   Endo/exo/endo 
starts @ 
~290°C 

Decomposition 
of c2G 

100   Starts 290-
300°C 

Decomposition 
of c2G 

4.98 56.73 °C 
(92.1) 

 98±6°C  

8.60 55.44 °C 
(77.8) 

 107±5°C  

17.37 54.83 °C 
(69.0) 

 99.75 °C 
(14.8) onset or 

103±3°C 

 

19.99 57.41 °C 
(73.56) 

102.3 °C 
(11.87) 

  

24.48 54.0 °C 
(48.0) 

103.7 °C 
(79.6x) 

  

29.23 (calc)  107.4 °C 
(101.9) 

 
 

Melting of co-
crystal 

35.93 56.4 °C 
(30.7)* 

103.6 °C 
(92.4) 

  

48.65  102.5 °C 
(87.1x) 

  

65.42  103.5 °C 
(58.4) 

  

78.52  101.9 °C 
(32.9) 

  

89.42  100.6 °C 
(15.3) 

  

8.34 59.10 °C 
(96.0) 

 100±5°C  

16.98 58.19 °C 
(78.5) 

 104±3°C  

25.94 57.45 °C 
(66.3) 

101.4 °C 
(15.0) 

  

35.08 56.80 °C 
(55.9)* 

102.8 °C 
(34.6) 

  

44.94 55.90 °C 
(43.2)* 

102.7 °C 
(42.7) 

  

54.60 56.40 °C 102.7 °C   
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(32.5)* (51.8) 
63.89 56.80 °C 

(21.8)* 
102.1 °C 

(54.1) 
  

74.65 ~52.60 °C 
(~5.0)* 

101.6 °C 
(43.8) 

  

87.80  101.4 °C 
(28.0) 

  

 
 

 
Figure 1A: 1H NMR of LA in CDCl3 at 400 MHz. 
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Figure 2A: 13C NMR of LA in CDCl3 at 400 MHz. 

 

 
Figure 3A: IR spectrum of LA. 

 



 119 

 
Figure 4A: 1H NMR of RLA in CDCl3 at 400 MHz. 
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Figure 5A: 13C NMR of RLA in CDCl3 at 400 MHz. 

 

 
Figure 6A: IR spectrum of RLA. 
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Figure 7A: 1H NMR of LM in CDCl3 at 400 MHz. 

 
Figure 8A: 13C NMR of LM in CDCl3 at 400 MHz. 
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Figure 9A: IR spectrum of LM. 

Figure 10A: 1H NMR of RLM in CDCl3 at 400 MHz. 
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Figure 11A: 13C NMR of RLM in CDCl3 at 400 MHz. 

 

 
Figure 12A: IR spectrum of RLM. 
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Table 6A: Samples of pure components and mixtures and the temperatures of thermal effects of phase 
transitions in the RLA - LA system from DSC. Thermal effect (J/g) is given in brackets.  
* represents a peak with irregular shape. 

% LA Eutectic T 
(Q) 

Other or 
liquidus 

Comment 

0  48.83 °C 
(100.7) 

Melting point of 
RLA 

100  60.98°C 
(132.4) 

Melting point of 
LA 

5.08  47.90 °C 
(93.15) 

 

10.02  46.86 °C 
(89.52)* 

 

14.69  47.98 °C 
(104.9)* 

 

20.02  46.75 °C 
(91.42)* 

 

24.81  46.44 °C 
(103.7)* 

 

29.98 44.56 °C 
(80.88)* 

51.87 °C 
(2.62)* 

 

39.94 45.39 °C 
(25.12) 

52.89 °C 
(13.42) 

 

49.83 43.18 °C 
(17.93) 

52.56 °C 
(24.72) 

 

59.90 44.29 °C 
(23.56) 

54.38 °C 
(41.70) 

 

69.78 44.65 °C 
(23.40) 

55.67 °C 
(63.75) 

 

80.00 43.24 °C 
(8.56) 

56.60 °C 
(83.48) 

 

89.98 44.16 °C 
(5.54) 

58.05 °C 
(112.8) 
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Table 7A: Samples of pure components and mixtures and the temperatures of thermal effects of phase 
transitions in the LA - isonicotinamide system from DSC. Thermal effect (J/g) is given in brackets.  
* represents a peak with irregular shape. 

