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Abstract 

An attractive, yet challenging approach to overcome poor water solubility is to 
convert a crystalline Active Pharmaceutical Ingredient (API) into its more soluble 
amorphous form.1-3 Nevertheless, the use of amorphous drug compounds is 
restricted due to their inherently poor physical stability and tendency to re-
crystallization during manufacturing, storage, or dissolution.3-5 Currently, the most 
commonly used method to stabilize the amorphous state is the formulation as a 
solid polymer dispersion.6 Unfortunately, this method does not guarantee long-term 
stability and is associated with difficulties in manufacturing and processing. Recently, 
the formation of co-amorphous stoichiometric mixtures consisting of two active drug 
substances or a drug and a small-molecule excipient by milling has emerged as an 
alternative approach.7-10 

Milling is a secondary process in the manufacturing of the pharmaceuticals, typically 
used to reduce the particle size, and often associated with a degree of 
amorphisation.11, 12 Studies of the effect of excipient on the API milling were carried 
out and found that API-excipient interactions may promote or suppress 
amorphisation during milling. Interestingly, co-milling of stoichiometric mixtures with 
small-molecule excipients can produce composite amorphous systems or co-
crystals.13, 14  

Regrettably, the factors that determine whether a co-amorphous system or a co-
crystal is formed are poorly understood.   

To enable a better understanding, amorphisation of Sulfamerazine with a number of 
small multifunctional polycarboxylic acids was carried out. Co-amorphous systems of 
Sulfamerazine/citric acid, Sulfamerazine/deoxycholic acid and Sulfamerazine/sodium 
taurocholate (NaTC) were prepared and investigated using X-ray powder 
diffractometry and spectroscopic analysis. Stability studies revealed 
Sulfamerazine/NaTC provided both superb stability towards re-crystallisation and 
enhanced dissolution behaviour. 

Accordingly, further studies of NaTC co-milled with 18 APIs were carried out to 
reveal striking properties of three key systems: Carbamazepine/NaTC, 
Indomethacin/NaTC and Mefenamic acid/NaTC. The dissolution properties were 
found to improve significantly in all three systems, though the most remarkable 
enhancement was observed for Mefenamic acid/NaTC, which dissolved instantly, as 
opposed to practically insoluble crystalline Mefenamic acid. The stability of these 
systems was monitored at ambient conditions and was found to exceed 11 months 
in the case of Carbamazepine/NaTC and Indomethacin/NaTC. Spectroscopic analysis 
was carried out to reveal the type of interactions between the APIs and NaTC: no 
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evidence of intricate interactions were found, other than intimate mixing in 
Carbamazepine/NaTC and Indomethacin/NaTC systems.  

Co-milling of Carbamazepine with a number of small multifunctional polycarboxylic 
acids resulted in formation of various co-crystals and several co-amorphous systems. 
This led to a more comprehensive screening study concerning several other 
structurally diverse APIs. It seems that it is probably a combination of different 
factors, rather than a single factor, that determines whether a co-amorphous system 
or a co-crystal forms, making the development of a predictive model difficult. 
Sodium taurocholate was the only co-former consistently producing co-amorphous 
systems with APIs. 
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Solid state 

The solid state structure of an Active Pharmaceutical Ingredient (API) describes the 
spatial arrangement of the drug molecules in a crystal lattice. The packing and 
conformation of the molecules in the crystal lattice is driven by the intra- and inter-
molecular interactions, primarily due to Hydrogen bonding (H-bonding) but also π-π 
stacking or van der Waal’s (vdW) forces. These discrete features determine chemical 
and physical characteristics of the API, like compressibility, density or melting point, 
which can alter the effectiveness performance and processability,1 and most 
importantly – solubility, dissolution behaviour and bioavailability.15, 16  

 

Figure 1 Left to right: amide homodimer (amide-amide H-bonding); amide-carboxylic acid H-bonding. 

Thus, if the molecules in bulk are bonded differently to one another, e.g. amide-
amide as opposed to amide-carboxylic acid H-bonding (Figure 1) they will be 
arranged differently and produce a crystal with unique properties. Such modification 
in the molecular arrangement is termed polymorphism. As depicted in Figure 2a and 
2b, the molecular arrangement of the API is completely different, while the chemical 
composition of both polymorphs is identical.  

 

Figure 2 A visual representation of the solid state; (a) polymorph A, (b) polymorph B, (c) the amorphous phase, (d) 
a solvate, (e) a co-crystal, and (f) a salt.  
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Figure 2c depicts the amorphous state where no ordering, arrangement or 
discernible shape exists. H-bonding may be present locally but does not define the 
structure as a whole.   

Figure 2d, 2e and 2f all include a guest molecule (not to be confused with excipient; 
it is not a filler or binder) which interacts with the API via H-bonding to form a highly 
ordered crystalline state. In a solvate, the guest is a liquid solvent (somewhat 
trapped in the cavities formed by molecules of the API); a co-crystal is made up of 
the API and a neutral molecule of a compound that is a solid under ambient 
conditions; and a salt is composed of the ionised API and a counterion (with a proton 
transfer from one molecule to another. 

 

Solid state modifications 

Even though chemical modifications, such as inclusion of ionisable groups, addition 
of new functional groups or increased number of H-bond donors and acceptors, and 
so forth, may be possible, the time taken to re-design the molecule while retaining 
its activity, and the expenses associated with clinical trials force pharmaceutical 
industries to look for other options. This is where the solid state manipulation 
(Figure 3) comes in handy.17, 18 

 

Figure 3 Solid state manipulations to aid overcoming of the poor solubility of some APIs. * SD = solid dispersion 

Solid state modifications allow for changes to the API’s environment without 
changing its primary chemical formula. This alters physical properties without 
changing the API, i.e. no new atoms are added. 

Solid state modification involving secondary or multiple components can only be 
produced using applicable co-formers. These include salts/co-crystals, polymeric 
solid dispersions, and co-amorphous systems. 
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Metastable polymorphs may be used to increase the bioavailability, owing to a 
higher kinetic energy relative to the most thermodynamically stable polymorph. 
Regrettably, metastable forms have an affinity to transform back to the most stable 
state, which has the lowest solubility. The stabilisation of a metastable polymorph is 
significantly more challenging as many environmental factors such as humidity and 
temperature are known to induce polymorphic change.1, 19 This can result in time 
and money spent being wasted. Nevertheless, it is vital and mandatory for 
pharmaceutical companies to perform polymorphic screening as to avoid set-back 
like in the case of Ritonavir in 1998, where crystallisation of the less soluble 
polymorph caused the drug to be withdrawn from the market temporarily.1,20  

Salt formation relies on the ability of two drug molecules to become ionised: one 
drug must act as a base, while the other one must act as an acid. The resultant H-
bond between the pair leads to the acid proton transfer. Such coupling is believed to 
mainly depend on the pKas of the components, i.e. if the difference of the pKas is 
greater than three.21, 22 An example of  a successful salt formation include Celecoxib 
sodium, which  resulted in increased bioavailability when compared to Celecoxib 
alone.23 A 7-fold increase of Gliclazide solubility was observed in 
Gliclazide/piperazine salt.24 Salts of Salinazid/oxalic acid and Salinazid/acesulfame 
were stable at dissolution, with a substantial solubility improvement of 33 and 18 
times, respectively, compared to pure API.25 

Co-crystallisation approach (for the definition, see Co-crystalline pharmaceuticals 
section, page 35) is somewhat easier as not all APIs are ionisable and thus neutral 
molecules can be used instead. Examples of pharmaceutical co-crystals include 
acetaminophen/theophylline– a marriage between a pain-killer with a respiratory 
disease drug – which was proven to have increased bioavailability and efficacy than 
separate administration.26; and AMG517/sorbic acid co-crystal, which showed a 9.4 
fold increase in  solubility when compared to AMG517 alone.27  

Polymeric solid dispersions (generally spray-dried mixtures of the APIs and polymers) 
are often amorphous, due to the nature of the polymer. Examples of marketed 
polymer based solid dispersions include Cesamet® (Nabilone), and Intelence® 
(Etravirine). Despite the active research interest, this methodology is not widely used 
in pharmaceutical manufacturing due to its shortcomings: miscibility issues of the 
API with the polymer28, 29, hygroscopicity of the polymers causing re-crystallisation30, 
and lastly – the potentially harmful effect of polymers on the body.31 

Probably the most exciting solid state modification, experiencing particular attention 
from researchers, is amorphisation and co-amorphisation.  
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Amorphous solids 

The amorphous phase is highly disordered, where the crystalline structure is 
disrupted and ceases to exist and no long range ordering is present; the structure 
exhibits higher free energy, enthalpy and entropy.32,33 The disorder of the molecules 
within the amorphous state is similar to the disorder found in the liquid state, 
though the substance is a solid – also called a glassy state.34 The transition from the 
glassy state to crystalline state is marked by a characteristic glass transition 
temperature (Tg): a point at which abrupt mobility changes take place: below the Tg 

the molecules are frozen in place; above the Tg the molecules re-arrange to the 
crystalline counterpart.1 

The apparent solubility advantage of amorphous substances stems from their large 
excess of internal energy, and is predicted to show a solubility increase of 1.1 to 
1000 fold with respect to the crystalline counterpart.35, 36, 37 In principle, all 
amorphous drugs should be more effective due to enhanced apparent solubility and 
bioavailability.38, 39 Aside from a higher energetic state of the amorphous phase, 
there are other attributes which contribute to the higher bioavailability and these 
are: reduced particle size and increased surface area40, 41, and hygroscopicity of 
amorphous phase.4, 54, 42 In solution the amorphous phase therefore hydrates rapidly 
and acquires solubility in aqueous medium,36, 43 though also an unwanted re-
crystallisation may take place as water is a known plasticiser and thus accelerates 
the process.44, 45 

From a thermodynamic perspective, amorphous solids are unstable and may be 
difficult to prepare.3 The ease of transition from amorphous material to crystalline 
material,5, 46-48 the true solubility advantage of the amorphous phase36, 49, 50 and 
factors determining the stability towards re-crystallisation have been investigated at 
length.4, 51, 52-54 

 

Glass forming ability (GFA) & predictions of amorphisation 

Glass forming ability is defined as the ease with which the amorphous phase can be 
formed from any API (usually only accurate for melt quenching). Several studies in 
recent years have focused on screening studies of a wide array of pharmaceuticals as 
their water solubility requires certain solid-state changes, amorphisation being one 
of them. In order to reduce the time required for a physical screening, in silico 
(computational) methods combined with experimental screening methods have 
been employed, searching for the most important parameters defining whether the 
API will turn amorphous and if so, what kind of conditions would be required.55 
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As published by Baird et al. in 2010, glass forming pharmaceuticals were divided into 
three classes: fast crystallisers (Class I) are APIs that crystallise during cooling at 
20°C/min, Class II show amorphisation on cooling from the melt but crystallise at 
10°C/min heating and, lastly, Class III become amorphous on cooling and remain 
amorphous during heating. Amongst Class I APIs such as Carbamazepine or 
Griseofulvin were found. Class II included the likes of Acetaminophen or Nifedipine, 
while Class III encompassed Ibuprofen, Itraconazole and Indomethacin.56  

In 2011, Mahlin et al. presented a novel in silico approach to determine the GFA 
based on the molecular structure of the APIs alone with a 75% success rate. In that 
study, larger molecules with a low level of molecular symmetry, of low aromaticity, 
with a high degree of branching and the presence of electronegative atoms were 
found to be successful glass formers. The successful examples in their study involved 
Griseofulvin, Indomethacin and Sulfamerazine.55 An interesting clash takes place 
here as Griseofulvin in this study was found to be a glass former, successfully 
prepared using three different methods, while in the study by Baird et al., 
Griseofulvin was found to be fast crystalliser, thus a poor glass former.56 

Two years later, in 2013, Mahlin et al. have published another study which 
determined the correlation between the molecular weight (Mw) and the GFA. It was 
found that Mw exceeding 300 g/mol corresponded to a high success rate of 
amorphisation: i.e. it is more difficult for larger molecules to re-arrange and orient 
themselves into an ordered crystal and usually exhibit a higher viscosity due to a 
larger number of interactions with neighbouring molecules, slowing down the 
molecular diffusion (as opposed to smaller molecules).57 

What’s more, combining Tg and Mw of the APIs enabled stability predictions - e.g. 
78% of the amorphous drugs were predicted to be stable using these parameters.58 
As it is the continuation of the study from 2011, the examples of amorphous drugs 
yet again involved Carbamazepine, Griseofulvin (both glass formers, but of poor 
stability) and Indomethacin (a glass former of good stability).  

A follow-up study of Baird et al. in 2013 further examined the cooling rates high 
enough to prevent re-crystallisation of the amorphous drugs. It was found that Class 
IA of the APIs (Lidocaine, Naproxen, Tolbutamide) require cooling rates of over 
1000°C/min to remain amorphous – these molecules were found to be of low 
molecular weights with simple structures, thus not fitting into glass formers in any of 
the studies discussed previously. Class IB and Class II (Flufenamic acid/Nifedipine) are 
poor/intermediate glass formers, though with a tendency to re-crystallise at heating 
(and therefore storage) as nuclei of crystalline materials are present at cooling of the 
solid.59  
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Very extensive computational predictions of glass forming ability were performed by 
Alhalaweh et al. in 2014. A data set made up of 131 drug molecules was first tested 
computationally, and then tested experimentally by melt quenching. Initially drugs 
were classified using the method described by Baird et al. (2010). The findings of this 
study showed that Mw above 300 g/mol resulted in an amorphous state, while the 
molecules below 200 g/mol failed to do so. Unfortunately, calculations failed to 
predict correct outcomes for the molecules in the range of 200-300 g/mol. The size 
and shape of the molecule, was found to be responsible for 86% of the correct 
calculations of GFA.60 

An improved classification of Baird’s glass formers was proposed by Blaabjerg et al. 
in 2016 – Class I now included all APIs which required cooling of more than 
750°C/min to become amorphous, Class II – cooling at 10-20°C/min, and Class III 
defined APIs that become amorphous at a slow cooling rate of 2°C/min. Previously 
mentioned Lidocaine and Naproxen remained in Class I, while Tolbutamide was 
found to shift into Class II during this study. All other examples of Class II and Class III 
were proven to be correct and remained in their respective groupings.61 

The most recent publication by Blaabjerg et al. focuses on amorphisation of 
thermolabile APIs (not ideal for melt quenching) via both kinetic and thermodynamic 
pathways (ball-milling and melt quenching, respectively). The minimal milling time 
and the critical cooling rate required to amorphise the APIs were investigated, along 
with the amorphous phase stability. It was found that no Class I APIs turned 
amorphous on milling up to 360 minutes; these all required a cooling rate exceeding 
750°C/min in order to become amorphous by melt quenching. 50% of the APIs 
within Class II, including Nifedipine, became amorphous on 270 minute milling. Class 
III APIs were interesting, as within this group only 50% of the APIs turned amorphous 
on milling (90 minutes; Indomethacin, Itraconazole), contrary to what logic would 
suggest – if a solid is a good glass former, one would think ball-milling would be 
sufficient to cause amorphisation, though Decamps et al.11 showed this to be true 
only if the milling is performed below the Tg. 

Based on the studies described above, one can expect a fast crystalliser to either 
form a very unstable amorphous phase upon cryo-milling or no amorphisation at all, 
and a very successful and stable amorphous in the case of Class III APIs upon cryo-
milling or even ball-milling. However, as shown in the last study, Ibuprofen, despite 
being categorised as Class III, exhibits low Tg and relatively low Mw, which would 
disqualify it from being classified as a glass former by Mahlin et al. and Alhalaweh et 
al. Although 86% prediction rate was achieved when searching for an amorphous 
state of an API, and 78% of the predicted glasses were calculated to be stable, this 
field still needs to improve as screening studies are still required.  
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Amorphisation techniques 

The use of mechanical (kinetic pathway) or thermal (thermodynamic pathway) stress 
aids to overcome barrier of stability of a regular arrangement (crystalline to 
amorphous conversion).1 The kinetic pathway relies on direct solid state conversion 
from the crystalline to amorphous drug, i.e. the use of mechanical energy, be it a 
shear force or milling, causes defects in the crystal lattice and therefore disrupts the 
structure and leads to disorder.  

The thermodynamic pathway is based on introducing heat into the system, i.e. the 
crystalline phase is fully melted and consequently amorphised by the means of rapid 
cooling. The complete melting ensures a complete amorphisation (complete loss of 
long-range ordering). This often leads to a more stable amorphous phase than when 
compared to the kinetically-formed amorphous phase as sometimes mechanical 
activation is not able to destroy the molecular order in its entirety. In some cases a 
nanocrystalline phase instead of an amorphous phase may be formed – where local 
crystalline packing is observed. The differentiation of the nanocrystalline and the 
amorphous phases is possible and will be addressed again in Methods of analysis, 
page 22, later in this chapter.  

An excellent graphical example of the differences between the thermodynamic and 
kinetic pathways was prepared by Blaabjerg et al. and is presented below, Figure 4.51 

 

Figure 4 Amorphisation of solids via thermodynamic and kinetic pathways. Reproduced with permission from 

“Influence of preparation pathway on the glass forming ability” 51 

Many studies testing the stability and success rate of the two pathways were 
performed. Karmwar et al. observed cryo-milled amorphous Indomethacin was less 
stable than melt-quenched amorphous Indomethacin.62 Likewise, amorphous 
Simvastatin prepared by cryo-milling also showed a decreased stability than when 
compared to amorphous Simvastatin prepared by melt-quenching.63 A more recent 
study by Blaabjerg et al. has proven that the thermodynamic and kinetic pathways 
indeed have an impact on the stability of the amorphous phase – both Celecoxib and 
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Itraconazole prepared by melt quenching were more stable than ball-milled samples. 
What’s more, Principal Component Analysis (PCA) has shown that while the 
pathways are connected (low critical cooling rate correlating to a short milling time 
and high critical cooling rate correlating to either a long milling or no amorphous 
phase by ball-milling), the amorphous phase formed clusters separately, and 
somewhat closer to the crystalline (starting) phase.51 As mentioned before, these 
stability differences are due to an incomplete conversion from crystalline to 
amorphous phase by means of the kinetic pathway – some areas of the solid are 
found to contain “seeds” – areas of local ordering – which serve as a re-
crystallisation catalyst. It should be noted that the amorphous solids prepared via 
different techniques differ also in their molecular level arrangement, evident when 
ssNMR or Terahertz spectroscopy methods are employed.64, 65  

The techniques used for amorphisaton include:  

∗ Ball-milling (kinetic) 
∗ Cryogenic milling (kinetic) 
∗ Spray drying (thermodynamic) 
∗ Freeze drying (thermodynamic) 
∗ Melt quenching (thermodynamic) 
∗ Solvent evaporation (thermodynamic) 

 

Ball-milling 

Ball-milling relies on radial oscillations in a horizontal position. The sample jar is 
loaded with a crystalline solid and milling ball(s). The milling balls impact on the 
sample at the rounded ends of the milling jars and crush it. The frequency of the 
movement results in rigorous mixing, high mechanical energy, thus increased heat 
(from impacting during milling, and friction between particles) and consequent 
eradication of the crystalline phase. There are mixed views on how exactly the 
amorphisation process takes place as the presence of the heat in the ball-milling jar 
may cause localised melting of the sample, mirroring melt quenching methods.12 
Descamps et al. have found that milling above Tg results in polymorphic 
transformations, while milling below Tg gives the amorphous phase - which 
contradicts the theory of the localised melt quenching.11 Trasi et al. have reported 
that amorphous phase from milling proceeds via either an intermediate 
nanocrystalline phase or remains nanocrystalline,12 characterised by the lack of Tg in 
the DSC thermogram. 

For small-scale and research experiments, mechanical milling bears many 
advantages: it can be fast (rapid multiple screenings are now being developed)66, 
and relatively inexpensive. There is no need for the use of and removal of expensive 
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solvents; the equipment necessary is simple and does not require lengthy or rigorous 
cleaning procedures. Industrially, however, this method is not preferred as: 

(1) the batch size that is fed into a mechanical mill is typically small  
(2) there’s a high risk of a batch to batch variation 

a. crystal morphology discrepancies such as irregularly shaped 
particles67, 68 

b. variation in particle size distribution or agglomeration when particle 
size is reduced significantly69 

c. spontaneous crystallization of undesired polymorphs.70, 71 
d. cohesiveness and poor flow properties of milled product (higher 

surface energy when compared to crystalline, coarser starting 
material).67 

Literature cites quite an array of drugs proven to become amorphous upon milling, 
including Famotidine, Fananserine, Itraconazole, Simvastatin, Ranitidine 
hydrochloride and Piroxicam.41, 63, 72-75 However, many APIs, including Naproxen or 6-
mercaptopurine do not become amorphous at ball-milling. This is because these are 
classified as fast crystallisers51 and re-crystallise during milling. In such cases, other 
methods of amorphisation must be applied. 
 

Cryogenic milling 

Cryogenic milling, like ball-milling, causes the accumulation of defects and collapsing 
of the crystalline lattice. It is performed with the aid of liquid nitrogen: localised melt 
quenching may not take place, as may be in ball-milling.  The low processing 
temperature aids amorphisation as many amorphous solids exhibit a low Tg and 
would otherwise re-crystallise during the mechanical milling alone: Carbamazepine 
does not undergo any polymorphic transitions on milling, but results in an 
amorphous phase when cryo-milled46; likewise, Sulfamerazine and Sulfathiazole 
show polymorphic transformations during ball-milling, but amorphise only during 
cryo-milling.5, 9, 76 

 

Spray drying 

A concentrated solution of API or API with a co-former (often a polymer) in a 
common solvent (which facilitates simultaneous dissolution of the components in 
the solution) is forced through a nozzle. Miniscule droplets which are formed as a 
result are exposed to a jet of hot air, rapidly evaporating the solvent. This allows the 
precipitation of the API (and/or API and co-former) before a time frame when 
recrystallization can occur. As a result, amorphous powder may be obtained.77 This 
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method is widely used in food industry (powdered milk, coffee), industrially (paint 
pigments)78 and pharmaceutically (antibiotics, additives).79, 80 

There are however many limitations to this technique, such as: powder 
processability81, issues with low Tg APIs82, 83, solvent choice,84, 85 or the difficulty to 
measure or analyse the progress due to a relative low concentration of analyte in the 
spray chamber.77 The spray dried powders are often sticky, thus their handling and 
cleaning is troublesome.83  Formation of the amorphous phase of APIs with a low Tg 
is difficult as the temperatures at the nozzle of the drying jet exceed the Tg and 
cause a rapid re-crystallisation.86  

 

Freeze drying 

Otherwise known as lyophilisation, it relies on drying of the subjected substance by 
sublimation of water at reduced pressure. If the cooling applied is of the right speed, 
the resulting powder is either amorphous or partially amorphous.87 This technique 
has been used previously in preparation of amorphous Itraconazole88 or trehalose.89 

 

Melt quenching 

Probably the most common technique of amorphisation used by researchers, melt 
quenching is relatively simple and highly successful. The molecule of choice is 
subjected to a high temperature and forced into a molten state (the glassy state) 
which is then rapidly cooled below the freezing point (often by immersing the 
sample in liquid nitrogen). The rapid cooling causes “freezing” of the molecules in 
the disordered state, preventing their re-arrangement and re-crystallisation.90 The 
resulting amorphous phase is a powder of a substantial stability towards re-
crystallisation– as mentioned previously, often more stable than the amorphous 
counterparts prepared by milling51, though this method has its drawbacks. The most 
prominent one of them being the thermal degradation of the API – if the drug 
molecule used is prone to degradation, this method may not be used as the resulting 
amorphous phase will consist of a charred, non-active ingredient.91  

Hundreds of amorphous APIs have been prepared by melt quenching, examples 
including: Lidocaine, Naproxen, Paracetamol, Ibuprofen51, Carbamazepine, 
Flufenamic acid and Ritonavir.56 
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Solvent evaporation 

Similar to spray drying and freeze drying, solvent evaporation is removal of solvent 
by the means of heating and/or reduced pressure. To ensure the amorphous phase, 
the conditions must not allow for crystallisation, i.e. the heating must be rapid or the 
pressure very high.92 

 

Methods of analysis 

Probably the first and most unbiased method to differentiate between 
nanocrystalline and amorphous materials is Differential Scanning Calorimetry, 
followed by X-ray Powder Diffractometry and spectroscopic analysis, such as Near 
Infra-Red Spectroscopy, Raman Spectroscopy, solid-state Nuclear Magnetic 
Resonance or Terahertz Pulsed Spectroscopy. Methods involved in this dissertation 
will be briefly discussed below. 

 

Differential Scanning Calorimetry (DSC) 

DSC can be used as a first step to differentiate between a nanocrystalline and an 
amorphous phase as the nanocrystalline material will not possess a very 
characteristic Tg.45 This thermal event is often present as a small kink (it may be 
either endothermic or exothermic), as shown in Figure 5. The main drawback of this 
method is if an overlap of another thermal event takes place at a similar 
temperature, effectively masking the Tg. This can, in some cases, be alleviated by 
using a very fast heating rate, such as 100°C/min upwards.93 Another issue 
associated with the use of DSC for the analysis of the amorphous solid is if the Tg is 
below the operating temperature of the DSC. 

 

Figure 5 A typical DSC plot with marked thermal events: Tg - a glass transition temperature, Tc - crystallisation 
onset, and Tm - melting point. Endothermic and exothermic events marked on the graph.  
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Tg, if not found experimentally by DSC, can also be estimated based on the melting 
temperature (Tm) of the compound, using Equation 1, where g is a constant of 0.5-
0.8 for organic molecules57, and Tm is the melting temperature of the compound (in 
K). 

Equation 1 

 

The Tg is found to be higher for larger molecules, e.g. for the polymers consisting of 
the same repeating unit, the Tg increases together with the increasing Mw. It was 
also found that the higher the Carbon:Oxygen ratio, the higher the Tg.57 

 

X-ray Powder Diffractometry 

If an XRPD pattern of the sample is absent, i.e. it is replaced by a single bump or a 
“halo”, the substance is more than likely amorphous. In case of a bimodal bump, one 
can assume two separate amorphous phases or a nanocrystalline material. The lack 
of crystalline “peaks” is attributed to no discernible crystalline lattice, thus no 
coherent X-ray scattering. If the crystalline phase was present in the sample, a 
crystalline “pattern” would be observed – characteristic for every polymorph of 
every substance, as shown in Figure 6 below. 

 

Figure 6 A comparison of XRPD spectra of alpha-Indomethacin (top), gamma-Indomethacin (middle) and 
amorphous Indomethacin (bottom). 

Though this method is rapid, it has a couple of shortcomings, namely signal to noise 
ratio and issues with distinguishing between nanocrystalline/amorphous phases. The 
latter two are of significance in the amorphous field as small amounts of crystalline 
sample may go undetected, hidden beneath the amorphous halo; and in case of the 
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halo itself one cannot be sure if the material is truly amorphous without further 
analysis. A study published by Bates et al., however, indicates that if during the 
milling the crystalline peaks merely broaden to a single hump, the sample is 
nanocrystalline (e.g. cellulose); an amorphous sample is if the crystalline peaks do 
not broaden and suddenly disappear, resulting in the amorphous hump (e.g. 
Indomethacin).94   

Another disadvantage of XRPD is its low peak to noise ratio: crystallinity may go 
undetected. In his thesis, Pól MacFhionnghaile has shown that crystalline traces in 
the amorphous phase of Sulfamerazine could not be detected by XRPD, but were 
identified using a combination of spectroscopic and chemometric methods.48 

 

Vibrational Spectroscopy 

As crystalline phase progresses towards the amorphous phase, intermolecular 
bonding changes take place. Spectroscopy relies on these interactions and is thus 
sensitive to changes in molecular arrangement. The energy emitted by the laser used 
to penetrate the sample excites the bonds within the molecules and the resulting 
spectrum is a combination of vibrational movements of the molecules (e.g. bending, 
vibrating, stretching or wagging). The changes in the molecular arrangements reflect 
the bond length and environment changes, a set of combinations unique to each 
polymorph of every substance. This is quite a useful method being quick and 
requiring a small amount of sample. Amorphisation is seen as peak broadening (due 
to the greater range of molecular environments available) and peak-shifts within the 
sample, sometimes resulting in a completely different spectrum compared to the 
crystalline counterpart.  

 

Near Infra-Red Spectroscopy 

An excellent quantitative technique used widely for many applications. It is non-
invasive, non-destructive, requires virtually no sample preparation and allows for 
further chemometric analysis. NIR mode of action is attributed to vibrational 
overtones and combination bands observed on C-H, O-H and N-H bonds. Different 
solid forms correspond to different packing, therefore different structural 
arrangement and chemical environment; hence the shifts of the bands are observed. 
Amorphisation is characterised by broadening of the peaks, peak intensity decrease, 
peak shifts, peak disappearance and sometimes new peak formation. Significant 
differences were observed in the NIR spectrum of amorphous Sulfamerazine when 
compared to its crystalline form76 – a general peak broadening was observed, as well 
as the disappearance of the peaks between 5000-4200 cm-1. A similar situation was 
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observed between the crystalline and amorphous forms of Indomethacin – the latter 
showing a significant broadening around 8400 and 6000 cm-1.95 Quantification of 
small amounts of amorphous content within the crystalline sample can also be 
carried out using NIR - calibration curves are constructed based on predetermined 
combinations of the pure crystalline and amorphous components. Amorphous 
lactose within a partially crystalline sample was quantified using NIR with a precision 
to within 1% w/w amorphous content96; in another study this “limit” was reduced to 
0.5% w/w.97 Other authors proved NIR to be excellent also for monitoring the 
changes of the solid composition as a function of time98; NIR imaging was used to 
follow thermodynamic transitions of Carbamazepine tablets99; the re-crystallisation 
of amorphous Indomethacin was monitored using NIR to show changes between the 
samples prepared by different methods (ball-milling, melting and quench melting).100 
These examples show that NIR is an excellent means of non-invasive, on-line 
method, suitable for discriminating the components within the mixture as well as 
their amounts. 
 

Infra-Red Spectroscopy 

Another quantitative technique that aids differentiation between amorphous and 
crystalline substances is Infra-Red Spectroscopy. Notable spectral differences are 
observed between the amorphous and the crystalline species: the intensity of the 
peaks is directly proportional to the amount of the species present (less intense 
peaks suggest more of the amorphous phase is present). Again, as with NIR, the 
molecular environment impacts the way the molecule vibrates in the amorphous 
phase, resulting in broadened peaks, shifting peaks and disappearing or appearing 
peaks. MacFhionnghaile et al. proved that IR can identify and quantify the amount of 
amorphous phase exactly with the use of chemometrics on two occasions – with 
Sulfamerazine and Sulfathiazole.9, 76 Fascinatingly, this method has been shown to 
distinguish polymorphs already in 1953: Kendall proved differences spectroscopically 
and visually: by comparing the patterns of blue and yellow Para Red.101 IR 
spectroscopic analysis of polymorphism in C13H14N4O revealed 5 different solid state 
transformations on heating, supported by DSC analysis102; similar polymorphism 
studies were also carried out on Paracetamol103 and Piroxicam104, amongst many 
others.105 IR can also be used during dehydration experiments – the quantification of 
the dehydrated polymorph formation is possible and has been used for 
Lamivudine106 or Gabapentin.107  

IR spectroscopy is not as widely used for quantification purposes as NIR 
spectroscopy due to problematic sample preparation which can be a major source of 
error – including, but not limited to: polymorphic transformations at pressure 
application, small penetration depth, or a chemical reaction with a carrier (sodium 
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bromide powder or nujol, found to cause polymorphic transformations.105, 108 Kinetic 
studies cannot be carried out using IR as the sample preparation takes time105 and 
thus this method is not suitable for on- or in-line commercial analysis.  

 

Raman Spectroscopy 

Similar to the other spectroscopic methods, Raman Spectroscopy focuses on 
vibrations, rotations and further low-frequency fundamental modes of the 
molecules, directly relating to the their chemical structure. Monochromatic light 
penetrates the sample: the scattered light reflected is most often the same 
frequency as the light source (Rayleigh scattering, known as elastic scattering). 
Differentiation between the solid-state phases is achieved via changes in peak 
positions and peak intensities.109 This method has an increasing number of followers 
as it has become cheaper and easier to use. In the study performed by Karmwar et 
al. it was concluded that this type of spectroscopy may be used to determine the 
nature of an amorphous phase (compared against calculated pattern), i.e. 
amorphous Indomethacin was found to exist as a homodimer when prepared by 
quench-cooling. Another study by Graeser et al. showed that Raman spectroscopy 
can be used to distinguish between cryo-milled and melt quenched Simvastatin – 
significant differences were observed between 2800 and 3000 cm-1.63 An additional 
attribute of Raman spectroscopy is its ability to discriminate between the 
amorphous and the nanocrystalline states. Low frequency Raman spectroscopy 
(LFRS) detects no phonon peaks and inhomogeneous broadening of internal modes 
in the amorphous phase due to the loss of periodicity and distribution of molecular 
environments.110  

 

All spectroscopic methods joined together serve as a very powerful tool, which can 
provide a very detailed analysis of the amorphous phase. 

 

Stability of the amorphous phase 

Macrolide® and Novobiocin® are amongst very few APIs to be successfully 
amorphised with an acceptable shelf life and significant solubility 
improvement.111,112 Nonetheless, due to the higher energetic profile and increased 
molecular mobility, amorphous solids are very likely to re-crystallize during 
storage.113,113 

Storage at low temperature (ideally below the Tg), in the absence of moisture, aims 
to slow the re-crystallisation of amorphous drugs down, though this alone might not 
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be enough to prevent the eventual re-crystallisation. Tg describes a temperature 
point at which the glassy state (solid) is transformed to a supercooled liquid state 
(viscous liquid-like state). Even though below the Tg the molecules in the system are 
kinetically inert, some localised motions may be observed. Sibik et al. used Terahertz 
spectroscopy to predict the crystallisation of amorphous drugs.114 Naproxen, 
Paracetamol, Simvastatin and Indomethacin were investigated.  β-relaxations 
(Johari-Goldstein relaxations) – localised rapid molecular dynamics below Tg

115 - 
were studied in detail and compared to Tg values of the amorphous drugs. Terahertz 
absorption was found to increase between Tβ (temperature at which the relaxations 
start to play a dominant role) and Tg for amorphous Naproxen, Paracetamol and 
Indomethacin. A conclusion was made, stating that β-relaxations are responsible for 
the re-crystallisation of the drugs, rather than global mobility of the molecules above 
Tg. The authors also established that storage even at 50K below Tg (what was/is 
considered an ideal storage condition as the mobility of the molecules is assumed to 
be non-existent) might not prevent the re-crystallisation of certain amorphous solids 
due to prominent β-relaxations. Similar studies including Indomethacin and 
Nifedipine, amongst many others, were also carried out and concluded with similar 
observations – re-crystallisation is common amongst the amorphous 
pharmaceuticals, even well below the Tg.116, 117 

Stability of the amorphous phase is not only temperature dependent. The 
combinations of defects and imperfections within the amorphous phase render it 
very chemically reactive and thus sensitive to moisture (hygroscopic). The water 
dissolves into the amorphous solid (rather than the solid dissolving into the water) 
causing an increased free volume by virtue of H-bond reduction between the 
molecules, and decreased Tg of the amorphous phase (Tg of water: -134°C). 
Plasticisation caused by the water molecules enables for increased molecular 
mobility, thus facilitating re-crystallisation.118 

Some studies to determine the stability of the amorphous pharmaceuticals were 
carried out in the last few years. The amorphous drug stability above Tg with the use 
of thermodynamic parameters was investigated by Graeser et al. The authors 
concluded that configurational entropy (Sc) corresponded well with physical stability 
and could be used as a predicting parameter.4 Another study of Mahlin et al. 
predicted physical stability at storage with 75% accuracy, based on Tg and the 
number of rotatable bonds.55 Very cleverly, Nurzynska et al. tested other poorly 
soluble APIs, though limiting the set to only neutral molecules. With the use of 
univariate analysis, amorphous stability was concluded to be correlated with the 
enthalpy of fusion and the number of rotatable bonds. 82% success rate was 
observed when a combination of melting temperature, Tg, enthalpy of fusion, 
configurational free energy, relaxation time, H-bond donor number, lipophilicity and 
ratio of carbon to heteroatoms were included in the model. The authors noted that 
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a larger data set would have to be tested yet, though they were satisfied with the 
outcome.52 Unfortunately, APIs alone (no co-formers used) generally are difficult to 
amorphise and thus may require external stabilisation.4, 55, 56, 58-61 

New development strategies to prevent the unwanted re-crystallization of the 
amorphous phase have been researched in the last decade with great success.119 
The most common (and successful) of these techniques is co-amorphisation of two 
molecules, described next. 

 

Co-amorphisation: are two molecules better than one? 

Instability of the amorphous phase is the main limiting factor preventing 
pharmaceutical companies from embracing its superiority.  In 1971 Chiou and 
Riegelman came up with and defined a solid dispersion – a system where a second 
molecule is added, which serves as an inert carrier, often allowing for easier 
amorphisation and increasing the amorphous phase shelf-life.120  

Co-amorphous systems (first named by Chieng et al. in 200974) are based on 
milling/spray drying/melt quenching of two compounds: either two pharmaceutically 
active ingredients complementing one another or an API with a co-former (guest 
molecule), typically of a low weight and with a high melting point, that enables a 
homogenous, one phase mixture with the API of interest with an elevated Tg of the 
system121, resulting in improved stability.4, 115 The Tg of the system is calculated 
based on glass transition temperatures of both components, taking into account 
their weight fractions (assuming ideal mixing between the components), as shown in 
Equation 2, where Tg12 is the Tg (in K) of the co-amorphous system; Tg1 and Tg2 are Tgs 
(in K) of the single amorphous compounds 1, and 2, respectively. w1 and w2 
correspond to weight fractions of the components. K is a constant based on the 
densities of the components.7 

Equation 2  

 

Co-amorphous API/API systems 

This approach relies on amorphisation of two pharmacologically active drugs, not 
only to combine their action but also to improve the physical stability of the co-
amorphous phase and their pharmacokinetic properties. Those systems may show 
internal, simple H-bonding, like in the case of Cimetidine/Piroxicam122 and 
Atorvastatin/Glibenclamide8. In those cases spectroscopic studies do now show very 
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strong interactions or significant peak shifts in the co-amorphous systems when 
compared with crystalline or amorphous starting materials.123 Heterodimerisation, 
leading to large peak shifts and significant differences in spectra of co-amorphous 
system compared to starting materials may also take place, e.g. as seen in 
Indomethacin/Naproxen7. Heterodimers between two H-bonding molecules provide 
the added stability as more energy is required to break such bonds, and yet more 
energy is needed to re-arrange the molecules to form homodimers and subsequent 
long range order in the system. While breaking of these intermolecular interactions 
is possible, it takes place over a considerably longer time scale, producing 
pharmaceutically acceptable co-amorphous systems. Contrary to many other 
examples, which indeed show significant intermolecular bonding, possible stable co-
amorphous systems where no significant interactions are present also exist. Most 
often the stability of those systems results from intimate mixing, like in the case of 
Glipizide/Simvastatin124  and Ritonavir/Indomethacin.125 It was noted that the 
majority of the time the ratio of the co-former to the API was 1:1 (molar) as it 
facilitates satisfactory H-bonding and thus results in the longest shelf-life, as seen in 
the case of Indomethacin/Naproxen7 or Naproxen/Cimetidine.126 What’s interesting 
is the fact that 1:1 molar ratio of these components did not show the highest Tg, thus 
discriminating high Tg alone from determining the physical stability.7, 127 

In the examples above, the stability of the systems was found to be extended by the 
co-amorphisation and in some cases the bioavailability of both, or at least one of the 
drugs was increased. Co-amorphous Indomethacin/Naproxen resulted in 
simultaneous release and increase of solubility of both drugs, and a long-lasting 
supersaturation was observed for both Atorvastatin and Glibenclamide; while in the 
co-amorphous Glipizide/Simvastatin, only Glipizide was found to show better 
dissolution properties. In light of the latter, combinations of two APIs might not 
always give a co-amorphous phase or may not be pharmaceutically feasible. This is 
why another approach has been recently developed. 

 

Co-amorphous API/co-former systems 

Co-formers are inert substances of relatively low molecular weight that are used as a 
vector or a diluent in drug formulation.128 In the case of co-amorphous systems, co-
formers ease the amorphisation and act as a stabilising molecule that essentially 
prevents or hinders re-crystallisation.14 The API molecules are scattered and 
disordered in such amorphous systems and their “coming together” is prevented by 
molecules of the co-former. As in API-API co-crystals, phase separation and 
crystallization of the API can be prevented by the formation of short, localised H-
bonding between the API and the co-former or by the virtue of intimate mixing or 
other intermolecular interactions.119 
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There are many examples of stable API/co-former co-amorphous systems in 
literature. Some exhibit H-bonding between the API and the co-former such as co-
amorphous Lurasidone Hydrochloride/Saccharin129, Paracetamol/citric acid130 and 
Acyclovir/citric acid131. Nevertheless, some combinations such as 
Sulfamerazine/citric acid or Sulfathiazole/L-tartaric acid exist, where no significant 
spectroscopic evidence of interaction was found.76,9 

The role of co-formers is not yet fully understood, as this method of co-
amorphisation and stabilisation is relatively new. A publication by Ueda et al. in 2015 
strived to come up with a strategy for co-former selection for Non Steroidal Anti 
Inflammatory Drugs (NSAIDs).127 Multivariate analysis of nine different NSAIDs and 
their combinations revealed that the physical properties such as GFA, molecular 
weight, rotatable bond number, H-bond donor/acceptor number and polarizability 
can predict the stability of the co-amorphous system, though additional laboratory 
screening like DSC studies of physical mixtures and stability studies had to be carried 
out simultaneously.  

Several research groups have investigated the use of the Flory-Huggins interaction 
parameter, which estimates the miscibility between the amorphous components, 
with a reasonable success. Probably the most interesting of them was the study by 
Pajula et al. where in silico predictions for miscibility of 1122 drug-drug pair were 
calculated. Out of these, 26 randomly selected highly crystallising APIs were tested 
experimentally. Within the group, 11 of the pairs were predicted to be miscible, 
while the other 15 immiscible. 73% of the former remained amorphous, while all of 
the latter re-crystallised. Additional 20 pairs of moderate crystallisers were also 
picked at random, all of which remained amorphous, despite predicting 
otherwise.132  

Martínez et al. have attempted to establish a strategy for stable co-amorphous 
system combination based on phase diagrams and Tgs. The authors claim “it is 
possible to define the feasibility of stable formulations of a binary system of active 
ingredients at a ratio relevant to complementary therapeutic doses”, though with 
only five APIs it probably is a brave statement.133 

 

Co-amorphous API/amino acid systems 

An approach developed in 2013 by Löbmann was based on co-milling amino acids 
with APIs. The amino acids were initially selected to match the binding sites of the 
receptors of the APIs, i.e. Carbamazepine was co-milled with phenylalanine or 
tryptophan as both of those amino acids are found at neuronal Na+ channels, while 
Indomethacin was combined with amino acids binding cyclo-oxygenase – arginine 
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and tyrosine. In the case of binary mixtures, 1:1 molar ratio provided the best 
stability and dissolution rate within the systems.134 Very similar conclusions were 
drawn from studies by Löbman’s co-workers -Laitinen135, Heikkinen136 and Jensen.137 
However, the natural occurrence of the amino acid at the receptor did not always 
lead to a successful co-amorphisation – Indomethacin did not amorphise fully with 
tyrosine, despite the latter occurring at the receptor of Indomethacin naturally. The 
authors hypothesised that strong interactions are present between the API and the 
amino acid at the active site, so it was anticipated that the functional groups within 
the amino acid would interact with the API and stabilise the mixture in the co-
amorphous state. 
 
Some solubility parameter studies employed by Löbmann et al. showed a promising 
approach to new potential combinations, as proven by a very stable co-amorphous 
mixture of Indomethacin with phenylalanine.134 In continuation, Kasten et al. 
investigated this issue further with six model APIs (two acidic, two neutral and two 
basic) and twenty amino acids to find that majority of non-polar amino acids such as 
phenylalanine or proline were the most successful for co-amorphisation, while 
amorphous salt formation was best achieved when using acidic APIs and basic amino 
acids. The amino acids possessing polar side chains, such as threonine, tyrosine or 
glutamine, failed to form co-amorphous mixtures with all the APIs investigated.138   
 
 
To conclude, the use of co-formers to produce an amorphous API is a relatively new 
technique, not understood in its entirety and therefore requiring further attention of 
the research. Not many in silico techniques are developed so far, certainly none of 
them able to predict the co-amorphisation with 100% precision. Many screening 
studies published still rely on time consuming experimental methods, which are also 
expensive and often not industrially viable. This thesis aims to provide a better 
understanding of the co-amorphisation and the right pairing of the API with co-
formers, expanded in ensuing chapters.  

 

Co-amorphisation techniques 

Similarly to amorphisation of pure APIs, spray drying, melt quenching and ball-milling 
are amongst the leading techniques of co-amorphisation. It is important to note that 
not all API/co-former systems may be prepared using melt quenching or spray drying 
– melt quenching may only be used for the combinations that are thermally stable, 
while spray drying might be used if the two components are equally soluble in the 
same solvent.  
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Ball-milling and cryo-milling 

As the milling involves the use of mechanical energy, it disrupts the crystalline 
lattices of the components and promotes intimate mixing and H-bonding between 
the components: if mixed adequately, localised H-bonds “hold” the molecules in 
place, preventing re-crystallisation. In some cases, the use of a high Tg co-former 
allows to raise Tg of the co-amorphous system, thereby preventing re-crystallisation, 
or at least, slowing it down. Overall there is a very low risk of the thermal 
degradation, especially when using cryo-milling. Cryo-milling can be advantageous as 
ball-milling can cause temperature increases and cause the onset of re-
crystallisation.139 
 
Fast crystallisers such as Carbamazepine, Naproxen, or 6-mercaptopurine do not 
become amorphous at ball-milling (the latter two also do not amorphise on cryo-
milling; own studies). Those APIs require further stabilisation via co-amorphisation: 
the successful combinations include Naproxen/Cimetidine140 and 
Carbamazepine/tryptophan.134 Cryo-milling is a less explored method for co-
amorphisation, though systems of co-amorphous Sulfamerazine/citric acid76, or 
Sulfathiazole/tartaric9 acid were reported to be prepared by cryo-milling. 
 

Spray drying 

Spray drying is a great technique when only one component is to be amorphised: 
when two compounds are to be used, the temperature at the drying nozzle has to be 
carefully considered as thermal degradation of one or both components may take 
place. Also, both compounds need to be soluble in the solvent to a similar extent so 
that no re-crystallisation of one of the components can take place before the final 
step is achieved.141 

Perhaps the issues outlined above are the reason not many spray dried co-
amorphous systems are known in literature: Indomethacin/arginine, 
Indomethacin/histidine and Indomethacin/lysine were reported to co-amorphise on 
spray drying by Jensen et al.142, though the authors admitted previous attempts of 
spray drying of APIs with amino acids were not successful. No reports of APIs spray 
dried with small molecule co-formers were found. 

 

Melt quenching 

Melt quenching is the most common technique both for amorphisation and co-
amorphisation. This method is unsuitable for compounds sensitive to high 
temperatures. While this method usually results in amorphous APIs alone, in order 
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to increase their stability towards re-crystallisation, co-amorphisation is employed: 
especially in the case of poor crystallisers such as Carbamazepine, Flufenamic acid 
and Lidocaine.51, 133 

The examples of melt quenched co-amorphous systems with other APIs include: 
Paracetamol/Quinidine, Paracetamol/Aspirin143, Naproxen/Indomethacin144, 
Naproxen/Flufenamic acid127, Naproxen/Cimetidine140 and many more. However, 
only two successful co-amorphous systems with small molecule co-formers are 
reported in the literature: these are limited to Paracetamol/citric acid145 and 
Indomethacin/citric acid146. 

Melt quenched co-amorphous systems are usually stable for longer periods when 
compared to those prepared by ball-milling or cryo-milling. 51, 62  Melt quenching 
leads to an increased disorder and results in higher physical stability: milled 
amorphous materials may still contain a large number of nuclei, whereas melt 
quenched samples may have a very low number of these nuclei.56 

 

Solvent evaporation 

Solvent evaporation is a technique used widely, though the use of solvents is 
nowadays frowned upon as the demand for green chemistry expands147. Therefore 
the research of co-amorphous systems via solvent evaporation is not very popular. 
Additionally, the same issue of mutual solubility as in the case of spray drying applies 
here: further decreasing the success rate of co-amorphisation using this method. 
Nevertheless, a co-amorphous API/API combination of Ritonavir/Indomethacin 
based on solvent evaporation proved successful125 Another account is of 
Acyclovir/citric acid, resulting in an improved stability of the combination and good 
skin permeability.131 

 

Solubility advantage of the amorphous solids 

As the majority of new drugs in the development phase turn out to be poorly water 
soluble, many of the potentially brilliant APIs are rejected even before clinical trials. 
Amorphisation is probably the best approach to overcome poor solubility as the 
dissolution rate of the amorphous substances is generally increased by several 
orders of magnitude. This is due to the high internal energy148, random orientation 
of molecules43, and increased surface area149 stemming from the absence of three 
dimensional long range order, and decreased particle size, respectively. The forces 
holding the molecules together are not as strong as in the case of their crystalline 
counterparts, thus the molecular mobility is also increased, resulting in higher 
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apparent solubility over the crystalline form. In solution, the regions of greater local 
disorder absorb large amounts of water, plasticizing the region and thus enhancing 
the dissolution150, resulting in a great increase of drug concentration in solution 
(sometimes resulting in supersaturation), often followed by a steep decline in the 
concentration due to its spontaneous re-crystallisation (precipitation). However, 
amorphous formulations are not widely used not only due to their short-lived 
supersaturation but also due to their insufficient shelf-life and true solubility – which 
often is not as high as expected, attributed to simplification of the equilibrium 
element within thermodynamic calculations.36 The challenge in calculating and 
predicting the solubility of the amorphous solids lies in a thermodynamic difference 
within the amorphous solute as it absorbs water, and degree of ionisation of the 
solute at different concentrations.49 Murdande et al. have “improved” Hancock and 
Parks’ thermodynamic calculation of amorphous solubility and applied it to nine 
compounds. Even with the improved calculation, the solubility as expected was only 
observed in three out of nine cases. The solubility of the other six was different to 
the calculation for a number of reasons, such as ionisation or possible re-
crystallisation in solution, preventing accurate measurements.50 This spontaneous 
re-crystallisation at contact with water essentially leads to the same dissolution 
behaviour as the most stable polymorph of the substance. 

Accordingly, co-amorphisation can serve as a perfect solution to all the issues listed 
before: not only do co-amorphous systems exhibit increased apparent solubility over 
the crystalline API alone, they also often show better solubility than the amorphous 
API.33, 125 A synchronized release of two components (if both are APIs) may take 
place7 and can prevent the system from re-crystallisation134 and in some cases 
prolong the supersaturation.151 The enhanced properties of the amorphous phase 
created by the co-amorphisation with co-formers are usually credited to 
intermolecular interactions, though as mentioned previously, some co-amorphous 
systems lack those interactions and instead are just intimately mixed. If the co-
former is bound strongly to the API (e.g. heterodimer), the rate of dissolution of the 
API might match that of the co-former; observed by Löbmann et al. in the case of co-
amorphous Indomethacin/amino acids.134 However, if the solubility of the co-former 
exceeds that of the API too much, and if the interactions between the components 
are either weak or non-existent, there is a risk of the co-former being leeched from 
the co-amorphous system, leaving the rapidly re-crystallising amorphous API 
behind.142  

In summary, co-amorphisation, while not perfect, is a promising, continuously 
developing approach to improving drug dissolution behaviour.  
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Co-crystalline pharmaceuticals 

As shown in Figure 2e (page 12), a co-crystal is a combination of two separate, 
independent components into one molecular structure, held together by H-bonds, 
solid at room temperature.152 As co-crystallisation does not require chemical 
modification of parent compounds, it is especially attractive for pharmaceutical 
companies as the clinical trials will be significantly shorter and a new patent more 
easily obtained. 

The superior activity of co-crystal is attributed to the differences in arrangement of 
the molecules in the crystal lattice compared to the mother compound - as there is a 
guest molecule which is actively engaged in intermolecular interactions with the API. 
It is important to note that the co-former must be a neutral molecule, i.e. if the drug 
was anionic and the co-former cationic, a salt would be formed. The H transfer does 
not take place in the co-crystal, resulting in only strong H-bonds, vdW forces and π–π 
interactions between the two molecules. In most cases the energy of such system is 
high enough to provide pharmaceutically suitable stability, and low enough to 
facilitate a swift dissolution. However, in order to prepare a successful co-crystal, the 
forces between the two components must be stronger than the forces within one 
species, i.e. heterodimers must be preferred over homodimers; otherwise the co-
crystal may not be formed or suffer poor stability.153  

Depending on the nature of co-formers, tailored co-crystals can exhibit: altered 
crystal shape (e.g. to improve flowability and compaction properties), modified drug-
release profile (e.g. to slow down or enhance the dissolution of the API relative to 
the pure API) or modified chemical stability (e.g. decreased moisture uptake of the 
co-crystal relative to the parent API), amongst many other features.43  Additional 
benefits of co-crystals over their crystalline counterparts are: the possibility of a 
reduced dosage (as the co-crystal may be more bioavailable) which could diminish 
the amount of unwanted side effects of the API154; possible superior pharmaceutical 
activity such as in the case of Metformin/Quercertin co-crystal – the combination is 
said to show different biological activity compared to the crystalline components155; 
or perhaps most importantly, patent extension, or a new patent application, if the 
competitor did not do an extensive screening beforehand.156, 157 

 

Co-crystal design 

Rather than accepting challenges faced in the development of a pure API, co-crystals 
may be designed: the co-crystals may be “constructed” based on known synthons 
(modes of bonding, Figure 7), followed by fine-tuning of solid-state properties by 
alterations in co-former nature. Highly symmetrical, rigid APIs of low molecular 
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weight and with strong interaction sites available are more suitable to co-
crystallise158, though this is not a rule of thumb. Thus, first, a screening of possible 
co-formers should be carried out on CSD (Cambridge Structural Database) to narrow 
down the type of the co-former that will potentially H-bond with the API of interest; 
followed by actual co-crystallisation experiments, as, at present, no screening 
method is 100% robust.152 

 

Figure 7 Some supramolecular synthons with their frequency of occurrence in CSD. Reproduced with permission 
from "Co-crystallization and small molecule crystal form diversity: from pharmaceutical to materials 

applications".159  

The choice of co-former is somewhat easier than in the case of the co-amorphous 
systems as: (1) there is a wide range of co-formers that can be chosen, from food 
additives and preservatives (Generally Recognized as Safe, GRAS160) to 
pharmaceutical excipients and other APIs, and (2) co-crystal systems were 
extensively screened over the last twenty years and thus large libraries of co-crystal 
synthons are known: Piroxicam was found to have over 50 co-crystal formers!161 
Taking API’s H-bonding capability, pKa, size and flexibility into account, and 
understanding the possible H-bonding motifs (synthons), allows one to select 
suitable co-formers. If a molecule of interest possesses an amino group which in 
another molecule is known to H-bond with a carboxylic acid, the chances are that 
that the molecule of interest will also form a co-crystal with a carboxylic acid, 
provided their solubility in the solvent is similar152 and that their pKa difference does 
not exceed the value of three (otherwise a proton transfer takes place, resulting in a 



37 
 

salt).22 Some studies quote sole co-crystal formation when pKa difference between 
the two components is ≤1.5162, as well as all negative delta pKas.21 

Based on in silico studies, laboratory screening may take place to enable selection of 
suitable co-former types. Methods used for screening involve: solution 
crystallisation163, slurry/suspension crystallisation164, 165, hot melt extrusion166 and 
grinding167, 168. Industrially, hot melt extrusion is used, along with solution 
crystallisation and less often grinding.167 As only grinding and solvent evaporation 
was involved in co-crystallisation in this thesis, these will be explained in detail. 

 

Co-crystal preparation 

It is important to note that depending on the method used the screening may take 
from minutes to months: if one is looking for a good quality single crystal for X-ray 
analysis, a large number of solvents and slow evaporation is required, which is 
inevitably time consuming. It would then seem logical to prepare co-crystals 
mechanochemically (e.g. by ball-milling), though the greatest issue with this method 
is the unsuitability of the resulting co-crystalline solid for single X-ray Diffractometry 
(sXRD) due to a greatly reduced particle size.169 Though generally mechanochemical 
methods are in consensus with solution based methods, sometimes differences are 
observed: new polymorphs of a co-crystal may be found by either of the methods170, 

171, or co-crystals with different stoichiometry may be formed.172, 173 The first report 
of mechanochemical preparation superiority over solution based method was 
published in 1984 by Patil et al. who concluded that quinhydrone co-crystals could 
only be prepared by grinding.174 In a study carried out by Friščić et al. it was shown 
that mechanical methods are superior to solvent-based ones, i.e. 4/25 co-crystals 
were found using solvent-based methods, while ball-milling  and liquid assisted 
grinding (milling with a catalytic amount of solvent) found 16 and 18 co-crystals, 
respectively.175 Similar results were reported by Etter et al. who determined that 
grinding would produce co-crystals which would not be otherwise obtained in 
solution.176, 177  The failure to isolate co-crystals from solution was attributed to 
different solubilities of the components: grinding itself did not lead to an unusal 
crystallisation, but enabled both components to react as one phase. The increased 
efficiency observed for grinding methods is probably due to lack of issues connected 
to differences in solubility of the individual components and competition of solvent 
and co-former for interaction with the second component.169 Furthermore, grinding 
introduces a large amount of energy to the system, effectively breaking H-bonds 
within single components and somewhat forcing the interactions between the two 
species.175 
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Ball-milling 

Quick and robust, mechanical preparation of co-crystals has been used widely in 
research. Trask et al. produced five caffeine co-crystals145, Aitipamula et al. 
determined polymorphic forms of the co-crystals176, Vishweshwar et al. produced 
co-crystals with various stoichiometries177, and Jayasankar et al.  studied co-
crystallisation via an amorphous phase.178  

There are two primary types of grinding used to obtain a co-crystal: so-called dry 
grinding, where solids are simply ground together, usually using a mechanical ball-
mill; and liquid assisted grinding (LAG; also called “solvent drop”), where solids are 
ground together with a drop of solvent to act as a catalyst175 and a lubricant for the 
reaction.169 

Comparisons of liquid assisted grinding versus dry grinding have been carried out in 
literature and a general consensus exists that LAG is better suited for co-crystal 
screening as it is much faster.167, 173 It also increases the crystallinity of the co-crystal 
compared to ball-milling: without the solvent some amorphous content can be 
made, which may cause spontaneous re-crystallisation of amorphous regions to the 
most thermodynamically stable polymorph of the components.48, 173 Subsequently, 
the yields obtained via LAG are higher than dry grinding.179 Fortunately, because the 
amounts of the solvent are so miniscule, solvent based drawbacks such as solubility 
differences or solvent-solute interactions are drastically reduced and practically not 
present at all.169, 173 

Additional advantage of mechanical preparation may be particle size reduction: 
reducing particle size increases the surface area of the bulk and thus in theory allows 
for a faster release.180-182 Indeed, Hickey et al. found that co-crystals of 
Carbamazepine/saccharin were >80% dissolved when the particle size was <150 µm 
in diameter, while particles larger than 500 µm were found to dissolve at a much 
slower rate.183  

 

Solution based co-crystallisation 

Solution based co-crystallisation encompasses methods such as: slurrying, cooling 
crystallisation, solvent evaporation, and anti-solvent addition, amongst other, more 
sophisticated/complicated methods.184, 185 

Although not as popular as mechanical approach due to its drawbacks, solution 
based co-crystallisation still is necessary: mainly for the growth of co-crystals suitable 
for sXRD or exploration of co-crystal polymorphism or stoichiometry: Leyssens et al. 
discovered 4 polymorphs of 2:1 caffeine/mesaconic acid co-crystals, also noting that 
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this co-crystal proved to be stoichiometrically diverse186; Sangtani et al. 
demonstrated that the use of different solvents directed either the red or the yellow 
co-crystals of Furosemide/pyridine187, and Pagire et al. tested thermodynamic 
stability of two polymorphs of Carbamazepine/saccharin co-crystals, to conclude 
that FII converts to FI during solution-mediated transformation.188  

While solution based co-crystallisation is necessary initially, in long term it suffers 
four major issues: 1) majority of the time it is time consuming (e.g. one has to wait 
weeks for single crystals to grow, as opposed to grinding, which yields results 
immediately), 2) it carries a risk of potential differences in solubility between the co-
crystal components189 which can cause single components crystallising separately, 3) 
it may prove difficult to up-scale: changes in growth, nucleation or breakage can 
occur184 or different polymorphs may be grown from different operating volumes: 
(larger volume = differenes in agitation)190, and 4) solvent-solute interactions may 
take place– resulting in a lack of co-crystallisation or solvate formation.168 Solvates, 
which pose the residual solvent issue, are not desirable in the final product191: the 
removal of the solvent from a solvate usually results in structure collapse and 
amorphisation, as shown in the case of Atorvastatin solvates192 or emergence of 
different (sometimes novel) polymorphs of the starting materials193, which, as 
mentioned earlier, would be disastrous industrially. 