% Isonicotinamide Eutectic T 
(Q) 

Other or liquidus Comment 

0  60.98 °C  
(132.4) 

Melting point of 
LA 

100  156.21 °C 
(183.7) 

Melting point of 
isonicotinamide 

5.17 46.01 °C 
(39.05) 

60.18 °C 
(2.53)* 

 

10.22 46.37 °C 
(30.69) 

58.57 °C 
(26.86)* 

 

15.32 48.34 °C 
(15.94) 

69.55 °C 
(60.85)* 

 

20.78 48.13 °C 
(5.22) 

74.67 °C 
(50.39)* 

 

24.95 57.22 °C 
(107.7) 

77.24 °C 
(18.73) 

 

30.27 56.53 °C 
(90.65)* 

88.52 °C 
(111.3) 

 

37.18 (calc)  90.93 °C 
(132.7) 

Melting point of 
co-crystal 

37.18 (calc)  92.35 °C 
(145.3) 

Melting point of 
co-crystal 

37.18 (calc)  94.53 °C 
(144.5) 

Melting point of 
co-crystal 

37.18 (calc)  91.12 °C 
(141.7) 

Melting point of 
co-crystal 

37.87 90.55 °C 
(64.08) 

  

45.40 90.59 °C 
(107.9) 

102.34 °C 
(15.85)* 

 

51.14 87.56 °C 
(77.69) 

106.33 °C 
(30.99)* 

 

60.82 90.55 °C 
(63.72) 

117.08 °C 
(50.79)* 

 

70.26 90.36 °C 
(54.89) 

134.21 °C 
(79.71)* 

 

80.50 90.06 °C 
(40.19) 

138.17 °C 
(108.6)* 

 

87.88 89.72 °C 
(24.80) 

144.05 °C 
(135.8)* 

 

95.19 88.46 °C 
(6.61) 

152.24 °C 
(159.5)* 
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Table 8A: Comparison of RLA, carbamazepine (CBMZ), a mixture of RLA + CBMZ and the co-crystal. 
The distances are between two non-hydrogen atoms. 

 RLA CBMZ RLA + CBMZ RLA*CBMZ 
Density (g/cm3) 1.302 1.347 1.325 1.285 
OH---O (Å) 
OH---O (deg.) 

2.63 
170.1 

- - 2.57 
156.9 

NH---O (Å)* 
NH---O (deg.) 

- 2.93 
174.0 

- 2.95 
156.4 

NH---O (Å)** 
NH---O (deg.) 

- - - 2.98 
125.7 

Reference This work 29 in Ch. 3 - This work 
 
Table 9A: Samples of pure components and mixtures and the temperatures of thermal effects of phase 
transitions in the LA - carbamazepine system from DSC. Thermal effect (J/g) is given in brackets.  
* represents a peak with irregular shape. 

% Carbamazepine Eutectic T 
(Q) 

Other or 
liquidus 

Comments 

0  60.98 °C 
(132.4) 

Melting point of 
LA 

100  190.84°C 
(110.7)* 

Melting point of 
carbamazepine 

4.90 46.78 °C 
(107.8) 

59.59 °C 
(139.7) 

 

11.27 46.54 °C 
(32.60)* 

78.73 °C 
(1.77)* 

 

20.86 45.67 °C 
(4.37)* 

80.54 °C 
(1.83)* 

 

27.40 44.48 °C 
(7.78)* 

74.67 °C 
(12.80)* 

 

41.76 48.80 °C 
(78.58) 

89.60 °C 
(14.38) 

 

48.64 57.66 °C 
(74.95) 

93.80 °C 
(57.59) 

 

51.13 54.88 °C 
(75.97) 

94.20 °C 
(33.93) 

 

53.38 (calc)  98.66 °C 
(93.64) 

Melting point of 
co-crystal 

60.27 96.79 °C 
(4.823) 

144.25 °C 
(30.54) 

 

61.15 97.81 °C 
(10.91) 

146.63 °C 
(0.46)* 

 

65.01 97.52 °C 
(15.49) 

156.66 °C 
(22.78)* 

 

66.04 96.87 °C 
(14.76) 

156.48 °C 
(20.00)* 
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68.85 97.65 °C 
(14.87) 

167.06 °C 
(27.91)* 

 

70.94 96.72 °C 
(13.07) 

168.95 °C 
(33.01)* 

 

75.34 97.76 °C 
(14.31) 

172.21 °C 
(33.09)* 

 

79.19 97.12 °C 
(11.49) 

175.21 °C 
(40.19)* 

 

82.36 97.03 °C 
(6.08) 

176.67 °C 
(41.48)* 

 

91.21 97.49 °C 
(5.79) 

181.77 °C 
(54.32)* 

 

92.86 97.22 °C 
(3.26) 

181.52 °C 
(43.03)* 

 

94.51 96.99 °C 
(4.89) 

181.25 °C 
(48.16)* 

 

 

 

 

 