 

Structure determination 

X-ray methods 

XRPD and sXRD are two most powerful, first choice, methods to determine whether 
a powder, or a single crystal, respectively, are truly a new co-crystal. XRPD would 
show completely new peaks when compared to starting materials and their physical 
mixtures, while sXRD allows to check CSD for any hits – no hits would mean a novel 
structure. 182, 183 Further, sXRD allows the determination of the crystal structure and 
H bonding motifs. If a chemical formula is known, calculations to find the missing 
atoms are possible. Such solved structure can then be viewed in many a software for 
crystallographers, so that understanding of H-bonding, motifs and general packing 
can be achieved. 

 

DSC & TGA 

DSC would be another method to test whether the co-crystal is unique: one thermal 
event, namely the melting, is generally expected to appear somewhere in-between 
the melting points of parent compounds: if two melting events are observed, 
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chances are that only a physical mixture of the two is obtained, or incomplete use of 
one of the components took place (i.e. co-crystal with excess of one of the parent 
compounds contaminating it is formed194). What’s more, co-crystallisation can also 
be monitored using DSC: an endothermic peak of co-crystallisation prior to melting 
may be observed.195, 196 TGA, often coupled to DSC, can also determine if, and if any- 
how much – of a solvent is included in the co-crystal by the virtue of the weight loss 
analysis.197  

 

Spectroscopy 

Spectroscopic methods are also important in co-crystal analysis: as H-bonding is 
involved in co-crystallisation, the spectroscopic changes are easy to spot and 
identify: peak shifts and intensity differences are observed, as well as new peak 
formation or some peaks’ disappearance. Ss-NMR can determine whether a co-
crystal in question is truly a co-crystal where no proton transfer took place; 
Terahertz and Raman spectroscopy both can distinguish between chiral and racemic 
co-crystals of comparable architecture.169 

 

Main co-crystallisation advantages 

Melting point 

Manipulation of the physical properties of the API of interest is also enabled with the 
use of co-crystallisation. A study carried out revealed that 78% of the time it is the 
co-former that determines the changes in the melting point and thus it is possible to 
“design” a co-crystal with a desired melting point.158 This property is particularly 
attractive in manufacturing as high melting temperature oftentimes corresponds to 
good stability, while lower melting point may be desired in the case of some 
thermolabile APIs, e.g. Carbamazepine/nicotinamide co-crystal which resisted 
degradation at spray drying, unlike Carbamazepine itself.198 

 

Processability 

Improved mechanical properties have been reported for some novel co-crystals, 
such as Paracetamol with oxalic acid and 4,4-bipyridine.199 If the API shows good 
dissolution properties, but poor flowability/compaction behaviour, co-crystallisation 
may be used (it may enable a different morphology of a co-crystal: e.g. needle 
shaped crystals are known to cause poor flowability200). Co-crystals of 
Ibuprofen/nicotinamide and Flurbiprofen/nicotinamide exhibited improved 
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tabletability and compressibility.201 Another co-crystal, Acetaminophen/theophylline, 
showed superior compression behaviour when compared to pure API due to packing 
of the molecules within the lattice: a flat layer providing a high tensile strength in the 
co-crystal and a corrugated layer in the pure drug, resulting in it being brittle.173  

 

Stability 

Some APIs are not stable in their crystalline form- instead they form hydrates 
(especially during dissolution)202 or may spontaneously undergo a polymorphic 
transformation during, for example, processing or packing (high temperatures or 
high pressures).203-206 

Extensive studies on co-crystal water uptake during storage were carried out using 
dynamic vapour sorption method.  A 1:1 Indomethacin/saccharin co-crystal showed 
<0.05% water uptake up to 95% RH147; glutaric acid/2-[4-(4-chloro-2-
fluorophenoxy)phenyl]pyrimidine-4-carboxamide sorbed 0.08% up to 95% and 
showed no form change over two months at 40°C/75% RH207; co-crystals of 
theophylline/oxalic acid and caffeine/oxalic acid were resistant to hydration over 
seven weeks at 98% RH.208 Hydrate formation depends on favourable interactions 
between the API and solvent – by reducing the number of potential H-bonding sites 
between API and solvent via co-crystallisation, hydration is very unlikely. 

 

Solubility & dissolution 

The solubility of the system is dependent on the solvation of the constituents and 
the crystal lattice strength. Choosing the right co-former may therefore increase or 
decrease the solubility and dissolution properties. When the solvent affinity is 
increased and the lattice energy decreased, the system will result in being more 
soluble (little resistance to solvation).209 It was found that co-former solubility 
determines the solubility of the co-crystal, especially if the former is at least 10 fold 
more soluble than the drug molecule used.210 With the plethora of co-formers 
available it is reasonably easy to engineer co-crystals with improved solubility 
nowadays211, e.g. Norfloxacin/isonicotinamide co-crystal with a 2-fold solubility 
increase over the free API212, Indomethacin/saccharin co-crystal with an 
instantaneous release147, Acyclovir/fumaric acid co-crystal with 100% release within 
10 minutes, compared to a 60% release for Acyclovir alone within 1 hour213, or 
Itraconazole/succinic acid co-crystal with 4-20 fold higher concentration maintained 
over eight hours of the study.214 
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Co-crystallisation, similarly to amorphisation, also has a great potential to improve 
the future drug formulations. Subtle changes in co-formers may fundamentally 
change the behaviour of the co-crystal, therefore impacting the behaviour of the 
API. Design of co-crystals bears the advantage of predictability: unlike with the 
amorphous systems, co-crystals can be predicted based largely on synthons and 
motifs. Perhaps, if the co-amorphisation proves too tricky to standardise, it will be 
the co-crystals which will aid with the solubility issues of novel poorly soluble drugs.  
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Thesis objectives 

Considering the advances in solubility improvement in pharmaceutical industry, the 
following observations can be made: 

(1) The use of amorphous pharmaceutical provides a promising approach, 
though burdened by the instability of the amorphous phase and thus a 
further need to research (co-formers, dissolution profile, stability), 

(2) Further screening for co-amorphous systems with improved apparent 
solubility shall be conducted, as at present the conclusions are incomplete 
and one has to perform laboratory screening to correctly “predict” co-
amorphisation, and 

(3) The use of co-crystals in the pharmaceutical field is a good alternative to co-
amorphisation, however not all co-crystals exhibit enhanced dissolution 
properties. 
 

The work presented in this thesis focuses on the search for the perfect co-
amorphous system, which will exhibit a suitable stability towards re-crystallisation 
and will possess enhanced dissolution properties relative to its crystalline 
counterpart. A laboratory screening in search of co-amorphous systems will be 
conducted in order to determine factors responsible for co-amorphisation, 
complementing the knowledge obtained from previous publications. An 
investigation of the behaviour of a model drug will be carried out, testing the 
likelihood of co-crystallisation versus co-amorphisation. PCA is used to understand 
the co-crystallisation via the co-amorphous phase and behavioural differences 
between different polymorphs of the starting API.  
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CHAPTER 2 

EXPERIMENTAL SECTION 
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Materials 

Carbamazepine (>97% purity), Acyclovir (>98% purity), Amoxicillin trihydrate (>98% 
purity), Allopurinol (>98% purity), Ciprofloxacin (>98% purity), Acetaminophen (>98% 
purity), Indomethacin (>98% purity), Ibuprofen (>98% purity), Mefenamic acid (>98% 
purity), 6-mercaptopurine (>98% purity), Nifedipine (>98% purity), Norfloxacin 
(>98% purity), Quinine (>98% purity), 1,3,5-pentanetricarboxylic acid (>98% purity), 
trimesic acid (>98% purity) and sodium taurocholate (>84% purity) were purchased 
from Tokyo Chemical Industry (TCI Europe, Zwijndrecht, Belgium). 

Benzamidine (>98% purity), sulfamerazine (≥99% purity), sulfathiazole (≥98% purity), 
citric acid (>98% purity), deoxycholic acid (>98% purity) and sodium deoxycholate 
(>98% purity) were obtained from Sigma Aldrich (St. Louis, Missouri). 

Diflunisal was purchased from Baoji Guokang Techonology Co., Ltd., China. Naproxen 
was received as a gift from Roche Ireland Ltd. 

All chemicals were used as received. 

 

Instruments 

Differential Scanning Calorimetry 

DSC was used to confirm the polymorphs, co-crystals and co-amorphous systems 
and their purity. The experiments were carried out on a Rheometric Scientific 
STA625 thermal analyser (Piscataway, NJ, USA) in open aluminium crucibles at a 
heating rate of 10°C min-1 within 25°C to 300°C temperature range under a purge of 
nitrogen gas. An indium standard was used for DSC calibration. 

 

X-ray Powder Diffractometry 

XRPD patterns were recorded on an Inel Equinox 3000 powder diffractometer 
(Artenay, France), fitted with a curved position sensitive detector calibrated using 
Y2O3. Data were collected between 5 and 90 ° (2θ) using Cu Kα radiation (λ = 
1.54178 Å, 35 kV, 25 mA).  

 

Near Infra-Red Spectroscopy 

NIR spectra were collected in glass vials (15 × 45 mm2) on a PerkinElmer Spectrum 
One (Waltham, Massachusetts) fitted with an NIR reflectance attachment. Spectra 
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were collected with interleaved scans in the 10,000–4000 cm−1 range (32 co-added 
scans, 8 cm−1 resolution).  

 

Attenuated Total Reflectance Infra-Red Spectroscopy  

ATR-IR spectra were recorded with a PerkinElmer Spectrum 400 (FT-IR/FT-NIR 
spectrometer, Waltham, Massachusetts) equipped with a DATR 1 bounce 
Diamond/ZnSe Universal ATR sampling accessory. Spectra were measured in the 
range from 4000 to 650 cm-1 (32 co-added scans, 4 cm-1 resolution). 

 

Raman Microscopy 

Raman microscopy was conducted using a Renishaw inVia confocal microscope with 
a x50 optical lens with WiRE 3.4 software. Powdered samples were lightly dispersed 
manually on a glass slide using a spatula. Individual particles were focused on and 
selected using a XYZ sample stage. Spectra were collected from 665.14 to 1777.34 
cm-1 using 600/cm grating (785 nm laser at 10% power; 3 acquisitions, 3 s exposure 
time). 

 

Scanning Electron Microscopy 

SEM images were obtained using a Hitachi S2600N Variable Pressure Scanning 
Electron Microscope with a backscatter BSE resolution of 20 nm at 25 kV, x903 
magnification, with an accelerating voltage of 5 kV, an emission current of 10000 nA 
at a working distance of 13.5 mm. The samples were freshly prepared prior to the 
analysis and a thin layer of powder (< 1 mg) was coated with a thin layer of gold to 
enhance contrast and enable the analysis. 

 

Data analysis 

Data analysis was carried out using the multivariate data analysis software The 
Unscrambler v.9.8 (Camo, Norway). PCA was used to investigate the spectral 
variation during the co-milling process and stability of co-milled samples under 
various RH conditions. 
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Spectral pre-processing 

Standard normal variate (SNV) transformation was used for treatment of IR and NIR 
spectra. This normalized the spectra, reduced baseline offset and increased signal to 
noise ratio, allowing for equivalent analysis between samples irrespective of spectral 
variations which could arise from particle size discrepancy and sampling pressure 
force. Calculated spectra of equimolar physical mixtures of APIs and co-formers were 
generated from the mean of SNV pre-treated spectra of the respective API and co-
formers. 

 

Single-Crystal X-ray Diffraction 

Crystal data for the Carbamazepine co-crystals were collected at room temperature 
on an Oxford Diffraction Xcalibur CCD diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71069 Å). The structure was solved by direct 
methods and subsequent Fourier syntheses and refined by full matrix least squares 
on F2 using SHELXS-97 within the Oscail PC Windows software package.215, 216 Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were found in the 
difference Fourier maps and refined isotropically. Graphics were produced with 
ORTEX.216 

 

Methods 

Ball-milling experiments 

1.0 g of the material was milled for 180 min at 25 Hz in a 25 mL stainless steel jar 
containing one 15 mm stainless steel ball using an oscillatory ball-mill (Mixer Mill 
MM400; Retsch GmbH, Haan, Germany). A break of 15 min was taken after 30 min 
of milling to avoid overheating of the sample. Immediately after milling, the sample 
was analyzed by X-ray powder diffraction.  

 

Cryo-milling experiments 

The milling jars containing 1.0 g of the material were sealed and immersed in liquid 
nitrogen for 3 min before milling for 120 min. Every 7.5 min, the milling jars were re-
cooled with liquid nitrogen for 2 min. The average sample temperature measured at 
7.5 min intervals was −10 ± 2 °C. Immediately after milling, the sample was analyzed 
by X-ray powder diffraction.  
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Stability testing 

All samples were kept at room temperature (22 ± 2°C), ambient relative humidity, in 
sealed vials. X-ray powder diffraction was used to monitor the recrystallization of the 
amorphous phases. 

 

Dissolution testing (disc dissolution) 

For the disc dissolution testing the powder samples (100 mg of API or a weight 
equivalent to 100 mg of API for co-amorphous samples) were compressed into discs 
of 13 mm diameter using a hydraulic press (PerkinElmer, Model D7770, Überlingen, 
Germany). Powders were compressed at a pressure of 7.5 MPa for 10 s, resulting in 
a compact disc with a flat circular surface. XRPD patterns were recorded to confirm 
that no crystallization had taken place during compression. The compact disc was 
placed in 250 mL 0.1 M phosphate buffer (pH 6.8, 37°C) and stirred using an 11 mm 
magnetic stirring bar at 300 rpm. Aliquots of 2.5 mL were withdrawn at 2, 4, 6, 10, 
15, 20, 30, and 45 min and immediately replaced with 2.5 mL of dissolution medium. 
The samples were diluted by addition of 4.75 mL dissolution medium and analyzed 
the same day using UV/vis spectroscopy. All dissolution experiments were conducted 
in triplicate.  

 

Dissolution testing  

Powder dissolution, non-sink conditions 
For the powder dissolution studies powder samples were weighed out (100 mg API 
or a weight equivalent to 100 mg of API for co-amorphous samples), placed in 250 
mL 0.1 M phosphate buffer (pH 6.8, 37°C, controlled) and stirred at 300 rpm using an 
11 mm magnetic stirring bar. Aliquots of 2.5 mL were withdrawn at 2, 5, 10, 15, 25, 
30, 45, 60, 90, 120, and 180 min and immediately replaced with 2.5 mL of 
dissolution medium. The samples were diluted by addition of 4.75 mL dissolution 
medium and analyzed the same day using UV/Vis spectroscopy. All dissolution 
experiments were carried out in triplicate.  

 

Powder dissolution, sink conditions 
Dissolution studies were carried out under sink conditions using a VanKel Variant 
Agilent VK7000 (Agilent Technologies, USA) dissolution test system (USP Type II, 
paddle) with a Distek TCS 0200C thermocirculator (Distek Inc., USA). Weighed out 
powder samples were placed in 900 mL of 0.1 M phosphate buffer (pH 6.8, 37°C) 
and stirred at 150 rpm. 2.5 mL aliquots were withdrawn at 2, 5, 10, 15, 25, 30, 45 
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and 60 min and immediately replaced with 2.5 mL of fresh dissolution medium. The 
withdrawn samples were filtered through a 0.20 μm cellulose acetate filter (GVS 
Filter Technology UK Ltd.) and analyzed the same day using UV/Vis spectroscopy. All 
dissolution experiments were carried out in triplicate. Details regarding the amount 
of API used are presented in Table 1. 

Table 1 Details of the dissolution studies: amounts of API and NaTC in 900 mL phosphate buffer and wavelengths 
used for UV-Vis analysis 

API amount API [mg] amount NaTC [mg] wavelength 
 Carbamazepine 19 44 285 

Diflunisal 21 45 250 
Indomethacin 20 30 265 

Mefenamic acid 30 66 285 
Naproxen 78 182 265 

6-mercaptopurine 41 143 320 
Quinine 35 59 330 

Sulfamerazine 31 64 258 
Sulfathiazole 45 95 285 

 

UV-Vis Spectroscopy 

The amount of the dissolved API was determined by UV/Vis spectroscopy using 
quartz cuvettes with a Varian Cary 50 Scan Spectrophotometer (Santa Clara, CA, 
USA). Standard solutions of known concentrations were prepared in 0.1 M 
phosphate buffer (pH 6.8). The resulting calibration curve was linear in the relevant 
concentration range. Reference spectra were recorded for the buffer solution and 
the buffer solution containing the co-former used in the range of 200-500 nm, in 
order to exclude potential interference with API absorption in this range. The 
wavelengths chosen for all APIs in this dissertation are presented in Table 1. 

 

Preparation of amorphous, co-amorphous and co-crystalline 
systems 

Preparation of amorphous Sulfamerazine 

The milling jars containing 1.0 g of commercial Sulfamerazine (FI) were sealed and 
immersed in liquid nitrogen for 3 min before milling for 120 min. Every 7.5 min, the 
milling jars were re-cooled with liquid nitrogen for 2 min. The average sample 
temperature measured at 7.5 min intervals was −10 ± 2 °C.  The formation of 
amorphous Sulfamerazine was confirmed by XRPD. 
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 Preparation of amorphous deoxycholic acid and amorphous sodium taurocholate 

The milling jars containing 1.0 g of DA or NaTC were ball-milled for 180 min. Every 30 
min, the milling jars were allowed to cool down for 15 min. The formation of 
amorphous DA and amorphous NaTC was confirmed by XRPD. 

 

Preparation of Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal 

The milling jars containing 270 mg Carbamazepine and 233 mg 1,3,5-
pentanetricarboxylic acid were ball-milled for 90 min and left in an open vial at 
ambient temperature and humidity for 3 weeks. Every 30 min, the milling jars were 
allowed to cool down for 15 min. Alternatively, 10 µL of water were added to the 
jars containing the dry starting materials and ball-milled for 30 minutes, achieving an 
immediate conversion to a co-crystal. The formation of the co-crystal was confirmed 
by XRPD. 

 

Preparation of Carbamazepine/trimesic acid co-crystal 

The milling jars containing 270 mg Carbamazepine and 240 mg trimesic acid were 
ball-milled for 90 min and left in an open vial at ambient temperature and humidity 
for 3 weeks. Every 30 min, the milling jars were allowed to cool down for 15 min. 
Alternatively, 10 µL of water were added to the jars containing the dry starting 
materials and ball-milled for 30 minutes, achieving an immediate conversion to a co-
crystal. The formation of the co-crystal was confirmed by XRPD. 

 

Preparation of Carbamazepine/1,3,5-pentanetricaboxylic acid (single) co-crystal  

1:1 molar ratio mixture of Carbamazepine (270 mg) to 1,3,5-pentanetricarboxylic 
acid (233 mg) was vortexed and mixed with 5 mL of solvent (ethyl acetate or 
acetonitrile). The solution was heated up and filtered, and allowed to evaporate for 
7 days at room temperature in an open vial with a cling film with 3 needle holes 
pierced through. Small needles were present on the wall of the vial and were 
harvested for sXRD. 

 

Preparation of amorphous Carbamazepine 

The milling jars containing 500 mg of commercial Carbamazepine (FIII) were sealed 
and immersed in liquid nitrogen for 3 min before milling for 180 min. Every 7.5 min, 
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the milling jars were re-cooled with liquid nitrogen for 2 min. The average sample 
temperature measured at 7.5 min intervals was −10 ± 2 °C.  The formation of 
amorphous Carbamazepine was confirmed by XRPD. 

 

Preparation of Carbamazepine FI 

500 mg of commercial Carbamazepine (FIII) were heated for 2 hours at 170°C as per 
procedure described in a study by Lefebvre et al.217  A complete conversion from FIII 
to FI was achieved. 

 

Preparation of Carbamazepine FII 

All attempts to follow the methods known in literature failed.218-221 Optimisation of 
the conditions presented by Cabeza et al. were carried out and proved successful. 
Absolute solubility of Carbamazepine in toluene was calculated: 590 mg 
Carbamazepine were dissolved in 100 mL of toluene. This saturated solution was 
heated to boiling point and crash cooled to 25°C on ice. The crystals (as needles) 
were allowed to grow and equilibrate for 2 hours at room temperature and were 
harvested by vacuum filtration for 45 minutes. XRPD analysis (Appendix, Figure 104) 
confirmed the presence of pure FII, as did NIR and IR spectroscopy. Carbamazepine 
FII harvested from toluene, smelled slightly of toluene when milled (releasing 
trapped toluene). As its presence could not be determined spectroscopically, other 
methods were investigated. Carbamazepine FII was grown from ethyl acetate 
(EtOAc) instead, similarly to the method described by Kelly et al. 1.05 g of 
Carbamazepine was dissolved in 50 mL of EtOAc, heated to 50°C and crash cooled on 
ice. The crystals (needles) were allowed to develop for 2 hours prior to filtration (45 
minutes, vacuum filtration).  

Preparation of Carbamazepine FIV  

125 mg of commercial Carbamazepine (FIII) was ball-milled at 30 Hz for 30 minutes 
at room temperature. This resulted in 100% conversion to pure FIV. The milled 
powder was verified using XRPD pattern from CCDC database, shown in Appendix, 
Figure 105. 
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Preparation of co-amorphous systems 

Ball-milling 

1.0 g mixtures of API/co-former in a 1:1 molar ratio were ball-milled for 180 min. 
Every 30 min, the milling jars were allowed to cool down for 15 min. The formation 
of co-amorphous systems was confirmed by XRPD. The systems prepared using this 
method are listed in Appendix, Table 16. 

 

Cryo-milling 

The milling jars containing 1.0 g of 1:1 molar ratio mixture of an API and a co-former 
were sealed and immersed in liquid nitrogen for 3 min before milling for 120 min. 
Every 7.5 min, the milling jars were re-cooled with liquid nitrogen for 2 min. The 
average sample temperature measured at 7.5 min intervals was −10 ± 2 °C.  The 
formation of co-amorphous systems was confirmed by XRPD. The systems prepared 
using this method are listed in Appendix, Table 16. 
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CHAPTER 3 
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Poor solubility of pharmaceuticals nowadays requires immediate action and re-
formulation. Co-amorphisation is one of the leading research techniques showing 
promising behaviour during dissolution. It is however vital that co-amorphous 
systems remain stable, i.e. do not re-crystallise to the parent compounds, during 
manufacturing or storage. In this chapter, the success of co-amorphisation of 18 APIs 
and their dissolution behaviour will be described. 

 

The influence of co-formers on the dissolution rates of co-
amorphous Sulfamerazine/excipient systems 

 

N

NN
H

S

H2N

O O

 

Scheme 1 Structure of Sulfamerazine. 

Sulfamerazine (Scheme 1) is a sulfonamide antibiotic which is no longer used 
nowadays due to its lack of a wide spectrum application and resistance 
development. It is however a perfect model drug for co-amorphisation. It exists in 
three polymorphic forms: stable at higher temperatures FI (commercial form), 
enantiotropically related to FII, which in turn is more stable at room temperature.222 
FIII was discovered only recently223 and was not encountered during this study. 
Sulfamerazine polymorphic transformations have been studied extensively.222, 224-227 
The first account of partial amorphisation of Sulfamerazine was by Chattoraj et al. in 
2011228, followed by Caron et al. a year later.229 The latter group reported 
amorphisation of Sulfamerazine on cryo-milling and polymorphic transformation of 
FI FII on ball-milling. A more recent study of MacFhionnghaile et al. examined the 
effects of cryo-milling and ball-milling with and without the use of excipients/co-
formers with the aid of XRPD and spectroscopic methods.76 Ball-milling of 
Sulfamerazine FI results in a loss of crystallinity and consequent phase 
transformation to FII at 45 minutes. Milling of FII results only in a loss of crystallinity 
– no solid state changes are observed. 
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Co-amorphisation of Sulfamerazine with small molecules 

Literature review 

The same study confirmed that Sulfamerazine amorphises on its own: cryo-milling FI 
results in fully amorphous phase within 30 minutes while milling of FII required 120 
minutes. The increased milling time is due to its thermodynamic stability of FII and 
predominantly the differences in crystal lattice packing: FI layers are flat and form 
slip planes which enable easy amorphisation, whereas FII exhibits zig-zag shaped 
planes which interlock. The study also investigated the re-crystallisation of 
amorphous Sulfamerazine obtained from FI– it was revealed that milling for longer 
than 60 minutes resulted in a pure FII, while cryo-milling shorter than 60 minutes 
gave rise to a mixture of FII and FI. This is most likely due to seeds of FI still present 
within the amorphous phase of Sulfamerazine. The stability of amorphous 
Sulfamerazine was investigated at 4°C and ranged between 2-5 days, depending on 
the milling time. Contrary to simple logic, longer milling times do not necessarily 
equal better stability as demonstrated in the case of Sulfamerazine, Simvastatin41 
and Indomethacin230: a less stable amorphous phase is formed as the particle size is 
reduced, giving rise to a larger surface-to-volume ratio and thus a larger area for 
nucleation of the most stable polymorph.231  

In order to examine the co-amorphisation properties of Sulfamerazine, 
MacFhionnghaile et al. have co-milled Sulfamerazine with small molecule co-
formers- sugars, carboxylic acids and amides.76 

The co-amorphous systems were obtained by cryo-milling of equimolar mixtures of 
Sulfamerazine with citric acid (CA; Figure 9), fumaric acid (FA), oxalic acid (OXA) and 
DL-tartaric acid (DLTA). Sulfamerazine/CA resisted re-crystallisation the longest of all 
the systems: 2 months under vacuum at 4°C; however, when stored at RT, the same 
system is stable only for 7 days. Prolonged stability (4 weeks, 43% RH) of a co-
amorphous system of Paracetamol with citric acid has also been studied and the 
stability was attributed to H-bonding between the components.145 
Sulfamerazine/DLTA also resisted re-crystallisation for 7 days at RT, while 
Sulfamerazine/FA re-crystallised within 5 days at RT. Lastly, Sulfamerazine/OXA also 
is stable for 7 days, however, unlike in all the other cases, it did not crystallise to FII 
of Sulfamerazine, as expected, but a co-crystal was formed.  

The extended stability of the co-amorphous systems of Sulfamerazine relative to 
amorphous Sulfamerazine alone are supported by the inter-molecular interactions 
between the API and the co-former, though spectroscopic methods used showed 
little to no interaction of Sulfamerazine with CA, despite the longest stability and 
contrary to the behaviour of Paracetamol/citric acid. 
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Co-milling of Sulfamerazine with structurally similar carboxylic acids 

The success of CA could be attributed to its number of possible H-bonds: 7 acceptor 
bonds and 4 donor bonds, as well as its small size and flexibility. To test that, 
Sulfamerazine was cryo-milled with trans-aconitic acid, 1,2,3 propanetricarboxylic 
acid and 1,3,5 pentanetricarboxylic acid, structures shown in Scheme 2. These co-
formers were chosen as they provide slight differences in molecular arrangement 
relative to citric acid: trans-aconitic acid, 1,2,3 propanetricarboxylic acid and 1,3,5 
pentanetricarboxylic all have 6 H-bond acceptors and 3 H-bond donors, though they 
range from rigid to more flexible to the most flexible, respectively. Interestingly, 
trans-aconitic acid formed a co-amorphous system with Sulfamerazine upon cryo-
milling for 120 minutes which was stable for at least 27 days at 4°C; 1,2,3 
propanetricarboxylic acid also formed a co-amorphous system stable for 16 days in 
the same conditions; and lastly, 1,3,5 pentanetricarboxylic acid proved to be too 
difficult (sticky) to handle to allow a successful analysis – XRPD of the sample showed 
re-crystallisation peaks of Sulfamerazine FI (data not shown), though oftentimes 
amorphous substances are indeed sticky: above the Tg and at certain humidity 
conditions, particles become sticky, due to “molecular mobility of the amorphous 
components as a highly viscous flow between particle surfaces, allowing the surfaces 
to deform and interact, making the powder a lot more cohesive”.232 This behaviour is 
also described as the sticky point temperature, typically 10-20°C above the Tg. This 
supports the hypothesis that the system was indeed amorphous, but underwent a 
very rapid re-crystallisation. 

  

Scheme 2 Structures of the co-formers chosen: 1) citric acid, 2) trans-aconitic acid, 3) 1,2,3 propanetricarboxylic 
acid, and 4) 1,3,5 pentanetricarboxylic acid. 

Small molecule co-formers may lower the Tg and thus may have the unwanted 
plasticising effect. However, neither the effect of the co-formers on the Tg of the 
systems, nor the actual Tgs of the systems prepared were not measured, except for 
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Sulfamerazine/CA, which experienced a broad crystallisation exotherm where Tg may 
have been76 (Figure 8). Additionally, Tg of citric acid is reported to be 11°C233 (could 
not be made amorphous by ball-milling or cryo-milling due to this very low Tg), which 
would naturally lower the Tg of the co-amorphous system (Tg of Sulfamerazine 
67°C228, 1:1 molar ratio would result in the system’s Tg of approx. 40°C7).  Large 
molecules of 300 g/mol or more with extensive branching and an elevated Tg

55, 
possessing a high number of H-bond acceptors and many rotatable bonds, of bulky 
nature234 are more promising molecules for amorphisation.  

 

Figure 8 DSC analysis of co-amorphous Sulfamerazine/citric acid. The scan rate was 40°C/min. Reproduced with 
permission from “Effects of Ball-Milling and Cryo-milling on Sulfamerazine Polymorphs: A Quantitative Study”.76 

 

Bile acids/salts as co-formers for Sulfamerazine 

Bile salts as surfactants 

Bile salts, due to their anionic hydrophilic head group and a steroid, rigid ring system 
with hydrophilic and hydrophobic edges, form micelles, which can aid dissolution of 
poorly water soluble drugs.235 This is achieved by lowering surface tension, leading 
to emulsification of fats and thus enhanced absorption. It was found by Miyazaki et 
al. that “the extent of micellar solubilisation is influenced by the nature of the 
solubilised molecule”236 as the solubilisation was enhanced in Indomethacin more so 
than Phenylbutazone (pH 7.3, 37°C). The enhanced dissolution of Indomethacin was 
attributed to micellar solubilisation, while Phenylbutazone may have been aided by 
the virtue of wetting effect.237 There are reports of bile salts acting as crystallisation 
inhibitors of poorly soluble drugs.238, 239 Chen et al. have initially observed that the 
presence of NaTC in the dissolution medium has inhibited nucleation of Celecoxib, 
maintaining its amorphous state.239 In their follow-up publication, the authors use 
0.1% of NaTC in the buffer and titrate saturated solutions of APIs against it, with 
brilliant results. The nucleation induction time for 11 diverse APIs was monitored: in 
10 out of 11 examples NaTC has tremendously prolonged the nucleation time, i.e. 
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prevented the APIs from crashing out of solution. It is widely known that amorphous 
drugs may dissolve rapidly and their concentrations are often found above 
equilibrium solubility of the crystalline counterpart, though main issue here is the 
thermodynamic instability as nucleation and subsequent re-crystallisation often 
takes place just as rapidly.238 It was therefore very exciting to perform dissolution 
studies with the use of bile salts in API formulations. 

 

Deoxycholic acid 

In light of the above statement, the co-former selection focused on a large molecule 
with a reasonable amount of branching and a high number of possible H-bond 
donors and acceptors. Deoxycholic acid (DA; Scheme 3) was chosen as a potential co-
former for the co-amorphisation with Sulfamerazine: MW of 392.58 g/mol, 3 
potential H-bond donors and 4 potential H-bond acceptors; and 4 rotatable bonds, 
Tg of 102°C (cryo-milled).240 Additional advantage of deoxycholic acid (DA) is its 
classification as a Generally Recognised as Safe (GRAS) substance and its relatively 
cheap price.  

 

Scheme 3 Structure of deoxycholic acid. 

Sulfamerazine was cryo-milled in a 1:1 molar ratio with deoxycholic acid for 120 
minutes. The resulting powder was analysed using XRPD (Figure 9), IR and NIR. The 
combination of Sulfamerazine/DA was X-ray amorphous with a characteristic 
halo/bump, and lacking any crystalline Bragg reflections. There were some changes 
in the NIR and IR spectra, details of which are summarised in the discussion in 
Characterisation of co-amorphous systems of Sulfamerazine with CA, DA and NaTC 
on pages 60-62. DSC analysis was also carried out, though was not conclusive. 

 

Sodium taurocholate 

Retaining the same search criteria as for DA, another bile acid, this time a salt, has 
been chosen. Sodium taurocholate (NaTC) is a product of conjugation of cholic acid 
with taurine; naturally occurring in the bile of mammals, used to emulsify fats, and 
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similar in structure to deoxycholic acid. It however bears an additional amide and a 
sulfonate group, see Scheme 4. Its MW is 537.69 g/mol, has four H-bond donors and 
7 H-bond acceptors and 7 rotatable bonds. The batch used for this study, TCI’s 
HE53M was an amorphous salt, though the Tg could not be obtained in the lab or in 
literature. An interesting observation was made while screening literature for NaTC’s 
Tg  - amorphous, by cryo-milling, bile molecules such as usrodeoxycholic acid, cholic 
acid or chenodeoxycholic acid, amongst others, were reported to exhibit Tgs 
between 90 and 120°C.240 As reported by Ogura et al. 241, sodium ions may elevate 
the Tg by formation of ionic domains which reinforce the residual H-bonding, which 
permits a hypothesis that the Tg of NaTC would be at least 100°C, thus satisfying the 
“rule” of an elevated Tg for enhanced stability of the co-amorphous system. The 
choice of NaTC was also driven by the unwanted dissolution behaviour of DA, which 
is explained in detail on page 70.   

 

Scheme 4 Structure of sodium taurocholate. 

As expected, cryo-milling of Sulfamerazine with NaTC has also resulted in a co-
amorphous system, confirmed by XRPD (Figure 9), NIR and IR. The additional amide 
and sulfate group provided a great means to monitoring the amorphisation as 
significant changes in absorption bands both in NIR and IR were observed, as 
summarised in the discussion in Characterisation of co-amorphous systems of 
Sulfamerazine with CA, DA and NaTC on pages 60-62. Further studies also revealed 
that ball-milling for 180 minutes also yielded a co-amorphous system. This has not 
been the case for DA, suggesting that: 1) NaTC is a better co-former, making the 
amorphisation easier, and; 2) that the Tg of the co-amorphous system is higher than 
in the case of Sulfamerazine/DA – if the ball-milling indeed proceeded via localised 
melting or at least with localised high temperatures12, NaTC provides the resistance 
against re-crystallisation.  
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Figure 9 XRPD patterns of co-amorphous Sulfamerazine/NaTC (red), co-amorphous Sulfamerazine/deoxycholic 
acid (blue) and co-amorphous Sulfamerazine/citric acid (green). 

 

Characterisation of co-amorphous systems of Sulfamerazine with CA, DA 
and NaTC 

This part of the study focused on the factors responsible for the stability and 
dissolution of the co-amorphous systems with Sulfamerazine. While citric acid was 
discussed previously, the extent of the work focused on the stability but not the 
dissolution behaviour or intermolecular interactions. Hence, to provide a better 
contrast and comprehensive understanding, CA along with two bile acids will be 
presented. 

 

Sulfamerazine/CA 

IR analysis of the co-amorphous Sulfamerazine/CA revealed no significant changes 
relative to neat amorphous Sulfamerazine. Only one shift in NIR spectra was 
observed: the peak at 4809 cm-1 corresponding to amorphous Sulfamerazine shifted 
to 4813 cm-1 in the co-amorphous Sulfamerazine/CA, indicating a change in the 
environment of Sulfamerazine. DSC analysis was inconclusive as Tg seems to overlap 
with the broad crystallisation exotherm. 
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Sulfamerazine/DA 

IR spectra comparison between co-amorphous Sulfamerazine/DA, amorphous (neat) 
Sulfamerazine and amorphous DA revealed band shifts of ≤3 cm-1. More pronounced 
shifts were observed in the NIR spectra: regions predominantly relevant for this 
study and particularly sensitive to changes in H-bonding include 5700-7000 cm-1 and 
4100-5200 cm-1, which are attributed to the first overtones of N-H stretching 
vibrations and the combination bands of N-H stretching, and NH2 bending vibrations, 
respectively. Upon co-amorphisation, bands of neat amorphous Sulfamerazine shift 
from 6580 and 5078 cm-1 to 6586 and 5084 cm-1, respectively; while amorphous DA 
band at 5814 cm-1 moves to 5806 cm-1 when co-milled with Sulfamerazine; see 
Figure 10a. While these shifts are below the resolution limit of the NIR spectra, they 
are observed repetitively during multiple sampling, suggesting their significance. DSC 
analysis was inconclusive as Tg seems to overlap with the broad crystallisation 
exotherm. 

 

Sulfamerazine/NaTC 

NaTC bears a sulfonate group, which serves as a strong H-bond acceptor, given its 
negative charge character. This leads to more pronounced shifts in the IR spectrum, 
than in Sulfamerazine/DA. The asymmetric stretching of sulfonate bands of NaTC 
experience a shift upon co-amorphisation with Sulfamerazine: 1163 and 1039 cm-1 
shift to 1151 and 1042 cm-1. These changes suggest H-bonding interactions of NaTC 
with Sulfamerazine. The band at 1637 cm-1 (amide) shifts to lower wavenumbers – 
its exact position is buried under the broad Sulfamerazine band at 1632 cm-1. Further 
evidence of strong intermolecular interactions between NaTC and Sulfamerazine is 
evident from NIR spectra: bands of amorphous Sulfamerazine at 5078 and 4539 cm-1 

shift to 5085 and 4534 cm-1 at co-amorphisation with NaTC; see Figure 10b. DSC 
analysis was inconclusive as Tg seems to overlap with the broad crystallisation 
exotherm. 
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Figure 10 NIR spectra of (a) co-amorphous Sulfamerazine/DA (top), amorphous DA (middle) and amorphous 
Sulfamerazine (bottom) and (b) co-amorphous Sulfamerazine/NaTC (top), amorphous NaTC (middle) and 

amorphous Sulfamerazine (bottom). 

 

Stability  

The stability profile of Sulfamerazine/DA is quite impressive and attributed to the 
intermolecular interactions. The samples cryo-milled for 120 min or ball-milled for 
180 minutes showed exact same stability of over 1 year, at 4°C (cryo-milled sample 
was last analysed at 26 months of being stored at 4°C and was still amorphous). 
Another sample of Sulfamerazine/DA milled for 180 minutes, stored at RT (25°C, 60% 
RH), remains amorphous after 30 months of monitoring.  

It is difficult to determine the stability of ball-milled vs cryo-milled samples as first 
and foremost, the particle size may differ between the methods and is not known in 
this study. Various results are available in literature, often contradictory: Karmwar et 
al. claimed amorphous Indomethacin is more stable from cryo-milling than from ball-
milling62, though Maclean et al. have concluded that ball-milling resulted in a more 
stable co-amorphous system of Sulindac/Neuslin at 40°C/75% RH242. The majority of 
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stability comparisons are however carried out between quench melting and milling 
and thus it is too difficult or too daring to determine whether ball-milling or cryo-
milling are more effective at stabilisation. It is important to note that ball-milling is 
less time consuming, cheaper and more straight forward, thus the possibility of 
amorphisation by ball-milling carries additional perks.  

Stability of Sulfamerazine/NaTC is similar to Sulfamerazine/DA: samples stored at 4°C 
remained amorphous for at least 24 months (both ball-milled and cryo-milled); the 
same was observed for the sample milled for 180 minutes at RT and stored at RT.  

It is interesting to see that stability of the co-amorphous Sulfamerazine/DA and 
Sulfamerazine/NaTC hugely exceeds that of Sulfamerazine/CA. Though Tgs are not 
available for these systems, one can speculate that the Tgs of the former two 
systems must be higher than the latter (generally, the higher the Tg, the longer the 
stability of the amorphous phase as the mobility of the molecules is hampered). 
Additionally, glassy* CA is known to sorb water: dry CA has a Tg of 11°C, while at 
8.6% hydration that temperature decreases to -25°C.233 The water, through its 
plasticizing effect, effectively disrupts the local amorphous arrangements and leads 
to nucleation and re-crystallisation. (*amorphous CA could not be prepared by cryo-
milling, the authors prepared glassy CA via melt quenching) 

The stability of DA could be attributed to its high Tg and the fact that it can be 
amorphised by ball-milling. Literature cites that the use of already amorphous 
substances, such as PVP or HPMC243; is a more straightforward approach - “an 
amorphous excipient leads to an amorphous mixture”244 as summarised by Korhonen 
et al.  

Lastly, the stability of Sulfamerazine/DA and Sulfamerazine/NaTC is most probably 
attributed to the intermolecular interactions between Sulfamerazine and the co-
formers, as discussed earlier on in this chapter. H-bonding is possible in both 
systems as shifts of peaks are observed, unlike in the case of Sulfamerazine/CA. 
Though accounts of extended stability for systems with no evident interactions such 
as Indomethacin/phenylalanine134 or Glipizide/Atorvastatin calcium245 exist, they are 
outnumbered by the multitude of amorphous systems in which H-bonding was 
related to extended stability, as noted by Allesø et al. for Naproxen/Cimetidine33, 
Löbmann et al. for Naproxen/Indomethacin7, and Shayanfar et al. for Atorvastatin 
calcium/nicotinamide8, amongst many others.244  
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Dissolution 

Dissolution studies are considered probably the most critical of development studies 
for poorly soluble drugs246: the test is not only a measure of how well the drug 
dissolves in buffer, but a surrogate tool to evaluate drug bioavailability. For the 
majority of the drugs, intrinsic dissolution rate (IDR) is often used to determine the 
rate and absorption of oral formulations.247 Tsinman et al. have studied the 
correlation of IDR against powder dissolution and found the two can be 
interchangeable, provided very small quantities of APIs and large quantities of media 
are used.248 IDR is based on exposing a known amount of API to the known amount 
of dissolution media: this way an exact rate of dissolution can be calculated. This 
method also overcomes the issues of the wettability/dispersibility to some extent as, 
unlike with powdered API, no clumping, floating or sinking is observed. However, 
there exist limitations connected to the set-up of IDR: firstly, a need to use a 
substantial amount of API to create a compact (~500 mg), which may not be 
available in early stage development (considering a triplicate is necessary)248; 
secondly the cohesiveness of the particles within the compact may impede erosion 
and disintegration, effectively deeming the dissolution disintegration controlled; and 
thirdly, the requirement for sink conditions. 

As the stability of the co-amorphous systems of Sulfamerazine/CA, Sulfamerazine/DA 
and Sulfamerazine/NaTC proved better than amorphous Sulfamerazine alone, 
dissolution studies were the next step in the course of this study. DA and NaTC have 
different aqueous solubility (as one is an acid, while the other is a salt), though both 
are micelle-forming solubilizers.238 Sulfamerazine and DA both have a comparable 
aqueous solubility (202 mg/L at 20°C and 240 mg/L at 15°C, respectively), while CA 
and NaTC are readily soluble in water. The dissolution studies allowed to reveal if the 
dissolution of Sulfamerazine would be enhanced by a rapidly dissolving API or would 
it be better to co-amorphise it with a slowly dissolving co-former, allowing for 
“taking the API along” rather than “leaving it behind”.44 
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Dissolution of crystalline & amorphous Sulfamerazine 

Two types of dissolutions were carried out: disc dissolution and powder dissolution. 
The resulting dissolution profiles are presented in Figures 11 and 12. 

 

Figure 11 Disc dissolution profiles of amorphous (□) and crystalline () Sulfamerazine. 

 

Figure 12 Powder dissolution profiles (b) of amorphous (□) and crystalline () Sulfamerazine. 

Disc dissolution results indeed show that amorphous solids do dissolve faster than 
their crystalline counterparts: percentage of dissolved amorphous Sulfamerazine is 
significantly higher than the crystalline Sulfamerazine. Within 45 minutes, only 9.6% 
crystalline Sulfamerazine is released, in contrast to 46.1% of amorphous 
Sulfamerazine. The surface of the disc after dissolution was examined for solvent 
mediated re-crystallisation: it was found that amorphous Sulfamerazine re-
crystallised to FII, as previously reported, in presence of the dissolution buffer, as 
shown in Figure 13.  
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Figure 13 XRPD patterns of a powder (a) and compacted (b) sample of amorphous Sulfamerazine suspended in 0.1 
M phosphate buffer for the times indicated. 

Powder dissolution profile differs from the disc dissolution profile: both crystalline 
and amorphous Sulfamerazine seem to dissolve in a very similar manner. This is 
because the amorphous Sulfamerazine re-crystallised to the most stable polymorph, 
FII, upon contact with dissolution medium. A powdered sample of amorphous 
Sulfamerazine was checked after 2, 15 and 30 minutes for re-crystallisation, and 
indeed, re-crystallisation has taken place within 2 minutes of wetting (as opposed to 
a pronounced underlying halo at 10 minutes for disc amorphous Sulfamerazine). In 
addition, during the powder dissolution studies, significant clumping of the 
amorphous Sulfamerazine was observed (as shown in Figure 14). Such behaviour 
severely diminished the surface area available for dissolution249 as the outer surface 
of a clump undergoes re-crystallisation, while the inside may still be amorphous, 
though because not in contact with solvent, it cannot go into solution.  
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Figure 14 Clumping of amorphous Sulfamerazine: the clump on the left, in focus, has sank to the bottom, while 
the clump on the right, out of focus, remains floating on the surface. Over time, however, that clump will sink also. 

 

Dissolution of co-amorphous Sulfamerazine/CA 

As pictured in Figure 15, disc dissolution of Sulfamerazine/CA shows an improved 
profile, compared to crystalline Sulfamerazine. However, when compared with 
amorphous Sulfamerazine, the advantage is lost (29.3% Sulfamerazine/CA vs 46.1% 
amorphous Sulfamerazine within 45 minutes). It was thus interesting to investigate 
the effect of cryo-milled CA physically mixed with amorphous Sulfamerazine: no 
dissolution advantage over the crystalline Sulfamerazine was observed. Only 6.9% of 
physical mixture of amorphous Sulfamerazine mixed with cryo-milled CA was 
released, which is also lower than crystalline Sulfamerazine (9.6% within 45 
minutes). There is a number of possible reasons for this behaviour: 

1. The diminished dissolution of Sulfamerazine/CA and physically mixed 
amorphous Sulfamerazine with cryo-milled CA could be attributed to the 
properties of citric acid discussed on page 57. If amorphous CA was present, 
its wetting lowers the Tg of the system, thus may hasten re-crystallisation; 

2. As CA does not amorphise on cryo-milling (on its own), the crystalline CA 
particles may have served as the potential crystallisation seed; 

3. Wetting of the co-amorphous and/or physical mixtures may leech CA out of 
the systems because of its high solubility, exposing amorphous Sulfamerazine 
surface to buffer and therefore accelerating the re-crystallisation; 

4. The surface area occupied by Sulfamerazine in the disc of Sulfamerazine/CA 
is lower than in pure amorphous Sulfamerazine disc, which could influence 
the dissolution behaviour slightly (i.e. lowering the overall concentration). 

Powder dissolution of co-amorphous Sulfamerazine/CA did not improve the 
dissolution profile of Sulfamerazine, as seen in Figure 16. A similar observation to 
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powder amorphous Sulfamerazine was made: clumps of the powdered co-
amorphous Sulfamerazine/CA were found to form upon contact with the buffer and 
consecutively sinking to the bottom of the vessel, thus resulting in a lack of 
dispersibility. Despite the reduced surface area available to the dissolution medium, 
the powder still dissolved in a similar manner to crystalline Sulfamerazine which 
could suggest that CA acts as a leeching agent, exposing the amorphous 
Sulfamerazine.  

 

Figure 15  Disc dissolution profiles of Sulfamerazine in co-amorphous Sulfamerazine/CA (), of amorphous 
Sulfamerazine physically mixed with cryomilled CA () and of crystalline Sulfamerazine (). 

 

Figure 16 Powder dissolution profiles of Sulfamerazine in co-amorphous Sulfamerazine/CA (), of amorphous 
Sulfamerazine physically mixed with cryomilled CA () and of crystalline Sulfamerazine (). 

 

 

Dissolution of co-amorphous Sulfamerazine/DA 

A very poor disc dissolution was observed for Sulfamerazine/DA, as shown in Figure 
17. Within 45 minutes only 5.6% of Sulfamerazine has dissolved from the co-
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amorphous Sulfamerazine/DA as opposed to 46.1% of pure amorphous 
Sulfamerazine. What’s more, the percentage dissolved of crystalline Sulfamerazine 
within the same time frame is nearly twice that of Sulfamerazine/DA. 

 

Figure 17 Disc dissolution profiles of crystalline Sulfamerazine (), amorphous Sulfamerazine (□) and amorphous 
Sulfamerazine in co-amorphous Sulfamerazine/DA (). 

Similarly, powder dissolution of Sulfamerazine/DA vs crystalline Sulfamerazine 
(Figure 18) does not differ significantly from that of the crystalline Sulfamerazine. 
However, during further studies a re-crystallisation, like in the case of amorphous 
Sulfamerazine or co-amorphous Sulfamerazine/CA was ruled out as the powder 
sample remained majorly amorphous up to 60 minutes at dissolution, though 
clumping of the powder was also observed in this case. The enhanced stability 
towards re-crystallisation was an interesting aspect, requiring further attention: as 
intermolecular interactions between the API and the co-former within the co-
amorphous system are usually the reason behind its superior stability, it was 
interesting to perform a study of amorphous Sulfamerazine physically mixed with 
amorphous DA.  

 

Figure 18 Powder dissolution profiles of crystalline Sulfamerazine () and Sulfamerazine in co-amorphous 
Sulfamerazine/DA (). 
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To determine if intermolecular interactions between Sulfamerazine and DA affect 
the release of Sulfamerazine into solution, dissolution of pure amorphous 
Sulfamerazine and amorphous DA were compared against the co-amorphous system 
of Sulfamerazine/DA. Disc dissolution of amorphous Sulfamerazine physically mixed 
with amorphous DA (cryo-milled DA) was quite similar to co-amorphous 
Sulfamerazine/DA (Figure 19), albeit the percentage release was slightly lower (3.1% 
vs 5.6% within 45 minutes). This finding, however, did not prove that the 
intermolecular interactions were the reason for the superior stability of the system. 
What has been encountered instead was the formation of a gel layer over the disc of 
co-amorphous Sulfamerazine/DA. The gelation was also observed for the disc made 
of amorphous Sulfamerazine physically mixed with amorphous DA. The disc was 
dried and the “gel” was scraped off and analysed by XRPD, which showed the 
presence of Sulfamerazine FI. On the other hand, the “inside” of the disc was also 
analysed: the diffractogram showed an amorphous halo (Figure 20). This finding 
indicated that the gelling protects the amorphous phase from the dissolution 
medium, both preventing re-crystallisation but also hindering the dissolution by 
virtue of decreasing the surface area available to wetting and hindering 
disintegration of the disc. A follow-up wetting experiment was conducted: pure 
amorphous DA disc and crystalline DA disc were immersed in the dissolution 
medium and monitored for gelation. Interestingly, only the amorphous DA 
experienced gelation (Figures 21 and 22), while crystalline DA remained “gel-free”. 
The gelation phenomenon, though not commonly investigated, has been 
encountered by Sobotka et al. who determined that some bile acids indeed form 
gels, correlated with the pH value of the medium and the concentration of the bile 
acid in solution.250 Thus, amorphous DA, exhibiting higher molecular mobility and 
reactivity, as well as reduced particle size coupled with an increased surface area 
may have been more susceptible to gelation than its crystalline counterpart. Indeed, 
a further study done on crystalline DA has confirmed its gelation, however the time 
required for this phenomenon to occur was significantly longer and therefore was 
not initially observed. 

 

Co-amorphous Sulfamerazine/DA shows excellent stability towards re-crystallization, 
both in the solid state and in solution, but has poor dissolution properties due to gel 
formation. 
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Figure 19 Comparison of the disc dissolution rate profiles of co-amorphous Sulfamerazine/DA prepared by co-
milling Sulfamerazine and DA () and a physical mixture of amorphous Sulfamerazine and amorphous DA ().  

 

 

Figure 20 XRPD patterns of the surface of the Sulfamerazine/DA disc used in the dissolution study after drying 
(top) and of the inner part of the disc (bottom). 

 

 

Figure 21 Surface of a cryomilled DA disc before (left) and after 6 h in phosphate buffer (pH 6.8). 
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Figure 22 Gelation of amorphous DA (145 mg, equivalent to what's used in Sulfamerazine/DA for dissolution 
studies) in 5 mL of the phosphate buffer. 

 

Dissolution of co-amorphous Sulfamerazine/NaTC 

Interestingly, Sulfamerazine/NaTC did not show any gelation. Both disc and powder 
dissolution profiles show an excellent improvement over all previous formulations, 
including pure amorphous Sulfamerazine, see Figures 23 and 24. Powder dissolution 
resulted in instantaneous dissolution and subsequent steady-state concentration, 
which would suggest no precipitation takes place. 

 

Figure 23 Disc dissolution profiles of Sulfamerazine in co-amorphous Sulfamerazine/NaTC () and of crystalline 
Sulfamerazine (). 
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Figure 24 Powder dissolution profiles of Sulfamerazine in co-amorphous Sulfamerazine/NaTC () and of 
crystalline Sulfamerazine (). 

The gelation is not observed in the case of NaTC due to the propensity of different 
bile acids to gelation. This is associated with a specific molecular architecture: the 
“underside” of DA possesses a number of unsubstituted methylene groups (consult 
Schemes 3 and 4) which allow for free vdW attractions. However, bile acids 
possessing polar groups both “on the bottom and on top” do not form gels250 and 
such is the case with NaTC. 

 

Conclusion 

Amorphous Sulfamerazine has neither a satisfactory stability nor a good dissolution 
profile in its powdered form. Co-milling with CA, DA and NaTC results in co-
amorphous systems, which exhibited an improved stability and in some cases, also 
dissolution behaviour. Co-amorphisation with DA increased the shelf life of the co-
amorphous system, but also diminished its dissolution rate through the virtue of 
gelation. Sodium taurocholate turned out to be the superior co-former which both 
enhanced the stability of the system and resulted in instantaneous release of the API 
into solution. 

 

Enhanced physical stability and dissolution behaviour of co-
amorphous API/NaTC systems 

The results with NaTC suggested that NaTC is superior in extending the stability of 
the co-amorphous systems. It was thus interesting to investigate co-amorphisation 
of wide range of APIs with NaTC, with particular emphasis on the mechanism of the 
increased stability. 
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Eighteen APIs (Table 2) possessing different functional groups including amides, 
amidines, amines, aminocarboxylates, carboxylic acids, esters, N-heterocycles and 
sulfonamides were co-milled with NaTC in a 1:1 molar ratio. The majority of the APIs 
were successfully co-amorphised during ball-milling, though some of the systems 
required cryo-milling and these include Diflunisal/NaTC, 6-mercaptopurine/NaTC, 
Mefenamic acid/NaTC, Naproxen/NaTC and Sulfathiazole/NaTC. Only APIs marked 
with an asterisk are known to amorphise on their own, e.g. during cryo-milling, 
without the presence of any co-formers; these APIs will be discussed first.  

Table 2 Table of different classes of APIs with their corresponding structures. 
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Carbamazepine is an anti-epileptic drug. Due to its abundance of polymorphic forms: 
four anhydrous polymorphs220 and many solvates251, 252 as well as its inherent ability 
to form co-crystals209 exhibiting polymorphism253, it is widely used as a model drug. 
Its amorphous phase has been previously prepared by melt quenching12, 254, 255 and 
cryo-milling12, 46 (Appendix, Figure 106) Guinet et al. have investigated milling of the 
metastable polymorph I and stable (commercial) polymorph III and concluded that 
amorphisation is faster and easier when FI is used.46 This is in agreement with 
previous observations of MacFhionnghaile et al. on amorphous Sulfamerazine76, as 
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well as of Hu et al. on amorphous Sulfathiazole.256 The Tg of Carbamazepine is 
reported to be 56°C257, though slight differences are experienced based on the 
preparation method of the amorphous phase. It is worth noting that Baird et al. 
classified Carbamazepine as Class I56 or Ib59, signifying a molecule which is relatively 
difficult to amorphise and re-crystallises if the cooling rate is not fast enough.  

Indomethacin is a well-studied NSAID. Its amorphisation has been widely studied: 
preparation by quench melting is known12, 258, as well as its easy amorphisation via 
ball-milling254 and cryo-milling.12 The Tg of amorphous Indomethacin is found at 
44.9°C.60 Interestingly, amorphous Indomethacin is yellow, while crystalline remains 
white. Co-amorphous system of Indomethacin/NaTC, successfully prepared by ball-
milling for 180 minutes, also has turned yellow and as such was a great indication of 
stability of the system, i.e. when the powder changed from yellow to white at 
dissolution, the re-crystallisation back to crystalline Indomethacin was confirmed. 
The amorphisation of Indomethacin, as reported by Mahlin et al.55 (glass former) 
and Baird et al.56 (Class III drug) is relatively easy.  

Sulfathiazole is known to exhibit at least five polymorphs and over one hundred 
solvates.256, 259, 260 FIII is the commercial form, most stable at RT, used for this 
study.261 Amorphisation of Sulfathiazole has been known since 1981: first prepared 
by Lagas et al. by melt quenching.262 20 years later, Kordikowski et al. prepared a 
mixture of FI and amorphous with the aid of supercritical CO2 and acetone.263 It is 
classified as Class III glass former by Alhalaweh et al.60 The first account of cryo-
milled amorphous Sulfathiazole was published in 2009 by Lin et al.264, though no 
stability testing information was disclosed. Hu et al. have prepared a fully amorphous 
Sulfathiazole from the most stable polymorph, FIII (requiring 150 minutes milling), as 
well as from the metastable polymorph, FI (requiring 45 minutes milling).5 The 
stability under vacuum at 4°C typically didn’t exceed 14 days. The Tg of amorphous 
Sulfathiazole reported by Hu et al. was 54.7°C, which is in good agreement with 
previously reported 55.8°C264 and 62.0°C262 for cryo-milled and melt quenched 
Sulfathiazole FIII, respectively. Co-amorphous systems of Sulfathiazole exist and 
include Sulfathiazole/L-tartaric acid and Sulfathiazole/citric acid9, both prepared by 
60 minute long ball-milling. 

Neat amorphous Ibuprofen, prepared by quench melting, exhibits a Tg of -44.1°C265 : 
it was hence very surprising that a co-amorphisation with NaTC took place as 
generally milling below Tg is required to achieve amorphisation.11 It was interesting 
to see that Baird et al. classified this API as a Class III glass former – a molecule which 
is easy to amorphise and remains amorphous irrelevant of the cooling rate.56 It was 
not possible to prepare neat amorphous Ibuprofen in the laboratory by either ball-
milling or cryo-milling. 
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Mefenamic acid is a well-known poor glass-former266: it was classified as Class Ia 
compound by Baird et al.56, which, as explained in Chapter 1 is a rapid crystalliser 
irrelevant of the cooling rate. Alhalaweh et al.60 also classified this API as a Class I 
drug (crystallisation at cooling). In agreement, extended cryo-milling of neat 
Mefenamic acid did not produce an amorphous phase. No co-amorphous systems 
involving Mefenamic acid are known in literature.  

Paracetamol (acetaminophen) can be obtained in its amorphous phase, though only 
by quench melting and exhibiting a moderate glass forming ability – it is a Class II 
glass former, i.e. it re-crystallises on re-heating above its Tg

56, 61 which is found at 
24°C.34, 36 Co-amorphous systems of Paracetamol are known: Paracetamol/citric acid 
of superior stability of 27 weeks145, Paracetamol/Quinidine or 
Paracetamol/Aspirin143, though these systems were found to be extremely unstable, 
despite preparation by melt quenching, which in principle results in co-amorphous 
phase with superior stability over cryo-milled systems.  

Diflunisal, an agent with analgesic and anti-inflammatory activity, was not 
categorised as a glass former by Mahlin et al.58, though further studies carried out by 
Alhalaweh et al. put Diflunisal into Class I glass former (crystallisation upon 
cooling).60 The Tg of amorphous Diflunisal prepared by melt quenching was 
calculated to be 43°C.58  

Naproxen, another anti-inflammatory agent in the group, was not categorised as a 
glass former by Mahlin et al.: neither did it form an amorphous phase on milling nor 
by melt quenching55; the authors calculated the Tg to be -3°C. Alhalaweh et al. have 
categorised it, as Class I glass former.60 Its poor amorphisation properties were 
overcome by co-amorphisation with: Indomethacin (melt quenching of 
Naproxen/Indomethacin144); Ketoprofen, Loxoprofen and Flufenamic acid127, though 
first two systems were stable only for 1 day due to low Tgs; Cimetidine (7 months 
stability at 40°C/0% RH, regardless of the preparation method).140 There are several 
more systems of Naproxen, also including amino-acids as co-formers.123 One might 
say that the co-amorphous systems of Naproxen are widely studied and on many 
occasions and thus many superior dissolution profiles of co-amorphous Naproxen 
were obtained.7 

Nifedipine, an API which treats angina, is categorised as Class II drug with a Tg of 
45°C56, 59 and also accepted as a glass former by Mahlin et al. Amorphisation of 
Nifedipine was well studied by Aso et al.117 The same authors also presented a 
poster at the American Association of Pharmaceutical Scientists conference in 2015, 
claiming co-amorphisation of Nifedipine with Acetaminophen analogues prepared by 
spray drying.267 
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Sulfamerazine belongs to Class III glass formers.60 Further details were presented 
earlier on in this chapter. 

Quinine, an anti-malarial agent, is not well studied. Its amorphous sulfate form is 
only mentioned once, in a publication by Liebig from 1840.268 Co-amorphisation with 
NaTC, to the best of my knowledge, is the first system of this kind in literature. 

Limited literature can be obtained on amorphous Benzamidine. Probably one and 
the most known system is an amorphous salt of Benzamidine/Sulfamerazine, 
discovered by Kamali et al.269, though the stability of the system was not 
pharmaceutically appropriate. 

Acyclovir, an antiviral agent, is not known to become amorphous without the aid of a 
co-former. It has been successfully prepared by solvent evaporation with citric acid, 
resulting in an improved stability of the combination and good skin permeability.131 

Ciprofloxacin, a wide spectrum antibiotic, is known to form amorphous solids with 
polymers270, as well as with amino acids271, resulting in improved dissolution 
properties. No reports on neat amorphous Ciprofloxacin are available. The same can 
be said about Norfloxacin (antibacterial), 6-mercaptopurine (a medication for 
cancer) and Allopurinol (a medicine for gout), though the latter was found to 
become amorphous on spray drying with polymers.272  

Amoxicillin, an antibiotic, features in a co-amorphous combination with Omeprazole, 
formed by co-milling. It also results in improved solubility. No accounts of neat 
amorphous Amoxicillin were found. 

The properties of all APIs used for this study are summarised in Table 3 below. 

Table 3 Summary of some of the properties of the APIs used for the study. 

API Class Tg Mw 
(g/mol) 

H-bond 
donors 

H-bond 
acceptors 

# rotatable 
bonds 

Acyclovir n/a n/a 225.208  3 4 4 
Allopurinol n/a n/a 136.114  2 2 0 
Amoxicillin n/a n/a 365.404  4 7 4 

Benzamidine n/a n/a 120.155  2 1 1 
Carbamazepine I/Ib 56°C 236.274 1 1 0 

Ciprofloxacin n/a n/a 331.347  2 7 3 
Diflunisal I 43°C 250.201  2 5 2 
Ibuprofen III -44.1°C 206.285  1 2 4 

Indomethacin III 44.9°C 357.79 1 4 4 
Mefenamic acid Ia n/a 241.29 2 3 3 

6-mercaptopurine n/a n/a 152.175 2 2 0 
Naproxen I -3°C 230.263 1 3 3 
Nifedipine II 45°C 346.339  1 7 5 
Norfloxacin n/a n/a 319.336  2 7 3 
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Paracetamol II 24°C 151.165  2 2 1 
Quinine n/a n/a 324.424  1 4 4 

Sulfamerazine III 67°C 264.303  2 6 3 
Sulfathiazole III 54.7°C 255.31 2 6 3 

 

Accordingly to the findings of Mahlin et al.55 (discussed in detail in Chapter 1, pages 
15-18), larger molecules with a low level of molecular symmetry, low aromaticity, 
with a high degree of branching and the presence of electronegative atoms were 
found to be successful glass formers. Alhalaweh et al. showed that when Mw was 
above 300 g/mol, amorphisation was possible, while molecules below 200 g/mol 
failed to amorphise. The predictions were inaccurate for the molecules in the range 
of 200-300 g/mol. Consulting Table 3, majority of the APIs used for this study are 
within the “uncertainty” range, with 4 APIs with Mw less than 200 g/mol and 6 APIs 
exceeding 300 g/mol. Interestingly, in 4 out of those 6 instances, no neat 
amorphisation has been reported in literature (in disagreement with the 
“predictions”). The number of rotatable bonds, H-bond donors or acceptors does 
not seem to play a role at all when co-amorphising these APIs with NaTC as all APIs 
were successfully co-amorphous and majority of them showed great stability 
towards re-crystallisation. What’s very interesting is that Ciprofloxacin and 
Norfloxacin, both large molecules with electronegative atoms and a large number of 
H-bond and acceptors and of somewhat flat (aromatic region) arrangement, re-
crystallise significantly faster than other molecules, despite their “near perfect 
attributes”, though Ciprofloxacin is known to show poor stability even when 
formulated with polymers in solid dispersions.273  The poor stability of both APIs may 
be attributed to their zwitterionic nature: zwitterionic Ciprofloxacin forms a densely-
packed tetramer-like structure due to head-to-tail N-H2

+•••-OOC H-bonds with 
neighbouring and adjacent molecules, while the un-ionised form comprises dimers 
formed by head-to-head N-H•••N H-bonds.274 The authors found that both ball-
milling and cryo-milling result in a partially amorphous zwitterionic Ciprofloxacin, 
while spray drying from a water solution leads to the un-ionised amorphous 
Ciprofloxacin, with an improved stability towards re-crystallisation. It can thus be 
concluded that the exceptionally strong lattice of the zwitterion prohibits complete 
amorphisation and may contain nuclei which accelerate re-crystallisation of 
amorphous Ciprofloxacin. 

 

Stability of co-amorphous systems with NaTC 

The APIs chosen for this study not only possess various functional groups, but also 
show a very wide range of amorphisation behaviour. It is important to note that all 
APIs were successfully co-amorphised with NaTC: even the APIs classified as poor 
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glass formers, such as Diflunisal or Mefenamic acid. Out of 18 samples, only 4 have 
re-crystallised in less than 1 month: other co-amorphous systems of APIs with NaTC 
resulted in stability ranging from 2 months to over 12 months in some cases. A table 
summarising the stability (measured at ambient conditions for 12 months) of the co-
amorphous systems is presented below (Table 4). 

Table 4 Monitoring of the stability of co-amorphous systems of NaTC with 18 APIs; ambient temperature and 
humidity, 12 months. 

API Stability 
Acyclovir 6 months 

Allopurinol Greater than 4 months 
Amoxicillin Greater than 11 months 

Benzamidine 5 months 
Carbamazepine 12 months 

Ciprofloxacin 22 days 
Diflunisal Greater than 2 months 
Ibuprofen 23 days 

Indomethacin Greater than 11 months 
Mefenamic acid 4 months 

6-mercaptopurine 2 months 
Naproxen Greater than 2 months 
Nifedipine 17 days 
Norfloxacin 1 day 

Paracetamol 6 months 
Quinine Greater than 11 months 

Sulfamerazine 12 months 
Sulfathiazole 3 months 

 

Within the group of 18 APIs, 9 belong to either Biopharmaceutical Classification 
System (BCS) Class II or IV: exhibiting poor solubility. These include Carbamazepine, 
Diflunisal, Indomethacin, Mefenamic acid, 6-mercaptopurine, Naproxen, Quinine, 
Sulfamerazine and Sulfathiazole. The dissolution profiles of the co-amorphous 
systems of these APIs with NaTC were hence investigated, with some extremely 
interesting profiles.  

 

Dissolution studies 

Non-sink conditions were used for previous studies of Sulfamerazine and 
Sulfathiazole with CA, DA and NaTC, i.e. the volume of the dissolution medium was 
not tailored in such a way that all of the drug was guaranteed to go into solution 
without interruption (saturation, precipitation, etc.). Guidelines of the European 
Pharmacopeia (EP), the United States Pharmacopeia (USP) and the Japanese 
Pharmacopeia all quote sink-conditions for dissolution studies275: the volume of the 
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dissolution medium exceeds the saturation solubility of a given API at least three 
times the drug concentration. Sink-conditions ensure smooth, uninterrupted 
dissolution: if the dissolution medium volume was not large enough, the system may 
reach a saturation point, at which re-crystallisation/precipitation may take place, 
which reduces the dissolution rate and may impair the overall dissolution behaviour. 
276, 277 However, sink conditions for poorly soluble drugs can be difficult to manage, 
as the typical volume of dissolution media is 900 mL, resulting in a very small amount 
of API subjected to the test. In extreme cases surfactants such as SLS or SDS must be 
used to achieve the sink conditions.275, 278 

Powder dissolution under sink conditions was chosen for 18 API/NaTC systems in this 
study. The use of powder dissolution allowed to: 

1) test whether co-amorphisation allows for better dispersibility/wettability when 
compared against the crystalline API248, 

2) achieve sink conditions with poorly soluble drugs, one has to work with very small 
amounts of API279 (20-80 mg) which is not easily compacted, or may result in a 
defective compact, and 

3) overcome disintegration issues: the dissolution rate is not rate limited by the 
disintegration of the compact, allowing to understand the dissolution behaviour in 
more detail. As described by Phillips et al., the dissolution mechanism encompasses 
two events: initial disintegration of the formulation and successive dissolution of the 
drug.277 The overall rate of dissolution will be limited by either of these steps and so 
by removing the formulation from the mechanisms gives a clear dissolution 
behaviour, unimpeded by disintegration. 

In order to achieve suitable biological conditions, buffer adjustments like pH, 
composition and volume are tailored, and for this study 900 mL of phosphate buffer 
(0.1M), pH 6.8 (mimicking the pH of the ileum) was chosen. Some physiological 
buffers (FaSSIF, FeSSIF, etc.) which mimic the conditions in upper GI tract include 
sodium taurocholate in range of 10-15 mM. Its presence is essential for solubilisation 
properties as it is a naturally occurring bile. It was therefore interesting to find that 
very few studies used NaTC in formulations (Phenytoin co-ground with sodium 
dehydrocholate, sodium deoxycholate and sodium cholate280; Nifedipine co-ground 
with sodium deoxycholate281 or proliposomes of salmon calcitonin with bile salts282, 
though bile salts in dissolution media were investigated quite extensively.235, 236, 238, 

283 It is extraordinary that since 1994, when Phenytoin was co-ground with bile salts 
by Otsuka et al., no other research has been carried out on co-grinding of bile salts 
as GRAS co-formers for formulations.280 It was therefore very exciting to see that 
NaTC is an excellent co-former as it accelerates co-amorphisation (and in some cases 
allows for amorphisation of the API even If it is difficult otherwise), results in co-
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amorphous systems of excellent shelf life and leads to dissolution improvements in 
majority of the APIs studied. 

 

Dissolution of co-amorphous Indomethacin/NaTC 

A significant enhancement in the dissolution rate was observed for 
Indomethacin/NaTC system (Figure 25): within 2 minutes all of Indomethacin went 
into solution and the concentration was kept constant throughout the study (60 
minutes). The yellow co-amorphous powder of Indomethacin/NaTC proved to 
behave well during dissolution (i.e. it did not clump and dissolved rapidly); the 
dissolution medium turned slightly yellow, and no white precipitate was observed 
(no re-crystallised, crashed out Indomethacin was found). 

 

Figure 25 Powder dissolution profiles of amorphous Indomethacin/NaTC () and crystalline Indomethacin (□). 

Dissolution of co-amorphous Mefenamic acid/NaTC 

A very similar, immediate dissolution was noted for Mefenamic acid/NaTC system as 
well. It was especially interesting to see this tremendous advantage in dissolution as 
crystalline Mefenamic acid is practically insoluble in the same dissolution medium 
(only 10% reached within 60 minutes, see Figure 26). The concentration of 
Mefenamic acid during 60 minutes of dissolution also remained quite constant. 
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Figure 26 Powder dissolution profiles of amorphous Mefenamic acid/NaTC () and crystalline Mefenamic acid (□). 

 

Dissolution of co-amorphous Carbamazepine/NaTC 

The third example of the same type release, i.e. immediate dissolution and constant 
concentration, encompasses Carbamazepine/NaTC system, Figure 27. Though the 
difference between the crystalline and co-amorphous Carbamazepine is not as great 
as in the case of Mefenamic acid, or Indomethacin, it still allows a faster dissolution 
and shows a superior stability (12 months). 

 

Figure 27 Powder dissolution profiles of amorphous Carbamazepine/NaTC () and crystalline Carbamazepine (□). 

Dissolution of co-amorphous Diflunisal/NaTC 

Though the dissolution advantage of Diflunisal/NaTC in Figure 28 is not striking, 96% 
of the API is released from the co-amorphous system within 5 minutes, compared to 
60.7% of the crystalline API.  
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Figure 28 Powder dissolution profiles of amorphous Diflunisal/NaTC () and crystalline Diflunisal (□). 

 

Dissolution of co-amorphous Sulfathiazole/NaTC 

Another example of a great dissolution advantage of the co-amorphous system over 
the crystalline API alone is Sulfathiazole/NaTC. As in other combinations, the release 
is rapid and the concentration of the API kept constant during the 60 minutes of the 
study (Figure 29). 

 

Figure 29 Powder dissolution profiles of amorphous Sulfathiazole/NaTC () and crystalline Sulfathiazole (□). 

Dissolution of co-amorphous Sulfamerazine/NaTC 

Though the dissolution behaviour of Sulfamerazine/NaTC has already been tested, it 
was done so under non-sink conditions. It was thus important to perform sink 
dissolution in order to evaluate the behaviour of the system with an excess aqueous 
media. Like in the non-sink dissolution, Sulfamerazine/NaTC showed an excellent 
improvement of dissolution over the crystalline Sulfamerazine, see Figure 30. At 10 
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minutes into the dissolution, only 53.3% of crystalline Sulfamerazine was released, 
compared to 100% of Sulfamerazine from the co-amorphous Sulfamerazine/NaTC.  

 

Figure 30 Powder dissolution profiles of amorphous Sulfamerazine/NaTC () and crystalline Sulfamerazine (□). 

 

Dissolution of co-amorphous Quinine/NaTC 

Co-amorphous Quinine/NaTC is 100% released within 15 minutes of dissolution, 
while crystalline Quinine reaches 90% only at 60 minutes, see Figure 31. 

 

Figure 31 Powder dissolution profiles of amorphous Quinine/NaTC () and crystalline Quinine (□). 

Dissolution of co-amorphous Naproxen/NaTC 

Surprisingly, Naproxen/NaTC showed no dissolution advantage over crystalline API, 
see Figure 32. However, taking into account the dissolution curve of pure Naproxen, 
it reaches 91.2% within 15 minutes, which for a crystalline drug is quite a high result. 
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Figure 32 Powder dissolution profiles of amorphous Naproxen/NaTC () and crystalline Naproxen (□). 

 

Dissolution of co-amorphous 6-mercaptopurine/NaTC 

Similarly to Naproxen, crystalline 6-mercaptopurine has a surprisingly good 
dissolution behaviour under sink conditions (Figure 33). This is why the difference 
between the profiles is not prominent, though on closer inspection the dissolution of 
co-amorphous 6-mercaptopurine/NaTC is just as good as in other combinations (in 
terms of immediate release). 

 

Figure 33 Powder dissolution profiles of amorphous 6-mercaptopurine/NaTC () and crystalline 6-mercaptopurine 
(□). 

To conclude, in all 9 examples of poorly soluble drugs co-milled with NaTC showed a 
uniform dissolution behaviour: the powders were dissolving immediately and the 
concentration of the drug was maintained, as expected under sink conditions. 
Additionally, bile salts were found to prevent crystallisation of poorly soluble 
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drugs238, as described earlier on. Lu et al. have noticed that the crystallisation 
inhibition depended on the molecular structure of the bile salt and its 
concentration.284 In light of those observations, 3 systems were tested further as 
follows: 

1. Mefenamic acid/NaTC: crystalline Mefenamic acid was dissolved in 900 mL of 
medium (sink) with 65 mg pre-dissolved sodium taurocholate (0.0072% w/v) 

 

Figure 34 Powder dissolution profiles of crystalline Mefenamic acid (), and crystalline Mefenamic acid with pre-
dissolved NaTC (□). 

2. Indomethacin/NaTC: cryo-milled, amorphous Indomethacin physically mixed 
with milled sodium taurocholate and dissolved in 900 mL of medium (sink) 

 

Figure 35 Powder dissolution profiles of crystalline Indomethacin (), amorphous Indomethacin physically mixed 
with NaTC (), and neat amorphous Indomethacin (). 

3. Carbamazepine/NaTC: cryo-milled, amorphous Carbamazepine was physically 
mixed with (milled) NaTC and dissolved in 900 mL of medium (sink)  
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Figure 36 Powder dissolution profiles of crystalline Carbamazepine physically mixed with NaTC (□), co-amorphous 
Carbamazepine/NaTC (), and amorphous Carbamazepine physically mixed with NaTC (). 

Whenever a cryo-milled API was used, milled bile acid/salt was also used to exclude 
particle size effects as when compared to co-amorphous systems. 

No effect was observed when crystalline Mefenamic acid was dissolved with NaTC 
present in buffer (Figure 34), or when physical mixtures of amorphous 
Indomethacin, amorphous Carbamazepine or crystalline Carbamazepine with NaTC 
were dissolved. However, it is worth noting that the dissolution profile of amorphous 
Carbamazepine physically mixed with NaTC resembles the one of crystalline 
Carbamazepine physically mixed with NaTC very closely (Figure 36). The profiles are, 
unlike in all combinations of Indomethacin (Figure 35), quite different from the co-
amorphous system of Carbamazepine/NaTC. This could be attributed to rapid re-
crystallisation of amorphous Carbamazepine to a dihydrate upon wetting, as 
observed by Jensen et al.285 Unlike in the reports by Chen et al 238, NaTC did not 
seem to prevent nucleation of amorphous Carbamazepine at the concentration 
used. Typically, to achieve the solubilisation effect, the concentration of the bile salts 
must be above their CMCs: 3-5 mM in the case of NaTC.286 Lu et al.284 have 
measured CMCs (critical micelle concentrations) of NaTC in presence of the APIs and 
concluded that a concentration of 0.1% w/v used was well below the CMC287, 288, 
though still significantly higher than the concentrations of biles used in physical 
mixtures or pre-dissolved in the buffer. Therefore, it is possible that bile acids/salts 
in the cases shown have no effect simply because the concentration of the biles is 
below the CMC. The most probable reason for the dissolution advantage is due to 
co-amorphisation, and not to NaTC acting as a surfactant. 

 

Effect of aging on dissolution behaviour 

Aging refers to storing of the amorphous sample for a period of time and re-testing it 
in terms of dissolution behaviour: oftentimes such samples show slower dissolution 
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rate due to a partial re-crystallisation, e.g. co-amorphous Tolbutamide/PVP system 
was found to re-crystallise to the most stable polymorph of Tolbutamide on storage 
causing a slow dissolution rate289, though there are reports of unaffected dissolution 
behaviour, e.g. in the case of a ternary system of Gliclazide/PVP/Aerosil® which was 
found to show “no significant reduction in drug dissolution performance over a 
period of 3 months indicating excellent stabilization of amorphous Gliclazide” during 
accelerated stability studies.290 

Studies on aged samples of Indomethacin/NaTC, Mefenamic acid/NaTC and 
Carbamazepine/NaTC were carried out to test whether NaTC is a successful 
stabiliser. 

 

Figure 37 Powder dissolution profiles of: a fresh co-amorphous Indomethacin/NaTC (), a fresh sample of 
amorphous Indomethacin physically mixed with milled NaTC (▲), and of an aged sample of amorphous  

Indomethacin physically mixed with milled NaTC after storage at room temperature for 7 d (□). 

Interestingly, aged sample (7 days, room temperature) of amorphous Indomethacin 
physically mixed with NaTC resulted in a hindered release of the drug. Both the XRPD 
analysis (Bragg peaks present) and visual analysis (yellow to white colour change) 
confirmed re-crystallisation of amorphous Indomethacin to crystalline Indomethacin 
(squares, Figure 37). 

On the other hand, aging of the co-amorphous systems had none or a minimal effect 
on the dissolution curves: Carbamazepine/NaTC, Indomethacin/NaTC and 
Mefenamic acid/NaTC aged for 7 months at room temperature have behaved nearly 
identically as when tested fresh, see Figures 38, 39 and 40 below. 
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Figure 38 Powder dissolution profiles of freshly prepared co-amorphous Mefenamic acid/NaTC () and aged 

samples after storage for 7 months (□). 

 

Figure 39 Powder dissolution profiles of freshly prepared co-amorphous Indomethacin/NaTC () and aged 
samples after storage for 7 months (□). 

 

Figure 40 Powder dissolution profiles of freshly prepared co-amorphous Carbamazepine/NaTC () and aged 
samples after storage for 7 months (□). 
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Based on the studies carried out, it is evident that co-milling with bile salts results in 
improved dissolution behaviour and exceptional stability towards re-crystallisation. 
In this study, APIs, when subjected to physical mixtures or pre-dissolved bile in the 
solution, prefer to “go it alone”. NaTC forms a co-amorphous system that is stable 
towards recrystallization in buffer (as indicated by the Raman spectroscopy 
evidence, Figures 43, 46, 51 and 52). The bile salts used in co-amorphous systems in 
this study do not simply act as surfactants as the dissolution advantage was lost 
when pre-dissolving or physical mixing of the components was employed (with the 
exception of Sulfathiazole). A detailed spectroscopic study was carried out to better 
understand the intermolecular interactions within the co-amorphous systems. 

 

Vibrational spectroscopy  

To further investigate the success of the co-amorphous systems: their remarkable 
stability and oftentimes enhanced dissolution profiles, vibrational spectroscopy was 
required. It allows to understand the H-bonding interactions between API and co-
former in the co-amorphous system. Mefenamic acid/NaTC, Carbamazepine/NaTC 
and Indomethacin/NaTC were chosen as model spectroscopic systems as they have 
shown the largest dissolution advantage. 

 

Mefenamic acid/NaTC 

NIR Spectroscopy 

Co-amorphisation of Mefenamic acid with NaTC (Figure 41) results in (crystalline) 
Mefenamic acid bands at 4232, 4320 and 4710 cm-1 disappearing, while the bands at 
4890, 5988 and 8800 cm-1 shift to 4910, 5940 and 8750 cm-1. No changes in NIR 
spectrum of NaTC were observed. 
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Figure 41 NIR spectra of Mefenamic acid (commercial form, red), amorphous NaTC (blue) and co-amorphous 
Mefenamic acid/NaTC (black). 

 

IR Spectroscopy 

Co-milling with NaTC results in (crystalline) Mefenamic acid bands at 754 and 776 
cm-1 broadening and shifting to 747 and 769 cm-1; the band at 888 cm-1 becomes 
less sharp and less intense; the band at 1256 cm-1 shifts to 1219 cm-1 (also 
overlapping with NaTC band at 1193 cm-1); the band at 1329 cm-1 shifts to 1319 cm-

1, while the bands at 1509/1502 cm-1 (split peak) become a broad band centered at 
1507 cm-1. Lastly, the C=O vibration band at 1648 cm-1 shifts to 1662 cm-1. 

The above changes are representative of H-bonding network changes in Mefenamic 
acid on amorphisation. The broadening of the bands is characteristic and indicative 
of a loss of long-range order (amorphisation). To the best of my knowledge this is 
the first published data on amorphisation of Mefenamic acid: as described before, its 
poor glass formation is known.  

Sodium taurocholate’s IR spectrum has shown no major changes, though a very 
slight shift of the band at 1196 cm-1 to 1193 cm-1 on co-milling with Mefenamic acid 
was observed. There is no evidence for specific API/NaTC interactions. See Figure 44 
for details. 



93 
 

 

Figure 42 IR spectra in ranges (left to right) 1800 – 750 cm-1 and 3600 – 2400 cm-1: Mefenamic acid (commercial 
form, red), amorphous NaTC (blue) and co-amorphous Mefenamic acid/NaTC (black). 

 

Raman Spectroscopy  

Different particles (3 presented in the Figure 43 below) combine spectral 
information of both Mefenamic acid and NaTC, i.e. the spectra are a mixture of 
amorphous Mefenamic acid and NaTC.  

 

Figure 43 Raman spectra of different particles of a co-amorphous sample of Mefenamic acid/NaTC. In the images 
the tops of the particles are out of focus, as the laser beam was aimed deeper inside the particles. Raman spectra: 

commercial NaTC (grey), 3 different particles of Mefenamic acid/NaTC (red, green, black). 
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Carbamazepine/NaTC 

NIR Spectroscopy & IR Spectroscopy 

The appearance of broad bands signifies amorphisation of the API. NIR spectra of the 
co-milled Carbamazepine/NaTC are identical to those when neat Carbamazepine is 
amorphised and physically mixed with milled NaTC (1:1 molar ratio). Theoretical NIR 
spectra of a physical mixture of cryo-milled Carbamazepine and milled NaTC was 
calculated for comparison, see Figures 44 and 45 below. 

 

Figure 44 NIR spectra co-milled Carbamazepine/NaTC (red), co-amorphous Carbamazepine and NaTC (green) and 
the calculated spectra for a physical mixture of amorphous Carbamazepine and NaTC (black). 

 

Figure 45 IR spectra in ranges (left to right) 1750 – 750 cm-1 and 3500 – 2750 cm-1: co-amorphous 
Carbamazepine/NaTC (red), a 1:1 mixture of separately cryo-milled Carbamazepine and NaTC (green) and the 

calculated spectra for a physical mixture of amorphous Carbamazepine and NaTC (black). 

 

Raman Spectroscopy 

The Raman spectra showed clear differences between co-milled 
Carbamazepine/NaTC and physical mixture of amorphous Carbamazepine and milled 
NaTC. Raman spectra of different particles of the physical mixture featured 
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characteristic peaks of either NaTC or API, while the co-amorphous system shows a 
mixture of both (see Figure 46). This finding may explain the increased physical 
stability and enhanced dissolution rate of co-amorphous system of 
Carbamazepine/NaTC as a homogenous, intimately mixed system was proven to 
form. The Raman beam size was less than 5 µm, which is smaller than the average 
particle size of Carbamazepine/NaTC, confirmed by SEM (Figure 47).

 

Figure 46 Raman spectra of different particles of (a) a mixture of amorphous Carbamazepine and NaTC milled 
separately and (b) a co-amorphous Carbamazepine/NaTC. 

 

(a)

(b)

four different particles 
of coamorphous
carbamazepine-NaTC

amorphous 
carbamazepine

amorphous 
carbamazepine

amorphous NaTc

amorphous NaTc

four different particles of a 
physical mixture of amorphous 
carbamazepine and NaTC
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Figure 47 SEM image of co-amorphous Carbamazepine/NaTC. 

Based on the spectroscopic results and SEM images, it was interesting to investigate 
whether a single phase co-amorphous system was made – one with one Tg between 
Tgs of the pure components. 

Unfortunately, pure NaTC shows a broad endotherm (Figure 48), appearing on all 
thermograms of the co-amorphous systems between 50-120°C, which is most likely 
obscuring any thermal events: pure amorphous Carbamazepine is expected to show 
a Tg at 56°C 257, while NaTC’s Tg was “estimated” to be of around 100°C or more 
(page 59). Therefore, no conclusions could be drawn from DSC experiments.  

 

Figure 48 Thermogram of pure NaTC.  

100 µm 50 µm

10 µm20 µm
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Indomethacin/NaTC 

NIR Spectroscopy & IR Spectroscopy 

Like in the case of Carbamazepine/NaTC, broadening of IR co-amorphous 
Indomethacin/NaTC bands is observed. The NIR and IR spectra of the co-amorphous 
system are identical to those of physically mixed amorphous Indomethacin with 
NaTC, see Figures 49 and 50. 

 

Figure 49 NIR spectra of co-amorphous Indomethacin/NaTC (red), a physical mixture of neat amorphous 
Indomethacin and NaTC (green) and the calculated spectra for a physical mixture of amorphous Indomethacin 

and NaTC (black).  

 

Figure 50 IR spectra in ranges (left to right) 1750 – 750 cm- 1 and 3500 – 2750 cm-1:  co-amorphous 
Indomethacin/NaTC (red), a physical mixture of neat amorphous Indomethacin and NaTC (green) and the 

calculated spectra for a physical mixture of amorphous Indomethacin and NaTC (black). 
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Raman Spectroscopy 

The Raman spectra showed clear differences between co-milled Indomethacin/NaTC 
and physical mixture of amorphous Indomethacin and milled NaTC. Raman spectra 
of different particles of the physical mixture featured characteristic peaks of either 
NaTC or API, while the co-amorphous system shows the mixture of both (see Figures 
51 and 52). 

 

Figure 51 Raman spectra of different particles of a mixture of amorphous Indomethacin and NaTC milled 
separately (green, red, black), amorphous indomethacin (blue) and NaTC (grey). In the images the tops of the 

particles are out of focus, as the laser beam was aimed deeper inside the particles. 

 

Figure 52 Raman spectra of different particles of co-amorphous Indomethacin-NaTC (green, red, black), 
amorphous Indomethacin (blue, top) and NaTC (grey). In the images the tops of the particles are out of focus, as 

the laser beam was aimed deeper inside the particles. 
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Conclusion 

As was expected, co-milling of poorly soluble APIs with selected co-formers resulted 
in co-amorphous systems with an extended shelf life and with remarkable 
dissolution properties in majority of the cases. The most successful of the co-formers 
studied was NaTC, which formed co-amorphous systems with 18 APIs, extending the 
stability towards re-crystallisation for more than one month of 14 APIs, and 
improved dissolution profiles of 7 out of 9 Class II or Class IV APIs. Extensive 
spectroscopic analysis determined that the success beyond the co-amorphous 
systems lies in intimate mixing of separate amorphous phases: amorphous API 
physically mixed with NaTC does not yield the same dissolution profile as co-
amorphous API/NaTC system, signifying the need to ball-mill/cryo-mill the system to 
ensure the mixing is sufficient to create localised bonding, which in turn allows for 
the dissolution advantage. It is particularly important for poor glass formers, such as 
Carbamazepine, as demonstrated by dissolution of amorphous Carbamazepine 
which rapidly re-crystallised, yielding a similar dissolution profile to that of crystalline 
Carbamazepine in the presence of NaTC. The subtle differences between co-
amorphous and physically mixed samples are not apparent using IR and NIR 
spectroscopy. Nevertheless, analysis of the spectra allows to rule out specific H-
bonding within Carbamazepine/NaTC and Indomethacin/NaTC systems. The stability 
towards re-crystallisation of the systems is hindered perhaps due to the poor 
crystallisation properties of NaTC – due to its bulky, awkward shape –molecule re-
arrangement is hampered and also poses packing difficulties. Phase separation of 
the single components is thus mitigated. The presence of three hydroxyl groups on 
NaTC enables for H-bonding between the NaTC and API – despite no direct evidence 
in the IR/NIR spectra as no specific interactions are observed, some local H-bonding 
may be present. 
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CHAPTER 4 

CO-CRYSTALLISATION VS CO-
AMORPHISATION OF 

CARBAMAZEPINE WITH 

MULTIFUNCTIONAL 

POLYCARBOXYLIC ACIDS  
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Introduction 

In this chapter the ability of an API to form co-amorphous systems or co-crystals will 
be examined: aiming to understand the factors that lead to co-crystallisation versus 
co-amorphisation. Both strategies often allow better dissolution properties33, 44, 201, 

291 and physicochemical behaviour of the API, such as compaction properties, 
flowability or particle shape.43, 200 

The polymorphism of the anti-epileptic drug Carbamazepine and the properties of its 
amorphous form have already been described in Chapter 3. 

Carbamazepine is known to be a co-former in many co-crystals171, 209, 253, but the co-
amorphous phase is relatively rare: out of 34 entries in Table 5, only five 
combinations of Carbamazepine were co-amorphous, with two existing only as a 
transient amorphous phase.  

Table 5 Co-amorphous and co-crystalline combinations of Carbamazepine known in literature. Entries marked 
with an asterisk (*) denote co-crystals known to exhibit polymorphism. 

Co-former(s) Result Advantage(s) Ref 

arginine + tryptophan Co-amorphous 
• Modest dissolution 

advantage 
• Stable for 6 months 

(ambient conditions) 

134 

phenylalanine + tryptophan Co-amorphous 
• Modest dissolution 

advantage 
• Stable for 6 months 

(ambient conditions) 

134 

tryptophan Co-amorphous 
• Modest dissolution 

advantage 
• Stable for 6 months 

(ambient conditions) 

134 

Indomethacin Co-crystal 
 

 

No data 292 

nicotinamide* Co-crystal 
• Resistance to 

Carbamazepine 
dihydrate formation 

198 

saccharin* 
Co-crystal 

(transient co-
amorphous) 

• Enhanced dissolution 
behaviour293 

• Resistance to 
Carbamazepine 
dihydrate 

 

178 

cinnamic acid Co-crystal • Enhanced dissolution 
behaviour295 

296 

succinic acid Co-crystal 
• Enhanced dissolution 

behaviour vs 
dihydrate of 
Carbamazepine297 

209 
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Co-former(s) Result Advantage(s) Ref 
benzoic acid Co-crystal No data 209 

ketoglutaric acid* Co-crystal No data 209 
maleic acid Co-crystal No data 209 
glutaric acid Co-crystal No data 209 

malonic acid* Co-crystal No data 209 
oxalic acid Co-crystal No data 209 
adipic acid Co-crystal No data 209 

(+)-camphoric acid Co-crystal No data 209 
4-hydroxybenzoic acid* Co-crystal No data 209 

salicylic acid Co-crystal • Modest dissolution 
advantage298 

209 

1-hydroxy-2-naphthoic acid Co-crystal No data 209 
DL-tartaric acid* Co-crystal No data 209 

L-tartaric acid Co-crystal No data 209 
glycolic acid Co-crystal No data 209 

fumaric acid* Co-crystal No data 209 
DL-malic acid Co-crystal No data 209 
L-malic acid Co-crystal No data 209 

p-aminosalicylic acid Co-crystal 

• Enhanced dissolution 
behaviour 

• Resistance to 
Carbamazepine 
dihydrate formation 

299 

benzoquinone Co-crystal No data 300 
butyric acid Co-crystal No data 300 

5-nitroisophthalic acid Co-crystal No data 300 

p-aminobenzoic acid Co-crystal • Modest dissolution 
advantage301 

302 

2,6-pyridinedicarboxylic acid Co-crystal No data 302 
Aspirin Co-crystal No data 303 

trimesic acid Co-crystal No data 300 

lactamide Co-crystal • Enhanced dissolution 
behaviour 

304 

 

Dissolution behaviour was improved significantly in co-crystals of Carbamazepine 
with lactamide304, p-aminobenzoic acid299 and salicylic acid.298 Considering the 
number of co-crystals and co-amorphous systems of Carbamazepine that may be 
prepared, the fact that only three systems lead to improved solubility is not 
encouraging. However, in contrast to co-amorphisation, the aim of co-crystallisation 
is not necessarily dissolution enhancement, i.e. many studies focused on the crystal 
engineering aspect, e.g. the preference for certain heterosynthons and H bonding 
motifs.  

It is important to understand the mechanisms behind co-amorphisation versus co-
crystallisation: the aim of this study is to gain a better understanding of the factors 
that favour co-crystallisation over co-amorphisation and vice versa.  
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Carbamazepine has been co-milled with a large number of multifunctional 
polycarboxylic acids (selected due to their multiple H-bond possibilities), sugars and 
bile salts.  

Table 6 below summarises the outcome of the screening study. Co-formers already 
known to form co-crystals with Carbamazepine were also screened to test whether 
ball-milling or cryo-milling methods are capable of forming identical co-crystals to 
those grown from solution, see Ball-milling to produce co-crystals, page 109. 

 

Results of the screening study  

Guide to the screening study milling times: initially all combinations were both ball- 
and cryo-milled for 90 minutes. Extended millings (120 minute cryo-milling or 180 
minute ball-milling) were used if the samples were partially amorphous at 90 minutes 
(cryo-milling and ball-milling, respectively). 

Table 6 Screening of Carbamazepine with small molecule co-formers. BM = ball-milling; CM = cryo-milling; 180, 
120, 90 or 60 = milling duration in minutes.  Co-crystalline systems (Section 2) were stored at room temperature 
for 12 months prior to crystallisation (to the parent compounds) checks. * denotes a co-amorphous system with 

very minor Bragg peaks. 

Excipient Method Result Stability  
Re-crystallisation on 

storage 

1,2,3-propanetricarboxylic 
acid 

90BM 
partially 

amorphous  
partially amorphous 

1,2,3-propanetricarboxylic 
acid 

90CM 
partially 

amorphous  
physical mixture 

1,3,5-pentanetricarboxylic 
acid 

90CM 
X-ray 

amorphous 

3 weeks 
(25°C, 60% 

RH) 
co-crystal 

1,3,5-pentanetricarboxylic 
acid 

90BM 
partially 

amorphous  
co-crystal 

1-hydroxy-2-naphthoic 
acid 

90CM 
partially 

amorphous  
physical mixture 

1-hydroxy-2-naphthoic 
acid* 

180BM 
X-ray 

amorphous 

3 weeks 
(25°C, 60% 

RH) 
co-crystal209 

4- phenylbutyric acid 90CM 
physical 
mixture  

physical mixture PM 

4-phenylbutyric acid 90BM 
physical 
mixture  

physical mixture 

adipic acid 90CM co-crystal 
 

co-crystal209 

adipic acid 90BM co-crystal 
 

co-crystal209 
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Excipient Method Result Stability  
Re-crystallisation on 

storage 

citric acid 90CM 
partially 

amorphous  
physical mixture 

citric acid* 180BM 
X-ray 

amorphous 

2 weeks 
(25°C, 60% 

RH) 
physical mixture 

deoxycholic acid 180BM 
X-ray 

amorphous 

12months 
(25°C, 60% 

RH) 
physical mixture 

DL-malic acid 90CM co-crystal 
 

co-crystal209 

DL-malic acid 90BM co-crystal 
 

co-crystal209 

DL-tartaric acid 90CM 
partially 

amorphous  
co-crystal209 

DL-tartaric acid 90BM 
partially 

amorphous  
co-crystal209 

D-tartaric acid 90CM 
physical 
mixture  

physical mixture 

D-tartaric acid 90BM 
physical 
mixture  

physical mixture 

fumaric acid 90BM co-crystal 
 

co-crystal209 

fumaric acid 90CM 
partially 

amorphous  
co-crystal209 

glutaric acid 90CM co-crystal 
 

co-crystal209 

glutaric acid 90BM co-crystal 
 

co-crystal209 

isophthalic acid 90BM 
partially 

amorphous  
physical mixture 

isophthalic acid* 120CM 
X-ray 

amorphous 
2 weeks 

(4°C) 
physical mixture 

L-tartaric acid 90CM 
physical 
mixture  

physical mixture 

L-tartaric acid 90BM 
physical 
mixture  

physical mixture 

maleic acid 90BM co-crystal 
 

co-crystal209 

maleic acid 90CM 
partially 

amorphous  
co-crystal209 

malonic acid 90BM co-crystal 
 

co-crystal209 

malonic acid 90CM 
partially 

amorphous  
co-crystal209 
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Excipient Method Result Stability  
Re-crystallisation on 

storage 

nicotinic acid 90CM 
physical 
mixture  

physical mixture 

nicotinic acid 90BM 
physical 
mixture  

physical mixture 

p-aminobenzoic acid 90BM co-crystal 
 

co-crystal302 

p-aminobenzoic acid* 180BM 
X-ray 

amorphous 

3 weeks  
(25°C, 60% 

RH) 
co-crystal302 

pimelic acid 90CM 
physical 
mixture  

physical mixture 

pimelic acid 90BM 
physical 
mixture  

physical mixture 

salicylic acid 90BM co-crystal 
 

co-crystal209 

salicylic acid 90CM 
partially 

amorphous  
co-crystal209 

sodium taurocholate 180BM 
 X-ray 

amorphous 

>12 months 
(25°C, 60% 

RH) 
amorphous 

succinic acid 90CM 
partially 

amorphous  
partially amorphous 

succinic acid 90BM 
physical 
mixture  

physical mixture 

terephthalic acid 90CM 
partially 

amorphous  
physical mixture 

terephthalic acid 90BM 
partially 

amorphous  
physical mixture 

trans-aconitic acid 90CM 
partially 

amorphous  
physical mixture 

trans-aconitic acid 90BM 
partially 

amorphous  
physical mixture 

trimesic acid 120CM 
X-ray 

amorphous 
2 months 

(4°C) 
co-crystal300 

trimesic acid* 90BM 
X-ray 

amorphous 

3 weeks 
(25°C, 60% 

RH)  
co-crystal300 

vanillic acid 90CM 
partially 

amorphous  
physical mixture 

vanillic acid 90BM 
partially 

amorphous  
physical mixture 

 

From the experiments listed in Table 6, results can be categorized into four groups:   

1) co-milling resulting in amorphous systems 
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2) co-milling resulting in co-crystal systems 

3) co-milling resulting in partially-amorphous systems re-crystallising to co-crystals 

4) co-milling resulting in partially-amorphous systems re-crystallising to physical 
mixtures or co-milling resulting in physical mixtures. 

 

Co-milling resulting in amorphous systems 

The extensive study of Carbamazepine revealed only several co-formers produced 
systems which were X-ray amorphous with Carbamazepine: 

Carbamazepine/deoxycholic acid showed excellent stability of 12 months at RT, 
though it was also tested at 11% RH, 24% RH, 56% RH, 72% RH,88% RH and 92% RH: 
the stability in the latter 2 conditions was less than 2 weeks. The samples were 
tested afterwards to reveal the presence of Carbamazepine dihydrate, which is very 
common in Carbamazepine formulations.198, 299  

Co-amorphous Carbamazepine/isophthalic acid and Carbamazepine/citric acid were 
found to be unstable. p-aminobenzoic, 1-hydroxy-2-naphthoic and trimesic acids, 
though generally known to form co-crystals with Carbamazepine, resulted in co-
amorphous systems which crystallised to co-crystals at storage.284, 287 1,3,5-
pentanetricarboxylic acid also formed co-amorphous system with Carbamazepine 
when cryo-milled for 90 minutes, which crystallised to a co-crystal on storage (this 
co-crystal is not known in literature, further discussion will take place later on in this 
chapter). 

The details of co-amorphous system of Carbamazepine/NaTC are already reported in 
Chapter 3. 

 

Co-milling resulting in co-crystal systems 

Adipic acid, glutaric acid, and DL-malic acid each appear twice in the result table: 
irrespectively of the preparation method, these co-formers form co-crystals with 
Carbamazepine with no apparent amorphous phase (though no time dependence 
studies were carried out). All three co-crystals are known in literature209, prepared 
by various methods such as sonic slurrying, high throughput crystallisation and 
grinding. p-aminobenzoic acid is also known to give a co-crystal on ball-milling with 
Carbamazepine.209 

Fumaric acid, maleic acid, malonic acid and salicylic acid co-crystals with 
Carbamazepine are also known in literature by the same authors209 and produce co-
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crystals immediately by ball-milling. The same co-formers behave differently during 
cryo-milling, described in Co-milling resulting in partially-amorphous systems re-
crystallising to co-crystals below. 

 

Co-milling resulting in partially-amorphous systems re-crystallising to co-
crystals 

Cryo-milled acids: fumaric, maleic, malonic and salicylic acids, become partially 
amorphous with Carbamazepine. This is possibly due to cryo-milling operating below 
the Tg and slowing the crystallisation. The crystallisation of co-crystals on storage is 
due to the high molecular mobility characteristic for amorphous substances above 
their Tg.  

Ball-milling of DL-tartaric acid and 1,3,5-pentanetricarboxylic acid with 
Carbamazepine results in partially amorphous systems crystallising to co-crystals 
upon storage (3 weeks at room temperature).  Cryo-milling of DL-tartaric acid also 
results in the crystallisation to a co-crystal on storage. 

 

Co-milling resulting in partially-amorphous systems re-crystallising to 
physical mixtures or co-milling resulting in physical mixtures 

Milling of succinic acid, trans-aconitic acid, vanillic acid, terephthalic acid, or nicotinic 
acid does not result in co-crystals nor co-amorphous systems with Carbamazepine. 
Even though majority of these co-formers possesses at least one COOH group, H-
bonding between the co-former and Carbamazepine molecules must not be 
energetically favourable to form either of the systems, and thus collapse of partially 
amorphous systems is taking place,159 or more likely, the lattice energy of the two 
separate components is too high for these components to interact.305 

 

Dissolution 

Generally, co-crystals of Carbamazepine with soluble co-formers form soluble co-
crystals,158, 306 however these are not thermodynamically stable and rapidly convert 
to Carbamazepine dihydrate. Co-crystals made up of Carbamazepine and co-formers 
with low solubility tend to be more stable in solution and exhibit increased 
dissolution properties.306  

No dissolution studies were carried out on these groups as incomplete 
“complexation” would only hasten the re-crystallisation when subjected to the 
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dissolution media and result in a rapid dihydrate formation as the particle size of 
these systems is reduced by milling (though not measured experimentally during this 
study). Flicker et al. showed that a slower release rate of Carbamazepine occurred 
due to the high particle aspect ratio: increasing the surface area of fine powder 
accelerated the transformation into dihydrate202 (known to exhibit poor solubility 
when compared to its most stable polymorph).257 

Simple powder dissolution studies (non-sink conditions) were carried out on some of 
the co-amorphous systems and some co-crystalline systems which could be 
quantified easily using UV analysis. Unfortunately, some of the co-formers absorb at 
the same UV-vis region as Carbamazepine and thus overlapping peaks made UV 
analysis infeasible. Improvement of dissolution behaviour was only observed in co-
amorphous combinations of Carbamazepine/sodium taurocholate (Chapter 3, Figure 
27, page 83) and Carbamazepine/deoxycholic acid (Appendix, Figure 107). Co-milling 
with citric acid (Appendix, Figure 108) and 1,3,5-pentanetricarboxylic acid (Appendix, 
Figure 109) (systems which turned amorphous) resulted in a decreased dissolution 
kinetics. A similar behaviour was previously observed for amorphous Sulfamerazine 
due to its poor wetting and dispersion (preventing the powder from dissolving)44, 
along with a rapid surface re-crystallisation to the most stable form, which is likely to 
be Carbamazepine dihydrate, known to be less soluble than other polymorphs of 
Carbamazepine.257  

Dissolution of the co-crystals of Carbamazepine were not performed as co-crystals of 
Carbamazepine/nicotinamide198, Carbamazepine/tryptophan and 
Carbamazepine/phenylalanine/tryptophan134, known in literature, show no 
dissolution improvement over the crystalline Carbamazepine. 

The dissolutions of Carbamazepine/p-aminobenzoic acid and 
Carbamazepine/salicylic acid were not conducted as literature data already exists. 
Only a modest increase in dissolution of the co-crystal with p-aminobenzoic acid301 
and a substantial increase of dissolution was seen for Carbamazepine/salicylic acid 
co-crystal.298 

 

Ball-milling to produce co-crystals 

A recent review of Ross et al.167 on co-crystal preparation using non-solvent methods 
featured ball-milling as a preferred method. Solution-based crystallisation suffers 
issues such as separate re-crystallisation of starting components, time-consuming 
solvent screening, and the commitment to exotic and possibly toxic solvents creating 
problems of cost, safety, and modelling when considering scaling-up.307 As 
presented in Table 7, screening studies resulted in co-crystals identical to those 
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prepared by solution crystallisation. In literature, co-crystals obtained from ball-
milling were compared to those from solution, concluding the superiority ball-
milling.  Activation is necessary in many co-crystals308, which high energy milling 
provides as the stoichiometry of the co-crystal is better controlled173 and this makes 
ball-milling a quick method to screen for co-crystals, often requiring <180 minutes, 
which can modified using liquid assisted grinding, different stoichiometric ratios, 
milling speeds, temperature, and milling time, etc.309 

In general, cryo-milling of Carbamazepine with small polycarboxylic acids result in 
partially amorphous systems which are often precursors to co-crystals (also obtained 
via ball-milling). A number of these co-crystals were compared with the already 
published XRPD patterns.209 Preparation of co-crystal systems from the Childs et 
al.209 study were investigated using unreported ball-milling methods allowing new 
comparisons of co-crystallisation methods. Table below summarises the key 
observations from our own study: 

Table 7 Co-crystals generated by ball-milling in 1:1 molar ratio vs co-crystals known to literature from solution 
crystallisation. Key: conditions: CM = cryo-milled, BM = ball-milled. 

System CCDC Ref Code Conditions Result 

Carbamazepine/DL-
tartaric acid 

MOXWIG 90BM 
Co-crystal identical to 
the reported one209 

Carbamazepine/glutaric 
acid 

MOXVOL 90BM & 90CM 

Co-crystal identical to 
the reported one209 

(see Appendix, Figure 
110) 

Carbamazepine-1-
hydroxy-2-naphthoic 

acid 

MOXWEC 90BM 
Co-crystal identical to 
the reported one209 

Carbamazepine/maleic 
acid 

MOXWOM 90BM & 90CM 
Co-crystal209 + excess 

maleic acid 

Carbamazepine/malonic 
acid 

XOBCEX310 90BM* & 90CM 
Co-crystal209*+ excess 

malonic acid 

Carbamazepine/p-
aminobenzoic acid 

XOXHEY172 90BM & 90CM 
Co-crystal identical to 
the reported one302 

Carbamazepine/salicylic 
acid 

MOXWAY 90BM & 90CM* 

Co-crystal209* (see 
Appendix, Figure 111) 

+ excess 
Carbamazepine 

dihydrate 



110 
 

System CCDC Ref Code Conditions Result 

Carbamazepine/succinic 
acid 

XOBCIB310 90BM & 90CM 
Co-crystal identical to 
the reported one209 

Carbamazepine/fumaric 
acid 

WEYFEN311 90BM & 90CM 
Co-crystal209 + excess 

fumaric acid 

Carbamazepine/adipic 
acid 

MOXVEB 90BM & 90CM 
Co-crystal209 + excess 

adipic acid 

Carbamazepine/trimesic 
acid 

UNIBAU 90BM & 90CM 
Co-crystal identical to 
the reported one300 

Carbamazepine/1,3,5-
pentanetricarboxylic 

acid 

Not yet published 90BM & 90CM A novel co-crystal 

 

While the co-former selection in most studies is unsystematic and indiscriminate for 
most co-former pairings, the use of 1,3,5-pentanetricarboxylic acid was a 
predetermined decision. This was based on the knowledge that another structurally 
similar co-former, trimesic acid, gives a co-crystal with Carbamazepine. 1,3,5 - 
pentanetricarboxylic acid compares well to trimesic acid having similar functional 
groups (three carboxylic acids), but being aliphatic, 1,3,5-pentanetricarboxylic acid is 
more flexible than the planar trimesic acid due to the aromatic ring (consult Table 8) 
and non-planar. Based on the results obtained previously with NaTC, a large 
biomolecule containing 5 and 6 member aliphatic rings, several stereo-centres, 
methyl and alcohol groups, attached to a taurine-like group, resulting in many 
rotatable bonds, and functional groups having varied steric positions, the possibility 
of a co-amorphous system was anticipated. While a co-amorphous system was 
formed, its instability gave way to co-crystallisation. The co-crystal of 
Carbamazepine/1,3,5-pentanetricarboxylic acid not been reported in literature. 

Using a synthon approach to co-crystallisation is an attractive method of choosing 
potential co-formers, though there are complexities and issues. It is important to 
remember that “not all acceptors will necessarily interact with donors”152 and thus, 
despite both chosen co-formers having the same amount of H-bond donors and 
acceptors, they could behave differently from expected, especially considering the 
six-membered ring intermolecular bonds which could hamper other interactions in 
trimesic acid, or if the H-bonding capacity within the starting materials is greater 
than within the co-crystals, etc. 

The H-bonding pattern of Carbamazepine/trimesic acid is reported Fleischman et al.: 
the structure of this co-crystal is one-dimensional and consists of both: 
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homosynthons between two acid molecules as well as heterosynthons between acid 
and amide of Carbamazepine.300 Out of the three carboxylic acid groups of trimesic 
acid, two are free to form homosynthons, forming a zig-zag array while the last 
carboxylic acid group breaks amide homosynthons of Carbamazepine molecules and 
interacts as shown in Figure 53b. The structure and crystal packing are shown in 
Figures 53a and 54, respectively. 

 

Figure 53 (a) Structure observed in Carbamazepine/trimesic acid: one COOH of trimesic acid is bonded to 
Carbamazepine, while the other two COOH groups form homosynthons, forming a one dimensional H-bonded 

pattern; (b) heterosynthon formed between Carbamazepine and trimesic acid. Reproduced with permission from 
“Crystal Engineering of the Composition of Pharmaceutical Phases:  Multiple-Component Crystalline Solids 

Involving Carbamazepine “.300 
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Figure 54 Crystal packing of Carbamazepine/trimesic acid. Reproduced with permission from “Crystal Engineering 
of the Composition of Pharmaceutical Phases:  Multiple-Component Crystalline Solids Involving Carbamazepine 

“.300 

In order to compare the two co-crystals, a single co-crystal of Carbamazepine/1,3,5-
pentanetricarboxylic acid was grown from solution.  

Single X-ray analysis confirmed the co-crystal of Carbamazepine/1,3,5-
pentanetricarboxylic acid is a novel co-crystal, matching none other on the CSD 
database. DSC analysis also confirmed only one thermal event: a characteristic 
melting point (Figure 55) of 131°C unique to this solid form (pure Carbamazepine 
MP: 189-193°C, pure 1,3,5-pentanetricarboxylic acid: 113°C). 

The information obtained from the single X-ray analysis revealed the bonding and 
structure within the co-crystals, as shown in Figures 56 and 57. 
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Figure 55 DSC thermogram of Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal; black line marks the 
thermal events, grey line marks the weight loss on heating. 

 

Figure 56 Heterosynthon between amide of Carbamazepine and one of the carboxylic groups of 1,3,5-
pentanetricarboxylic acid. 



114 
 

 

Figure 57 Heterosynthon and homosynthons within the co-crystal of Carbamazepine/1,3,5-pentanetricarboxylic 
acid. 

Comparing single crystal structures of Carbamazepine/1,3,5-pentanetricarboxylic 
acid with those of Carbamazepine/trimesic acid obtained by Fleischman et al., their 
mode of interaction is the same, i.e. a heterosynthon between one COOH groups of 
acid and two homosynthons are present. The calculated powder pattern is in 
agreement with experimental powder pattern, shown in Appendix, Figure 112.  

 

Co-crystallisation pathway 

A number of studies carried out on ball-milling (both solvent assisted and neat 
methods) have not agreed on one mechanism. Instead, co-crystallisation is thought 
to proceed via a number of different mechanisms169, usually through an 
intermediate phase. The mechanisms which are described in literature most often 
encompass: 

(1) Transient amorphous phase – one or both components amorphise, most 
often for only a brief duration of time, which can be monitored by 
spectroscopic methods such as IR combined with XRPD178 and PCA.309 The 
disordered regions give way to more energetically favourable co-crystal on 
storage or further milling 

(2) Eutectic formation – at milling, a metastable liquid phase is formed, agitated 
by the milling action, which then nucleates (induced/enhanced by milling) to 
form a co-crystal310, 312 

(3) Molecular diffusion – when one of the components’ vapour pressure is high, 
may or may not need mechanical activation313,314; co-crystals form through 
surface migration and diffusion within the vapour phase169 
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To be able to discern which pathway the co-crystals follow, a number of techniques 
were combined and analysed using computational methods. 

 

XRPD analysis 

XRPD was used to monitor the formation of the co-crystals at ball-milling at room 
temperature (RT) for 30 minutes, with measurement time points at 5, 10, 15 and 30 
minutes. Physical mixtures of the crystalline components were also prepared for 
comparison. 

 

Principal Component Analysis 

PCA is a projection modelling method used to interpret data. The information 
contained in the variables of the data is projected onto a smaller number of 
variables, referred to as Principal Components (PCs). Each of those is responsible for 
a certain amount of total information of the original data. PC1 usually contains the 
largest amount of information in each data set; subsequent components such as 
PC2, PC3, etc. contain less information than the previous. The relationships between 
the variables can be visualised and interpreted by plotting the selected PCs as 
sample groupings, similarities and differences are clearly represented on the score 
plot.  

PCA score plots were built based on triplicate NIR spectral data in the region of 
10000 cm-1 to 4000 cm-1, pre-processed using Standard Normal Variate (SNV). 

The % of the total data variation in the graphs in this chapter is a sum total of the 
variables found in PC1 and PC2, i.e. “The above PCA explains 92% of data variation, 
78% form PC1 and 14% from PC2” means that PC1 explains 78% of the variation 
between the two data sets, while PC2 explains a further 14%. Together, those two 
axes explain 92% of the variance. 

 

Different starting polymorphs of Carbamazepine 

To extend the co-crystallisation study, different starting polymorphs of 
Carbamazepine were co-milled with 1,3,5-pentanetricarboxylic acid and trimesic 
acid. A study carried out showed that the outcome of co-milling may vary when 
polymorphs of the API are used: Sulfathiazole FIII co-milled with pimelic acid gave a 
mixture of FIII/FI/FA (FA = form amorphous; amorphous Sulfathiazole), while starting 
with FI resulted in FI/FA. Interestingly, irrespectively of the starting polymorph, 
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Sulfathiazole produced co-crystals with glutaric acid, and co-amorphous systems 
were prepared with citric acid, though the pathway and the rate of the 
co/amorphous system and co-crystal formation depended on the starting 
polymorph.9 

Carbamazepine FI, FII and FIV were investigated and compared against 
Carbamazepine FIII. The XRPD patterns of the four polymorphs of Carbamazepine 
are shown in Figure 58 below. 

 

Figure 58 XRPD patterns of Carbamazepine FIII ((CBMZP01; red), FI (CBMZP11; blue), FII (CBMZP03; green) and 
FIV (CBMZP12; grey). 

 

Carbamazepine FI 

Triclinic crystal of Carbamazepine exists as needles and is most stable at high 
temperatures. Similarly to FIII, FI possesses H-bond patterns: where oxygen is an 
acceptor to hydrogen from nearby carbons, forming spirals to produce an infinite 
network.220 In DSC, FI shows no transformations (unlike other forms) and melts at 
189-193°C. Interestingly, all other polymorphs of Carbamazepine transform to FI 
prior to melting – i.e. irrespective of the starting Carbamazepine form, it is always FI 
that will melt. Amorphisation of Carbamazepine was shown to be faster and 
somewhat easier when the milling was carried out on the metastable polymorph, 
FI.46  

Carbamazepine FI can be prepared by heating of the commercial polymorph (FIII) at 
170°C for 2 hours. The exact method used for preparation of this polymorph can be 
found in Preparation of Carbamazepine FI, page 51. 
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Carbamazepine FII 

FII (trigonal) polymorph of Carbamazepine can be prepared by crystallisation from 
low dielectric constant solvents (e.g. cyclohexane, tetrahydrofuran). Due to the 
packing motif of the dimers of Carbamazepine FII, there are significant voids in the 
crystal structure, which are occupied by the solvent.219 Experimental evidence for 
solvent inclusion (toluene) has been carried out by Cabeza et al., who determined 
that the solvent accessible volume per unit cell is less than 7%.218 The structure of 
form II is reported to be fragile, collapsing to give the amorphous phase under 
vacuum257, or spontaneously crystallising to a more stable solid form.202 The method 
for preparation of Carbamazepine FII in this study is in the Preparation of 
Carbamazepine FII, page 51. 

XRPD confirmed the samples prepared were pure FII, irrespective of the solvent used 
(Appendix, Figure 104). 

 

Carbamazepine FIV 

FIV of Carbamazepine (C-monoclinic) is elusive and reported to be extremely difficult 
to prepare. There exist four ways of its preparation: evaporation of 0.3 mL of 
methanol solution containing 1.5 g/100 mL of Carbamazepine in the presence of 12 
mg of hydroxypropylcellulose315; seeding of supersaturated MeOH solutions: 155 
mg/mL at RT220; drying Carbamazepine dihydrate over phosphorus pentoxide at 
RT252, or as reported very recently, spray drying from methanolic solutions.316  

Form IV was not observed when repeating the procedures by Lang et al.315, Grzesiak 
et al.220, and Harris et al.252 Spray drying as described by Halliwell et al.316 could not 
be performed due to equipment limitation. 

A new method of FIV preparation was designed and is described in the Preparation 
of Carbamazepine FIV, page 51. Due to the small amounts of FIV produced using the 
new method, co-crystallisation monitoring using FIV was not feasible and was not 
carried out.  

 

Carbamazepine FIV method development 

Carbamazepine FIV was seen in trace amounts when 500 mg of Carbamazepine FIII 
was milled for 180 minutes as a part of a time dependence study (to monitor if there 
are any polymorphic transformations of Carbamazepine on ball-milling). To test 
whether pure FIV could be obtained, and if reducing the weight would linearly 
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reduce the time required for the reaction to complete, further millings were carried 
out, summarised in Table 8 below. 

 

Table 8 Summary of initial Carbamazepine FIII millings. Colour coding signifies groups which were anticipated to 
behave identically (blue/green/black). 

Weight of FIII 
(mg) 

Duration (min) Frequency (Hz) No. of milling 
balls 

Milling-ball 
size (mm) 

Outcome 

1000 180 25 1 15 FIII 
500 90 25 1 15 FIII 
250 45 25 1 15 FIII 
125 22.5 25 1 15 FIII/FIV 

2000 180 25 1 15 FIII 
1000 90 25 1 15 FIII 
500 45 25 1 15 FIII/FI 
250 22.5 25 1 15 FIII 
500 180 25 1 15 FIII 
250 90 25 1 15 FIII/FIV 

 

 

Figure 59 XRPD patterns of Carbamazepine FIII (red), Carbamazepine FIV (yellow), and Carbamazepine FI (pink). 
The blue patterns correspond to the blue entries in Table 8 and are labelled within the figure. The green patterns 

correspond to the green entries in Table 8 and are labelled within the figure. The black patterns correspond to the 
black entries in Table 8 and are labelled within the figure. The yellow line marks the characteristic peak of FIV. The 

pink line marks the characteristic peak of FI. 
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As seen from Table 8 and Figure 59, Carbamazepine FIV was observed on two 
occasions. Its presence was found when the sample size was small (125, 250 mg). 
XRPD analysis revealed that 125 mg sample milled for 22.5 minutes contained the 
most FIV (as marked by the yellow line in Figure 59). Rationally, a longer milling time 
was chosen: time points of 30, 45, 60 and 90 minutes were examined. Milling of 125 
mg of Carbamazepine for 90 minutes gave pure FIV majority of the time (with some 
FIII impurity at times). To fine-tune the process, the frequency of the milling was 
optimised and altered from 25 Hz to 30 Hz (higher mechanical energy, faster process 
anticipated). This method was found to consistently produce pure FIV on milling.  

 

Carbamazepine FIII to Carbamazepine FIV transition 

 

Figure 60 XRPD patterns of Carbamazepine FIII (red) milled for 5 minutes (blue), 10 minutes (green), 15 minutes 
(grey), 30 minutes (brown), 45 minutes (turquoise), 60 minutes (pink), and 90 minutes (yellow); compared to the 
reference pattern CBMZP12 from CCDC (lilac). The red spectral lines mark the characteristic peaks of FIII, while 

lilac lines represent the characteristic peaks of FIV.  

XRPD analysis (Figure 60) reveals that Carbamazepine FIV begins to form after 10 
minutes of milling, evident by the presence of peaks highlighted in lilac at 14.11 and 
17.87° 2Theta. The samples at 15, 30 and 45 minutes of milling still contain FIII. The 
peaks characteristic to Carbamazepine FIII at 13.09° and 15.87° 2Theta (marked with 
red lines in Figure 60) disappear completely only at 90 minutes of milling: the sample 
milled for 60 minutes appears identical to the sample milled for 90 minutes at first, 
however a more in-depth analysis reveals extra peaks of FIII present (as marked by 
red lines in Figure 60, also shown in Appendix, Figure 113).The samples milled for 10, 
15 and 30 minutes show broadening, attributed to a degree of amorphisation due to 
the mechanical energy input. 
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Figure 61 PCA analysis of Carbamazepine FIV formation. 

The above PCA model (based on NIR, Appendix, Figure 114) explains 92% of data 
variation, 78% form PC1 and 14% from PC2. The formation of FIV follows a fairly 
straight line, though the samples at 10, 15 and 30 minutes of milling cluster towards 
amorphous Carbamazepine, confirmed by XRPD (Figure 60). Additionally, this 
clustering is found half-way between Carbamazepine FIII and FIV, signifying these 
samples contain both FIII and FIV. The PCA score plot is in agreement with the XRPD 
analysis: the samples at 15, 30 and 45 minutes show a mixture of FIII and FIV, while 
the samples milled for 45 and 60 minutes consist majorly of FIV with traces of FIII.    

 

Impact of the frequency and the number of the milling-balls on the formation of FIV 

Schmidt et al. studied the influence of the operating frequency, the number of 
milling balls and the size of the milling balls on the temperature increase at 
milling.317 The temperature was found to increase the most when the frequency was 
set to 30 Hz and the diameter of the milling balls was 7 mm. Carbamazepine FIV 
formation was found to be optimal when the frequency was set to 30 Hz: possibly 
due to an increased temperature (and energy) within the milling jar. It was 
interesting to study the effect of the frequency and the number/size of the milling 
balls on the formation of FIV – with a goal to improve the yield or to decrease the 
time required to obtain FIV. 

The study concentrated on milling times of 30 – 90 minutes, frequencies of 10 – 30 
Hz, sample size of 125 – 500 mg, one to three 15 mm milling balls, or one to twenty 
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5 mm milling balls. 5 mm balls were chosen as it was anticipated the results would 
show significant variances, considering a 10 mm diameter difference. 

 

The effect of the number and diameter of the milling balls (30 Hz) 

125 mg of the sample was milled for 5-90 minutes at 30 Hz with a varied number of 
milling balls of 5/15 mm diameter. The results are shown below in a form of a PCA 
score plot (Figure 62). 

 

Figure 62 Milling of 125 mg of Carbamazepine FIII at 30 Hz for 5-90 minutes with a varied number of milling balls 
(5/15 mm diameter). 

The above PCA model (based on NIR, Appendix, Figure 115) explains 88% of data 
variation, 71% from PC1 and 17% from PC2. Pure Carbamazepine FIV can only be 
obtained by milling 125 mg of Carbamazepine FIII with one 15 mm milling ball for 90 
minutes. Milling of the same amount for the same length of time with 3, 7, 10 or 20x 
5 mm milling balls results in mixtures of FIII/FIV. There is a subtle difference in these 
samples: milling with 5 mm balls results in a sample with a decreased amount of 
amorphous content (e.g. 20x5 mm sample is significantly further away from 1x15 
mm sample; XRPD analysis could not confirm this). 
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Figure 63 PCA score plot of the milling of 250 mg of Carbamazepine FIII at 30 Hz for 30-90 minutes with a varied 
number of milling balls (5/15 mm diameter). 

The above PCA model (based on NIR, Appendix, Figure 116) explains 93% of data 
variation, 83% from PC1 and 10% from PC2. 250 mg of Carbamazepine FIII was 
chosen for this study. The usual 125 mg yields very little pure FIV (ca. 60 mg per run), 
thus up-scaling of the process was desirable. The use of a greater amount of FIII with 
an increased number of milling balls did not yield pure FIV: on the contrary, the 
results cluster closer to Carbamazepine FIII than in the previous examples (Figures 61 
and 62).  
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The effect of the frequency, sample size and milling balls’ size and quantity 

 

Figure 64 PCA score plot of the effect of the frequency, sample size and milling balls’ size and quantity. Some of 
the samples are unlabelled for clarity. 

The above PCA model explains 93% of data variation, 87% form PC1 and 6% from 
PC2. Some of the samples are unlabelled for clarity – all the milling experiments 
included in this plot can be found in Appendix, Table 15. This score plot contains a 
significantly different shape due to three clusters trending away from the rest: 125 
mg 20Hz 1x15mm + 2x5mm 90RT, 125 mg 20Hz 1x15mm + 1x5mm 90RT and 250 mg 
30Hz 2x15mm 90RT. Those samples were found to degrade on milling, i.e. the 
sample was grey (charred) and appeared to be X-ray amorphous. Further analysis on 
these samples was not carried out as charring is equivalent to degradation. Further 
inspection of the score plot reveals that milling of 125 mg samples with multiple 15 
mm balls also causes some slight degradation, i.e. the samples trend past 
Carbamazepine FIV. Figure 65 shows significant broadening of one of those samples, 
without X-ray presence of FIV. 
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Figure 65 XRPD patterns of 125 mg of Carbamazepine FIII milled at 25 Hz for 60 minutes with 3x15 mm milling 
balls (red), Carbamazepine FIV (blue) and Carbamazepine FIII (green). The red pattern corresponds to the red 

cluster in Figure 66. 

 

Discussion 

Analysis of all the experiments involving Carbamazepine FIV formation reveal that 
only milling 125 mg for 90 minutes at 30 Hz with one 15 mm milling ball forms pure 
FIV. Degradation was observed when the sample was under a significant thermal 
stress, e.g. milling 250 mg for 90 minutes at 30 Hz with two 15 mm balls.  Increasing 
the sample size, increasing or decreasing the frequency, altering the number and the 
diameter of the milling balls does not allow for a faster/more efficient FIV formation.  

 

Co-crystallisation of various polymorphs of Carbamazepine 

Carbamazepine FIII/1,3,5-pentanetricarboxylic acid 

As Carbamazepine FIII is the commercially available form, all initial co-crystallisation 
studies were carried out on mixtures of Carbamazepine FIII. 
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Figure 66 Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal formation top to bottom: physical mixture; 
ball-milled samples for 5, 10, 15, 30 minutes; 90 min ball-milled sample after re-crystallisation (pure co-crystal). 

The increased baseline in samples taken at 5 and 10 minutes of milling 
Carbamazepine/1,3,5-pentanetricarboxylic acid is suggestive of an intermediate 
amorphous phase being produced. The samples milled for 15 and 30 minutes show 
characteristic co-crystal peaks. 

 

Figure 67 PCA of Carbamazepine FIII and 1,3,5-pentanetricarboxylic acid co-crystallisation. 

The above PCA model (based on NIR, Appendix, Figure 117) explains 94% of data 
variation, 75% form PC1 and 19% from PC2.  
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Figure 67 allows to determine the progression of co-crystallisation of Carbamazepine 
with 1,3,5-pentanetricarboxylic acid: the samples at 5 and 10 minutes tend towards 
the amorphous quadrant of the graph, indicating the presence of some amorphous 
phase. No significant amounts of co-crystal within the samples is detected: close 
inspection of NIR data revealed lack of the peak specific to the co-crystal at 4510 cm-

1 in both samples (Figure 68). 

 

Figure 68 NIR spectra of amorphous Carbamazepine (navy), Carbamazepine/1,3,5-pentanetricarboxylic acid co-
crystal (yellow), Carbamazepine/1,3,5-pentanetricarboxylic acid after: 15 minutes of milling (red), 10 minutes 

milling (teal), and 5 minutes (lilac). The line marks the location of a peak characteristic to a co-crystal, evidently 
missing in the samples milled for 5 and 10 minutes. Both samples also show a broad shoulder at around 4650 cm-

1, suggesting the presence of amorphous Carbamazepine. 

The samples at 15 and 30 minutes trend towards the co-crystal cluster, and away 
from the amorphous phase, as expected: further milling increases the amount of the 
co-crystal, though at 30 minutes of milling the co-crystal is not 100% pure (it does 
not cluster with the pure co-crystal). 

It is interesting to see that the sample milled for 10 minutes is clustering closer to 
the starting material (1,3,5-pentanetricarboxylic acid) than to the co-crystal, unlike 
the sample milled for 5 minutes. This can be attributed to residual amounts of 
unreacted FIII present in the sample milled for 5 minutes, as shown in Figure 69. The 
sample milled for 10 minutes contains a significant amount of 1,3,5-
pentanetricarboxylic acid (Figure 69): the lack of crystalline Carbamazepine FIII peaks 
would suggest Carbamazepine is present in its amorphous state. NIR analysis 
revealed broadening of some peaks, suggesting more amorphous Carbamazepine is 
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present in the sample milled for 10 minutes, than in the sample milled for 5 minutes 
(Figure 70). 

 

Figure 69 XRPD patterns of Carbamazepine/1,3,5-pentanetricarboxylic acid milled for 5 minutes (red), 
Carbamazepine/1,3,5-pentanetricarboxylic acid milled for 10 minutes (blue), reference pattern for 1,3,5-

pentanetricarboxylic acid (green), and reference pattern for Carbamazepine FIII (grey). The spectral lines mark the 
presence of Carbamazepine FIII in the sample milled for 5 minutes. 

 

Figure 70 NIR spectra 1,3,5-pentanetricarboxylic acid (blue), Carbamazepine/1,3,5-pentanetricarboxylic acid 
milled for 10 minutes (yellow), Carbamazepine/1,3,5-pentanetricarboxylic acid milled for 5 minutes (green) and 
amorphous Carbamazepine (red). The general broadening of the sample milled for 10 minutes in the region of 

5700 cm-1 to 4500 cm-1 is indicative of amorphous Carbamazepine present. 

A score plot in 3D (Figure 71, below) allows for a better visualisation of the pathway 
the co-crystal follows. As expected based on the XRPD data (Figure 66), some 
amorphous content is also seen in the sample milled for 30 minutes: hence the 
cluster trending towards the amorphous Carbamazepine.  
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Figure 71 3D PCA of Carbamazepine FIII milled with 1,3,5-pentanetricarboxylic acid to obtain a co-crystal. A) 
Scores plot viewed along Z-axis; B) Scores plot rotated to enable a better visualisation of the cluster "5RT" 

trending towards the amorphous Carbamazepine cluster. 



129 
 

It is clear that the sample milled for 5 minutes contains Carbamazepine FIII as it is 
trending towards Carbamazepine FIII cluster. At 15 and 30 minutes of milling the 
samples veer away from the Carbamazepine FIII cluster, signifying that amorphous 
Carbamazepine is utilised in co-crystallisation. Further discussion on co-
crystallisation via the amorphous phase will be provided on pages 132-140. 

 

Carbamazepine FIII/trimesic acid 

Figure 72 Carbamazepine/trimesic acid co-crystal formation top to bottom: physical mixture; ball-milled samples 
for 5, 10, 15, 30 and 90 minutes; 90 min ball-milled sample after re-crystallisation; reference CCDC powder 

pattern: UNIBAU.  

The co-crystal of Carbamazepine/trimesic acid shows a high degree of amorphisation 
after 30 minutes of milling (as per Table 5, ball-milling of Carbamazepine/trimesic 
acid for 90 minutes resulted in an X-ray amorphous system with minor Bragg peaks). 
At 10 and 30 minutes of milling sharp peaks can be observed. Both samples seem to 
contain both Carbamazepine FIII and trimesic acid. The analysis of XRPD patterns 
proved to be difficult as the peaks of Carbamazepine FIII and trimesic acid overlap, 
see Appendix, Figure 118. The appearance of the co-crystal is first observed in the 
sample milled for 15 minutes: XRPD patterns reveal a new peak at 20.57° 2Theta 
(Figure 73); the same peak is also present in the sample milled for 30 minutes.  
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Figure 73 XRPD patterns of Carbamazepine/trimesic acid milled for 15 minutes (red), pure co-crystal of 
Carbamazepine/trimesic acid (blue), and Carbamazepine/trimesic acid milled for 30 minutes (green). The spectral 

line marks the characteristic co-crystal peak observed in the co-crystal. 

The progression of co-crystallisation was also monitored via NIR spectroscopy and 
then subjected to PCA.  

 

 

Figure 74 PCA of Carbamazepine FIII and trimesic acid co-crystallisation. 

The above PCA model (based on NIR, Appendix, Figure 119) explains 95% of data 
variation, 80% form PC1 and 15% from PC2. The clusters representing the samples 
milled for 10, 15 and 30 minutes curve towards the amorphous Carbamazepine 
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quadrant on the score plot. Further analysis of the co-crystallisation via the 
amorphous phase will be discussed next.  

 

Co-crystallisation via the amorphous phase? 

Co-crystallisation via the amorphous phase is not uncommon in the literature. In a 
study carried out by Rehder et al., ball-milled Piracetam/citric acid combination 
resulted in a transient amorphous system which then crystallised into a co-crystal. 
309 Milling of Carbamazepine/Indomethacin in a 1:1 molar ratio also resulted in an X-
ray amorphous mixture, which crystallised to a co-crystal on storage (ambient 
conditions).292 Jayasankar et al. investigated the process of co-crystallisation via the 
amorphous phase in a greater detail on a combination of 
Carbamazepine/saccharin.178 Cryo-milling of the components together resulted in 
more stable co-amorphous phase which was slower to co-crystallise, in contrast to 
ball-milled, samples (low temperature of preparation results in more stable 
amorphous phase67). 

Ball-milling of Carbamazepine/1,3,5-pentanetricarboxylic acid and 
Carbamazepine/trimesic acid also resulted in X-ray amorphous transient systems. To 
maximise the yield of the amorphous content, cryo-milling was performed and 
subjected to XRPD, NIR, IR and PC analysis. 
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XRPD analysis 

 

Figure 75 XRPD pattern comparison of a) Carbamazepine/1,3,5-pentanetricarboxylic acid and b) 
Carbamazepine/trimesic acid; cryo-milled for 5 minutes (red), 10 minutes (blue), 15 minutes (green), and 30 

minutes (grey).  

The XRPD patterns correspond to mixtures of Carbamazepine with 1,3,5-
pentanetricarboxylic acid, combined with an underlying amorphous halo. Based on 
the XRPD analysis, the sample cryo-milled for 30 minutes is completely amorphous.  

As expected, cryo-milling of Carbamazepine FIII with trimesic acid results in some 
degree of amorphisation, as was observed at ball-milling.  
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Spectroscopic analysis 

Spectroscopic analysis (NIR, IR) was carried out in order to investigate whether 
Carbamazepine exists as a co-amorphous system with the co-formers, or if it 
perhaps is amorphous itself and intimately mixed with the co-formers. 
Heterodimerisation in co-amorphous systems is known123 and can be detected by IR 
spectroscopy changes such as peak shifts, varied peak intensity and new peaks 
forming/peaks disappearing.  

IR analysis confirmed the interaction of Carbamazepine with 1,3,5-
pentanetricarboxylic acid. Comparing the spectrum of amorphous Carbamazepine 
with Carbamazepine/1,3,5-pentanetricarboxylic acid, several changes are found (see 
Figure 76). Broadening of the region between 3475 and 3520 cm-1 and a shift of 
amorphous Carbamazepine peak at 3477 cm-1 to 3482 cm-1 (highlighted, Figure 76a) 
in the cryo-milled sample corresponds to the stretching of –NH2 of the amide, 
possibly due to a disruption of H-bonding in homodimerised Carbamazepine.133, 318 
The peak of amorphous Carbamazepine at 1668 cm-1 attributed to carboxamide C=O 
stretching shifts to 1693 cm-1, suggesting changes in C=O environment.318, 319 A new 
peak, corresponding to a vibration of C=O (amide) at 1634 cm-1 is formed. The peak 
at 1584 cm-1 disappears, and a peak shift from 1594 cm-1 to 1554 cm-1 is observed. 
The peak at 1488 cm-1 shifts to 1490 cm-1, while peak broadening is observed at 
1459 cm-1 (highlighted, Figure 76b). A notable difference is observed at 1378 cm-1, 
corresponding to carboxamide N–C stretching: the peak is most probably shifted and 
buried under the broadened region (ca. 1400 cm-1).318 The peak at 1244 cm-1 is 
shifted and split to 1249 and 1238 cm-1. 

Likewise, changes were observed between the amorphous Carbamazepine and cryo-
milled Carbamazepine/trimesic acid. A new peak is found at 1635 cm-1 and a shift 
from 1594 cm-1 to 1559 cm-1 is observed; a broadening of 1296-1186 cm-1 and 3475-
3520 cm-1 regions take place, and a shift of the amorphous Carbamazepine peak 
from 1113 cm-1 to 1100 cm-1 occurs, along with several other small shifts (see 
Appendix, Figure 120).  
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Figure 76 IR spectra of 1,3,5-pentanetricarboxylic acid (blue), Carbamazepine FIII (yellow), amorphous 
Carbamazepine (green), and Carbamazepine/1,3,5-pentanetricarboxylic acid cryo-milled for 30 minutes (orange). 

The presence of a seemingly new peak at 1554 cm-1 (Figure 76b) is attributed to C=C 
and C=O vibration and N-H deformation of Carbamazepine, found at 1594 cm-1 in 
pure Carbamazepine. Such a shift was also observed during co-crystallisation of 
Carbamazepine/malonic acid320, Carbamazepine/succinic acid321 and 
Carbamazepine/saccharin178 (see Appendix, Figure 121). Interestingly, this type of 
interaction was not present in the pure co-crystal of Carbamazepine/saccharin and 
neither is it present in the pure co-crystal of Carbamazepine/1,3,5-
pentanetricarboxylic acid: the IR spectrum lacks this peak (see Appendix, Figure 122). 
The authors attributed the IR spectra changes in the carbonyl stretching region of 
cryo-milled Carbamazepine/saccharin to the presence of heterodimeric aggregation 
within the amorphous phase and therefore changes in hydrogen bond interactions 
which occur prior to co-crystallisation.178  

 

Additionally, broadening of the region between 3475 and 3520 cm-1 (Figure 76a) 
indicates changes in NH2 of Carbamazepine and is also associated with 
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amorphisation.178 As its dimerised structure318 is broken, new bonds are formed with 
the co-former.  

The presence of the peak at ca. 1555 cm-1 was found in Carbamazepine/1,3,5-
pentanetricarboxylic acid (cryo-milled for 5, 10, 15 and 30; ball-milled for 5 and 10 
minutes, see Figure 77a), Carbamazepine/trimesic acid (cryo-milled for 15 minutes; 
ball-milled for 10, 15 and 30 minutes, see Figure 77b), Carbamazepine/citric acid 
(ball-milled for 90 and 120 minutes) and Carbamazepine/DL-malic acid (ball-milled 
for 90 minutes, see Figure 78). 

 

Figure 77 a) IR spectra of (top to bottom) Carbamazepine/1,3,5-pentanetricarboxylic acid cryo-milled for 5, 10, 15 
and 30 minutes; Carbamazepine/1,3,5-pentanetricarboxylic acid ball-milled for 5,10, 15 and 30  minutes; 

compared to Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. The yellow line marks the presence of the 
peak at 1554 cm-1 in some samples. b) IR spectra of (top to bottom) Carbamazepine/trimesic acid cryo-milled for 

5, 10, 15 and 30 minutes; Carbamazepine/ trimesic acid ball-milled for 5, 10, 15 and 30 minutes; compared to 
Carbamazepine/ trimesic acid co-crystal. The yellow line marks the presence of the peak at ca. 1555 cm-1 in some 

samples. 
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Figure 78 IR spectra of (top to bottom) Carbamazepine/1,3,5-pentanetricarboxylic acid cryo-milled for 30 minutes; 
Carbamazepine/trimesic acid cryo-milled for 15 minutes; Carbamazepine/citric acid ball-milled for 90 minutes; 

and carbamazepine/DL-malic acid ball-milled for 90 minutes. The yellow line marks the presence of the transient 
peak at ca. 1555 cm-1. 

The presence of the significantly shifted peak at ca. 1555 cm-1, along with a few 
other subtle changes in the spectra may be indicative of a co-amorphous phase 
formed between Carbamazepine and the co-former, or it may indicate some 
interactions between amorphous Carbamazepine and the co-former. 
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Principal Component Analysis 

 

Figure 79 PCA of cryo-milled of Carbamazepine FIII/1,3,5-pentanetricarboxylic acid at predetermined time points. 

The above PCA model (based on NIR, Appendix, Figure 123) explains 92% of data 
variation, 71% form PC1 and 21% from PC2. All cryo-milled samples of 
Carbamazepine FIII/1,3,5-pentanetricarboxylic acid are clustering together.  The 
sample cryo-milled for 30 minutes was X-ray amorphous and accordingly it clusters 
the closest to amorphous Carbamazepine. PCA does not indicate that a unique co-
amorphous phase is formed. The location of the sample clusters suggests that the 
samples are made up of amorphous Carbamazepine, 1,3,5-pentanetricarboxylic acid 
and the co-crystal. 

 

 

 

 



138 
 

 

Figure 80 PCA of cryo-milled of Carbamazepine FIII/trimesic acid at predetermined time points. 

The above PCA model (based on NIR, Appendix, Figure 124) explains 96% of data 
variation, 80% form PC1 and 16% from PC2. In this case, the samples do not cluster 
as closely as in the case of Carbamazepine/1,3,5-pentanetricarboxylic acid as the 
degree of co-crystallisation and amorphisation is enhanced as the milling time 
progresses. The sample group deviated from the rest is corresponding to the sample 
cryo-milled for 30 minutes and clusters closest to amorphous Carbamazepine. Again, 
the samples are found half-way between the physical mixture, amorphous 
Carbamazepine and co-crystal, suggesting that no other unique phase such as a co-
amorphous Carbamazepine/trimesic acid exists.  

 

Discussion 

The IR analysis revealed definite interactions between the amorphous 
Carbamazepine and the co-formers as changes in the peak position and intensity 
were observed. If pure amorphous Carbamazepine were present in the mixtures, the 
peak shifts would not be present; and the spectrum would simply consist of the 
amorphous Carbamazepine and crystalline co-former peaks. This would suggest that 
a co-amorphous phase of Carbamazepine/co-former exists in the samples. Similar 
observations were made with the amorphous system of Naproxen/Indomethacin123 
and Carbamazepine/saccharin. The latter was concluded to be amorphous, though 
with no further determination of the origin of the amorphous phase.178 Here, 
Carbamazepine/1,3,5-pentanetricarboxylic acid and Carbamazepine/trimesic acid 
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show a multitude of changes in the IR spectra, supporting the hypothesis that a 
transient co-amorphous system with Carbamazepine is formed.  

While the PC analysis (based on NIR spectra) showed no unique phase present within 
the samples, the conclusion based on it only would be somewhat inconclusive as 
there exists no set standard for the co-amorphous system for Carbamazepine with 
any co-former, therefore a full comparison could not be made. 

 

Different starting polymorphs of Carbamazepine (continued) 

Carbamazepine FI/1,3,5-pentanetricarboxylic acid 

 

Figure 81 Carbamazepine FI/1,3,5-pentanetricarboxylic acid co-crystal formation top to bottom: ball-milled 
samples for 5, 10, 15, 30 minutes; Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 
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Figure 82 PCA of Carbamazepine FI and 1,3,5-pentanetricarboxylic acid co-crystallisation. 

The above PCA model (based on NIR, Appendix, Figure 125) explains 89% of data 
variation, 75% form PC1 and 14% from PC2. The formation of the co-crystal 
proceeds via conversion of FI to FIII and partial amorphisation: the samples at 5 and 
10 minutes are trending slightly towards amorphous Carbamazepine and 
Carbamazepine FIII. A similar behaviour was recorded in the case of a co-crystal of 
Piracetam/tartaric acid: after a short milling, the mixture of FI/tartaric acid also 
occupied the same quadrant as FIII/tartaric acid.309 XRPD analysis revealed traces of 
FIII present in the sample milled for 5 minutes, see Figure 83. The samples at 15 and 
30 minutes of milling trend towards the co-crystal and away from amorphous 
Carbamazepine, similarly to pure FIII. 
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Figure 83 XRPD patterns of Carbamazepine FI/1,3,5-pentanetricarboxylic acid milled for 5 minutes (red), 
Carbamazepine FI (blue), Carbamazepine FIII (green), 1,3,5-pentanetricarboxylic acid (grey), and 

Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal (brown). The spectral line marks the peak overlapping 
with FIII. 

 

Carbamazepine FI/trimesic acid 

 

Figure 84 Carbamazepine FI/trimesic acid co-crystal formation top to bottom: ball-milled samples for 5, 10, 15, 30 
minutes; pure co-crystal; and trimesic acid. 

Co-milling of Carbamazepine FI with trimesic acid results in a fairly X-ray amorphous 
pattern, especially at 15 minutes of milling. The sample milled for 30 minutes still 
shows a peak 24.11° 2Theta, characteristic of trimesic acid (Figure 84). The co-crystal 
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is not yet fully formed as some of the Carbamazepine exists in its amorphous phase 
at that stage. 

 

Figure 85 PCA of Carbamazepine FI and trimesic acid co-crystallisation. 

The above PCA model (based on NIR, Appendix, Figure 126) explains 90% of data 
variation, 78% form PC1 and 12% from PC2. The loss of crystallinity is observed for 
the samples milled for 10, 15 and 30 minutes as they are trending towards the 
amorphous Carbamazepine cluster, also visible in the XRPD (Figure 84). Based on this 
PCA plot, the sample milled for 30 minutes has both the amorphous phase and the 
co-crystal phase present within. Unlike in the case of Carbamazepine FI/1,3,5-
pentanetricarboxylic acid, the conversion from FI to FIII cannot be clearly detected. It 
is possible that at 5 minutes all Carbamazepine in the sample is already converted 
and exists in the amorphous phase: in a study by Rehder et al. the conversion of one 
polymorph of Piracetam to another took less than 1 minute.309 
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Carbamazepine FII/1,3,5-pentanetricarboxylic acid

 

Figure 86 Carbamazepine FII/1,3,5-pentanetricarboxylic acid co-crystal formation top to bottom; ball-milled 
samples for 5, 10, 15, 30 minutes; Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 

As FII contains miniscule amounts of solvent in its structure, it was expected to 
accelerate the co-crystal formation. Indeed, the co-crystal can be observed after 10 
minutes of milling, as opposed to 15 minutes when milling (dry) FIII. The co-crystal 
prepared from FII appears to be more X-ray crystalline (enhanced peak height) than 
the one from FIII, possibly due to the solvent acting as a plasticiser, allowing for a 
rapid growth of the co-crystal.  

Figure 87 PCA of Carbamazepine FII and 1,3,5-pentanetricarboxylic acid co-crystallisation. 
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The above PCA model (based on NIR, Appendix, Figure 127) explains 89% of data 
variation, 74% form PC1 and 15% from PC2. The sample of Carbamazepine FII milled 
for 5 minutes with 1,3,5-pentanetricarboxylic acid is deviated when compared to the 
rest of the sample points. NIR analysis confirmed the presence of FIII in the sample 
(Figure 88), which may be the reason why this cluster is not on the expected path. 
FIII is probably formed in the initial stages of milling, when the crystals of FII are 
disrupted (oftentimes solvate collapse forms the amorphous phase257 which re-
crystallises to FIII202). A similar polymorphic transformation was also noted by Rehder 
et al.309 It appears that the majority of co-crystallisation occurs between 5 and 10 
minutes of milling as the groups at 10, 15 and 30 minutes of milling cluster relatively 
close to the co-crystal. 

 

Figure 88  NIR analysis of Carbamazepine FII co-milled with 1,3,5-pentanetricarboxylic acid for 5 minutes (green), 
10 minutes (red); against Carbamazepine FII (blue) and FIII (orange). The grey line marks the peak confirming the 

presence of FIII in the sample. 
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Carbamazepine FII/trimesic acid 

 

Figure 89 Carbamazepine FII/trimesic acid co-crystal formation top to bottom: ball-milled samples for 5 (red), 10 
(blue), 15 (green), 30 (grey) minutes; Carbamazepine/trimesic acid co-crystal (brown), and trimesic acid 
(turquoise). The blue line marks the presence of trimesic acid in samples milled for 5, 10 and 15 minutes. 

Like Carbamazepine FII/1,3,5-pentanetricarboxylic acid, the co-crystal of 
Carbamazepine FII/trimesic acid proceeds via the amorphous phase. At 15 minutes 
traces of trimesic acid are still observed (as marked by the blue line in Figure 89), 
though at 30 minutes the sample looks nearly identical to pure co-crystal. 

 

Figure 90 PCA of Carbamazepine FII co-milled with trimesic acid. 



146 
 

The above PCA model (based on NIR, Appendix, Figure 128) explains 92% of data 
variation, 79% form PC1 and 13% from PC2. The progression to a co-crystal follows 
the expected path. The samples milled for 5, 10 and 15 minutes are trending 
towards the amorphous Carbamazepine initially. The clustering of the sample milled 
for 30 minutes closest to the co-crystal is not in close proximity to the other clusters 
as it is nearly fully co-crystalline. 

 

Carbamazepine FIII Liquid Assisted Grinding 

Carbamazepine FIII was milled with ethyl acetate (EtOAc) to mimic the conditions of 
milling Carbamazepine FII. IR spectroscopy confirmed the presence of residual EtOAc 
in FII by the presence of a characteristic peak at 1745 cm-1 (Appendix, Figure 129). 
While the presence of any solvent is undesirable for the milling process here (neat 
grinding was used for all other polymorphs of Carbamazepine; the presence of 
solvent may be thought of as a liquid assisted grinding), FII made from EtOAc was 
favoured as EtOAc can be easily monitored using IR spectroscopy. NMR analysis 
verified that solvent to Carbamazepine molar ratio was 1:10, in agreement with the 
values reported by Fabbiani et al.325 This information was used to calculate the 
amount of solvent present along with Carbamazepine and co-formers during milling 
and was found to be 11 µL. Hence, co-milling of Carbamazepine FIII with 11 µL of 
EtOAc was expected to behave very similarly to milling of Carbamazepine FII.  

Carbamazepine FIII + EtOAc/1,3,5-pentanetricarboxylic acid 

 

Figure 91 Carbamazepine FIII/1,3,5-pentanetricarboxylic acid + 11 µL EtOAc co-crystal formation top to bottom: 
ball-milled samples for 5, 10, 15, 30 minutes; pure co-crystal. 
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Based on the XRPD data, it can be concluded that co-crystallisation is very rapid as 
the sample at 5 minutes is nearly all converted into the co-crystal. What’s more, 
liquid assisted grinding of Carbamazepine FIII results in a less abundant amorphous 
phase (peak heights are above 1500 counts for all samples). 

 

Figure 92 PCA of Carbamazepine FIII + EtOAc/1,3,5-pentanetricarboxylic acid co-crystallisation. 

The above PCA model (based on NIR, Appendix, Figure 130) explains 90% of data 
variation, 70% form PC1 and 20% from PC2. Unexpectedly, the sample milled for 10 
minutes appears to be more co-crystalline than the sample milled for 30 minutes 
(which so far always clustered closest to the pure co-crystal). The samples milled for 
5, 15 and 30 minutes cluster very closely, suggesting that extending milling past 10 
minutes disrupts some of the co-crystal portion and leads to crystallisation of the 
parent compounds. What’s the most interesting is that the XRPD analysis does not 
show this phenomenon at all – no parent compound peaks are observed – perhaps 
these are simply obscured by the abundant co-crystalline peaks. 

 



148 
 

Carbamazepine FIII + EtOAc/trimesic acid 

 

Figure 93 Carbamazepine FIII/trimesic acid + 11 µL EtOAc co-crystal formation top to bottom: ball-milled samples 
for 5, 10, 15, 30 minutes; pure co-crystal. 

Interestingly, Liquid Assisted Grinding (LAG) of Carbamazepine FIII with EtOAc and 
trimesic acid results in fairly X-Ray amorphous patterns, irrespective of the milling 
duration. The co-crystallisation is not as rapid as in the case of Carbamazepine + 
EtOAc/1,3,5-pentanetricarboxylic acid and requires 30 minutes to show significant 
co-crystalline peaks; though the sample at 5 minutes does possess a peak at 25.14° 
2Theta (as marked in Figure 93 by the blue line), characteristic for the co-crystal.  

 

Figure 94 PCA of Carbamazepine FIII + EtOAc/trimesic acid co-crystallisation. 



149 
 

The above PCA model (based on NIR, Appendix, Figure 131) explains 92% of data 
variation, 77% form PC1 and 15% from PC2. Differences in the co-crystallisation 
behaviour can be seen in Carbamazepine FIII LAG with trimesic acid, in comparison 
to Carbamazepine FIII LAG with 1,3,5-pentanetricarboxylic acid. Unlike the other 
combination, Carbamazepine FIII/trimesic acid and EtOAc follows a logical order of 
events: each sample point being more crystalline than the previous one. The 
trajectory curves slightly towards the amorphous Carbamazepine, signifying the 
presence of amorphous Carbamazepine. This is in agreement with the XRPD data 
presented above (Figure 93). 

 

Carbamazepine FI, FII, FIII or LAG FIII – the ease of co-crystal generation  

PCA was performed on complete data sets, i.e. all forms, at all milling times and 
conditions were included in a single score plot. The results for Carbamazepine/1,3,5-
pentanetricarboxylic acid and Carbamazepine/trimesic acid co-crystallisation are 
presented and discussed below. 

For ease of score plot interpretation, the sample points and clusters have been 
colour coded; the corresponding legends are presented on the right hand side of the 
plot. 

 

 

Figure 95 PCA of all combinations of Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystallisation. 

The above PCA model explains 88% of data variation, 70% form PC1 and 18% from 
PC2. The curvature of the cluster trajectory is quite interesting and seems to curve 
towards the amorphous Carbamazepine, especially evident for the samples in the 
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lower right hand side quadrant (including FIII milled for 15 minutes, FII milled for 5 
minutes or FI milled for 10 minutes). The sample of Carbamazepine FI co-milled with 
1,3,5-pentanetricarboxylic acid for 10 minutes seems to mark the point of inflection 
on the graph: it could be assumed that the sample comprises half amorphous 
Carbamazepine and half co-crystal. The cluster closest to the pure co-crystal is 
identified as LAG of Carbamazepine FIII/1,3,5-pentanetricarboxlic acid, which is in 
agreement with previous analysis.  

 

 

Figure 96 PCA of all combinations of Carbamazepine/trimesic acid co-crystallisation. 

The above PCA model explains 89% of data variation, 74% form PC1 and 15% from 
PC2. Co-milling of various polymorphs of Carbamazepine doesn’t seem to affect the 
crystallisation pathway as all the samples cluster quite closely together. The sample 
clustering closest to the pure co-crystal is found to be Carbamazepine FII co-milled 
with trimesic acid for 30 minutes. This is interesting as generally LAG is known to be 
the fastest means of co-crystal formation.167, 173, 175 

 

Discussion 

After all analyses (PCA, XRPD & NIR), certain conclusions can be drawn. 

For both co-formers, co-milling with Carbamazepine FII seems to produce clusters 
nearer to the cluster representing the co-crystal. This result is surprising as FI is the 
more metastable of the phases and would be expected to amorphise and reform as 
a co-crystal at a quicker rate, especially considering that the co-crystal formation 
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proceeds via transient amorphous phase: FI is found to amorphise faster than other 
polymorphs.46, 60, 1025, 76 

What’s more, milling of FIII with 11 µl of EtOAc was not identical to FII (with residual 
EtOAc within), despite both having the same amount of solvent present at milling. 
Liquid assisted grinding of Carbamazepine FIII with 1,3,5-pentanetricarboxylic acid 
for 10 minutes resulted in a sample clustering very close to the pure co-crystal, while 
co-milling of Carbamazepine FII with the same co-former for the same length of time 
results in a sample located slightly further (at 15 minutes of milling, the sample is 
much closer to the LAG sample at 10 minutes). This finding is in agreement with 
previous studies by Friŝiĉ et al., Karki et al., and Ross et al., who determined that LAG 
produces co-crystals the fastest.167, 169, 173 Nevertheless, the same behaviour was not 
observed when Carbamazepine was co-milled with trimesic acid: both FIII LAG and 
FII cluster relatively close, though the sample consisting of FII/trimesic acid reached 
the closest to the co-crystal, which wasn’t expected. It can be speculated that FII, 
which already clusters closer to amorphous Carbamazepine than FIII, is a less 
ordered polymorph due to the gaps in its lattice and thus less energy (and less time) 
is required for the co-crystal to form, when co-milled with trimesic acid. Perhaps the 
interactions between trimesic acid and Carbamazepine FII are more favourable than 
with Carbamazepine FIII and added EtOAc, as no direct crystallisation from FII to FIII 
was observed for this sample. 

Literature search revealed that the increased rate of the co-crystal formation 
observed in the case of FII (over FI) is most likely due to its low density218, 219: the 
presence of the channels allows a structure that is more readily disordered. Similar 
observations were noted for Sulfamerazine: reduced density of FI relative to FII due 
to the presence of slip planes allows for easier millabilty of FI326; and Sulfathiazole: FI 
is also a low density polymorph which spontaneously collapses when exposed to 
humidity.256 Additionally, the presence of miniscule amounts of solvent acts as a 
catalyst, further driving the co-crystallisation forward. 

To aid understanding of the phenomenon of co-crystallisation from different 
polymorphs, NIR spectra of FI, FII and FIII co-milled with trimesic acid (as an 
example) were overlaid versus the co-crystal and differences marked, see Figure 97. 
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Figure 97 NIR spectra in regions a) 7200-6600 cm-1, b) 6200-5800 cm-1 and c) 5300-5000 cm-1 of 
Carbamazepine/trimesic acid co-crystal (blue), Carbamazepine FI/trimesic acid milled for 30 minutes (orange), 
Carbamazepine FII/trimesic acid milled for 30 minutes (red), and Carbamazepine FIII/trimesic acid milled for 30 

minutes (green). 
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Clear differences can be observed between spectra of Carbamazepine FI/trimesic 
acid, Carbamazepine FII/trimesic acid and Carbamazepine FIII/trimesic acid, all milled 
for 30 minutes, in Figure 97. The peaks characteristic of the pure co-crystal of 
Carbamazepine/trimesic acid are marked in the figure. Carbamazepine FII/trimesic 
acid resembles the reference co-crystal the most: the differences in spectra are 
mostly found for FIII and FI co-milled with trimesic acid. The co-crystal peak at 7048 
cm-1 (star 1, Figure 97a) is absent in combinations of FIII/trimesic acid and FI/trimesic 
acid, but present in FII/trimesic acid. The peak at 6871 cm-1 (star 2, Figure 97a) is 
largely underdeveloped for FIII and /FI. Shifts of the peaks at 6756 cm-1 (star 3) and 
6064 cm-1 (star 1, Figure 97b) are noticeable and signify differences in the 
intermolecular interactions. A characteristic quadruplet of peaks in the region of 
6025-5850 cm-1 (star 1, Figure 97b) and peak at 5234 cm-1 (star 1, Figure 97c) are 
missing in the combinations of trimesic acid with FIII and FI. The region of 5150-5000 
cm-1 (star 2, Figure 97c) has an entirely different shape, signifying incomplete co-
crystallisation in the case of FIII and FI with trimesic acid.  

Such pronounced differences were not observed in NIR analysis of the co-crystal 
formation of various forms of Carbamazepine with 1,3,5-pentanetricarboxylic acid 
milled for 30 minutes (data not shown), partially due to the fact that a fairly pure co-
crystal can be observed after only 15 minutes of milling of Carbamazepine FII. At 30 
minutes, combinations consisting of Carbamazepine FIII or FII cluster very closely. 

It appears that irrespectively of the starting polymorph of Carbamazepine, the 
pathway of co-crystallisation is somewhat similar as all polymorphs reach a nearly 
pure co-crystal within 30 minutes of milling, i.e. there are no polymorphs which 
result in instantaneous co-crystal formation. The only significant difference in 
formation kinetics was observed for the LAG of Carbamazepine FIII/1,3,5-
pentanetricarboxlic acid, which achieved a nearly pure co-crystal within 10 minutes 
of milling. 

The amount of the co-crystal formed follows the order: FIII + EtOAc 10RT > FII 15RT > 
FIII + EtOAc 30RT for 1,3,5-pentanetricarboxylic acid; while it is FII 30RT >> FIII + 
EtOAc 30RT > FI 30RT for trimesic acid. 

Based on the above observations, when preparing a co-crystal of 
Carbamazepine/1,3,5-pentanetricarboxylic acid, FIII of Carbamazepine should be 
chosen, along with the equivalent amount of EtOAc, calculated as per page 147. If 
the solvent is not desirable, Carbamazepine FII reaches the goal at an extra cost of 5 
minutes. In contrast, when preparing a co-crystal of Carbamazepine/trimesic acid, FII 
of Carbamazepine is the most desirable as it forms the purest co-crystal. Milling of 
FIII with EtOAc or FI for the same duration leads to an impure co-crystal – further 
milling is advised. 
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Considering the difficulties with Carbamazepine FII preparation, it can be concluded 
that liquid assisted grinding with the commercial form of Carbamazepine, FIII, is a 
satisfactory method for co-crystallisation. While amorphisation was observed during 
the milling studies, the energy input and relatively high temperature of operation 
(ball-milling used) contributed to re-crystallisation of the amorphous phase into the 
co-crystal, signifying co-crystallisation is more energetically favourable for the 
systems tested. 

 

Co-crystallisation in the presence of water 

It has been noted in literature that moisture acts both as a plasticiser and a catalyst, 
allowing co-crystal formation in physically mixed samples (when one of the 
components is deliquescent, providing a liquid medium for co-crystallisation).169  

Jayasankar et al. concluded that “co-crystal formation proceeds through amorphous 
phases induced by grinding and that the rate of co-crystallisation during storage 
increases on exposure to high relative humidities”178 and is composed of three 
events: moisture uptake, dissolution of the reactants, and crystal 
nucleation/growth.327 Carbamazepine/saccharin co-crystallisation from amorphous 
phase occurs at a greater rate when stored at 75% RH compared to that at 0%. To 
further test the role of water in co-crystallisation, the authors also investigated co-
milling of Carbamazepine dihydrate with saccharin to find that co-crystallisation rate 
was significantly increased, concluding that moisture facilitates co-crystallisation.169 
 
To test whether water had any effect on co-crystals of Carbamazepine/1,3,5-
pentanetricarboxylic and Carbamazepine/trimesic acids, co-crystallisation of 
Carbamazepine with 1,3,5-pentanetricarboxylic and trimesic acids was carried out 
with 10 µL of water (LAG). Additionally, physically mixed samples of the starting 
materials were stored for 3 months in a 99% RH humidity chamber. 
 



155 
 

Carbamazepine/1,3,5-pentanetricarboxylic acid 

 

Figure 98 XRPD patterns of Carbamazepine/1,3,5-pentanetricarboxylic acid: physically mixed and stored at 99% 
RH for 3 months (red), ball-milled for 90 minutes and stored at 99% RH for 3 months (blue), pure co-crystal 

(green), and Carbamazepine dihydrate (grey). The blue line marks where Carbamazepine dihydrate is present in 
the physically mixed sample. 

The XRPD analysis shows the formation of the co-crystal in both samples: physically 
mixed and ball-milled, stored at 99% RH for 3 months. Minute amounts of 
Carbamazepine dihydrate can be detected, as highlighted in Figure 98. 

 

Figure 99 PCA of mixtures of Carbamazepine FIII/1,3,5-pentanetricarboxylic acid: physically mixed, stored at 99% 
RH for 3 months (PM), ball-milled for 90 minutes and stored at 99% RH for 3 months (BM), co-milled with 10 µL of 

H2O for 30 minutes; compared to pure co-crystal obtained from solution. 
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The above PCA model (based on NIR, Appendix, Figure 132) explains 83% of data 
variation, 60% form PC1 and 23% from PC2. Interestingly, the physically mixed 
Carbamazepine/1,3,5-pentanetricarboxylic acid sample stored for 3 months at 99% 
RH clusters away from all other samples. As evidenced by NIR (Figure 100), large 
amounts of water are present in the physically mixed sample. A small amount of 
water is also present in the ball-milled sample (broadening highlighted by the right 
bar in Figure 100). 

 

Figure 100 NIR spectra of a pure co-crystal of Carbamazepine/1,3,5-pentanetricarboxylic acid from solution of 
acetonitrile (green), Carbamazepine/1,3,5-pentanetricarboxylic acid physically mixed and stored for 3 months at 

99% RH (red), and Carbamazepine/1,3,5-pentanetricarboxylic acid ball-milled for 90 minutes and stored for 3 
months at 99% RH (yellow)). The blue bands mark the areas where moisture can be observed. 

Truncating PCA data points allowed to remove the regions of water uptake from the 
PC analysis (Figure 101).  
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Figure 101 PCA of mixtures of Carbamazepine FIII/1,3,5-pentanetricarboxylic acid: physically mixed, stored at 99% 
RH for 3 months (PM), ball-milled for 90 minutes and stored at 99% RH for 3 months (BM), and co-milled with 10 

µL of H2O for 30 minutes. The data set was truncated in the regions of 7286-6408 cm-1 and 5379-5074 cm-1. 

The above PCA model explains 94% of data variation, 64% form PC1 and 30% from 
PC2. While it seems that physically mixed sample stored at high humidity is trending 
towards the co-crystal, it still contains some starting materials, especially 1,3,5-
pentanetricarboxylic acid as the cluster remains in the same quadrant. This could not 
be confirmed by the spectroscopic methods (Appendix, Figures 132 and 133). It is 
possible that truncation has not removed the effect of the water on the sample 
entirely: XRPD, NIR and IR analysis all confirm the presence of the co-crystal within 
the sample. 
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Carbamazepine/trimesic acid 

 

Figure 102 XRPD patterns of Carbamazepine/trimesic acid: physically mixed, stored at 99% RH for 3 months (red), 
ball-milled with 10 µL of water for 30 minutes (blue), ball-milled for 90 minutes and stored at 99% RH for 3 
months (green); pure co-crystal (grey), and Carbamazepine dihydrate (brown). The blue lines mark peaks of 

Carbamazepine dihydrate overlapping on the physically mixed Carbamazepine/trimesic acid sample. 

Unlike the previous sample, XRPD suggests that co-crystal formation does not take 
place completely when a physically mixed sample of Carbamazepine/trimesic acid is 
stored at 99% RH for 3 months. The sample consists mostly of Carbamazepine 
dihydrate (marked by blue lines in Figure 102), Carbamazepine FIII and co-crystal 
(Appendix, Figure 134). 
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Figure 103 PCA of mixtures of Carbamazepine FIII/trimesic acid: physically mixed, stored at 99% RH for 3 months 
(PM), ball-milled for 90 minutes and stored at 99% RH for 3 months (BM), and co-milled with 10 µL of H2O for 30 

minutes. 

The above PCA model (based on NIR, Appendix, Figure 135) explains 91% of data 
variation, 68% form PC1 and 23% from PC2. Like with the previous example, 
Carbamazepine/trimesic acid physically mixed and stored at 99% RH for 3 months 
also does not cluster close to the other 2 co-crystals: explained by the presence of 
starting materials within the sample. 

   

Discussion 

It can be concluded that water plays a role in co-crystallisation of 
Carbamazepine/1,3,5-pentanetricarboxylic acid. As a small amount of the 
amorphous phase is present within the sample, the presence of water accelerates 
the conversion. Jayasankar et al. concluded “amorphous regions mediate 
transformations of solid reactants to co-crystal and moisture enhances reactivity. (…) 
the mechanism involves increased molecular mobility and is associated with the 
plasticizing effects of water”.327 The authors studied the effect the deliquescent 
additives (sucrose and fructose) have on co-crystallisation and found that 
deliquescent materials are capable of creating an aqueous solution by absorption of 
moisture from the atmosphere. Considering solubilities of 1,3,5-pentanetricarboxylic 
acid and trimesic acid in water (soluble – no accurate information available; 26.3 
mg/mL at 23° C, respectively), these co-formers may be capable of forming such 
aqueous solutions.  
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Unfortunately, the formation of a co-crystal was not observed for the physical 
mixture of Carbamazepine/trimesic acid. 
It can be speculated that 1,3,5-pentanetricarboxylic acid is capable of preventing 
significant amounts of Carbamazepine dihydrate from forming as only a low amount 
of dihydrate is detected in the physical mixture stored at 99% RH for 3 months, see 
Figure 99. Inhibition of Carbamazepine dihydrate formation in the presence of 
another molecule was observed previously39, 208, 327, 328 and may signify that the rate 
of co-crystallisation of Carbamazepine/1,3,5-pentanetricarboxylic acid is faster than 
the rate of hydrate formation. Trimesic acid, on the other hand, was found to allow 
for the formation of a larger amount of Carbamazepine dihydrate (Figure 103). Such 
behaviour has also been observed previously: some co-crystals exhibited 
transformation to hydrated API dependent on RH208, 328, e.g. co-crystal of 
Carbamazepine/nicotinamide + 50% fructose was found to produce Carbamazepine 
dihydrate after initial formation of the co-crystal.327 A possible mechanism of co-
crystal dissociation proceeds via a co-crystal transforming to single components or 
hydrates of thereof when the solubility of the co-crystal is higher than the solubility 
of the single components/hydrates. It may be possible that co-crystals were formed 
during the 3 month period of storage at high humidity, and that these dissociated 
back to hydrated parent compounds. However, a physically mixed sample of 
Carbamazepine/trimesic acid stored at 99% RH for 3 weeks showed the peaks of the 
starting materials, Carbamazepine dihydrate and a trace of the co-crystal (Appendix, 
Figure 136), not supporting the hypothesis of dissociation as co-crystal would have 
been expected to be the main component in such sample: though it is possible that 
such mechanism occurred within 3 weeks of storage and thus cannot be ruled out 
fully.  
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Conclusion 

This literature review and study revealed that Carbamazepine co-crystals are 
abundant and relatively easy to form. Ball-milling proved an excellent method of co-
crystal preparation and was found to proceed via the amorphous phase. This 
behaviour may be unwanted industrially (due to partial amorphisation and as a 
consequence, risk of spontaneous crystallisation to metastable polymorphs) but can 
be mitigated by the use of LAG, which reduces the amorphous content greatly and 
proved to require the shortest milling time to achieve the co-crystal. 
 
Carbamazepine FII proved to be the polymorph most prone to co-crystallisation as it 
required the shortest milling time. This is most likely due to its spaces in the lattice, 
where small amounts of residual solvent reside. The samples which were co-milled 
with FI were found to contain more amorphous content than when using any other 
polymorph of Carbamazepine as the starting material. This was the case for both 
1,3,5-pentanetricarboxylic acid and trimesic acid, though amorphisation was found 
to either occur faster for Carbamazepine FI/trimesic acid, or the conversion of the 
amorphous phase to the co-crystal occurs more slowly.  
 
Despite X-ray detection of a co-crystal in physical mixture of Carbamazepine/1,3,5-
pentanetricarboxylic acid stored at high humidity, the co-crystallisation was 
determined to be incomplete by PC analysis. Nevertheless, this is an important 
finding as it may enable future green chemistry co-crystallisation without the use of 
harmful solvents. It is unknown if a complete conversion to a co-crystal is possible at 
longer storage. Likewise, shorter storage could lead to a co-crystal formation and 
prevention of its possible collapse and hydration of the starting materials. 
Carbamazepine/trimesic acid co-crystals require mechanical activation as the 
physical mixture stored at 99% RH for 3 months did not result in significant co-
crystallisation. 
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CHAPTER 5  

SCREENING TO UNDERSTAND 

AMORPHISATION 
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Amorphisation, though well studied, is still not well understood and certainly lacks 
predictability. Due to the shortcomings of the amorphous phase of just one 
component, co-amorphisation is an increasingly developed method for enhancing 
the longevity of the amorphous phase. Currently, the formation and stabilisation of 
the co-amorphous systems is usually carried out on a trial-and-error basis. As 
Korhonen et al. concluded in a review published in 2016, “this kind of approach is 
very inefficient since it can rarely be transferred to other cases”.244 Computational 
methods have recently been utilised for initial screening, though with a limited 
success.132, 138, 244 This chapter will provide the reader with a brief review of the 
research seeking to predict amorphisation, co-amorphisation and stability, and will 
deliver results of the experimental screening. 

 

Co-former selection strategies 

Unlike the glass forming ability, co-former selection for co-amorphisation is not 
studied as comprehensively. There are a limited number of reports which summarise 
studies carried out on larger data sets, discussed below. 

The first account of this type was probably published by Ueda et al. The study aimed 
“to investigate the physicochemical factors contributing to stable co-amorphous 
formations and to design a co-former selection strategy”.127 The authors focused on 
a group of nine non-steroidal anti-inflammatory drugs (NSAIDs) residing in BCS 
Classes I and II, which were physically mixed (binary mixtures, i.e. API/API) and 
melted. No other co-formers, such as polyfunctional carboxylic acids or amino acids 
were used. Five successful co-amorphous system of Naproxen with other NSAIDs 
were identified. A correlation between physicochemical properties and co-
amorphous formation was investigated via PCA. The parameters such as MW or the 
number of rotatable bonds were said to contribute to the successful co-
amorphisation in Naproxen/co-former combinations. Furthermore, H-bond acceptor 
count of the co-former was found to prevent re-crystallisation of amorphous 
Naproxen (while H-bond donor count had no effect), possibly due to a higher 
number of possible H-bonds between the molecules. Lastly, highly polar molecules 
were concluded to be good co-formers for co-amorphous Naproxen combinations, 
implying a dipole-dipole interaction which stabilised the co-amorphous systems.  

Dengale et al. published a review on co-amorphous drug formulations.119 The 
authors investigated technologies for the preparation of co-amorphous systems, 
mechanisms of physical stabilisation and dissolution properties of the co-amorphous 
systems, though did not focus on successful selection of co-formers. Nevertheless, 
the factors found to increase physical stability of 31 co-amorphous systems involved 
salt formation (6 instances), H-bonding (23 instances), π-π interactions (7 instances) 
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and intimate mixing (2 instances). The authors concluded that “there is no clear 
rationale on the suitability of an excipient as a co-former” and suggested actual 
laboratory labour is necessary. 

Rational co-former selection for co-amorphous formulations was intensively 
investigated by Korhonen et al.244 The authors pointed out that in silico screening for 
successful co-formers is not often utilised as a predictive tool and as such the 
database of suitable co-formers is practically non-existent. In total, 49 co-amorphous 
systems were investigated – examining selection criteria, preparation method, 
miscibility, intermolecular interactions, stability and predictive methods. Most 
common combinations involved a 1:1 molar ratio of API to co-former, allowing to 
maximise H-bonding interactions between the two species. Widely studied amino 
acids were found to be good co-formers due to π-π interactions, e.g. 
Carbamazepine/tryptophan, or salt formation, e.g. Naproxen/arginine. Low 
molecular weight co-formers including citric acid, tartaric acid, quercertin or 
saccharin were also found to result in co-amorphisation with various APIs, due to 
their H-bonding possibilities and intimate mixing. The miscibility between the 
components of the co-amorphous systems was found to contribute to the success of 
nearly all the systems investigated. Similarly, Pajula et al. exploited the Flory-Huggins 
interaction parameter in silico and investigated 26 randomly selected combinations 
for co-amorphisation.132 23 systems were found to co-amorphise, resulting in 88% 
prediction confidence. Unfortunately, 27% of the miscible combinations re-
crystallised, even though they were predicted to remain stable.  

Kasten et al. contributed to the field of rational co-former selection by developing 
screening methods for co-amorphous formulations of APIs with amino acids. The 
authors divided the amino acids into four groups: basic, acidic, polar and non-polar; 
and co-milled these with six APIS: two basic, two neutral and two acidic. 36 binary 
systems became co-amorphous on 60 minute milling, while other 84 failed (42% 
success rate). 28 out of the 36 successful combinations (77%), were found in the 
non-polar amino acid group. No acidic amino acids were found to form co-
amorphous systems with any API, and only one polar amino acid (L-cysteine) was 
found to co-amorphise with an API (Furosemide). Basic amino acids were found to 
be excellent co-formers for acidic APIs due to the formation of amorphous salts. The 
best amino acid co-formers included phenylalanine and tryptophan. This finding is 
interesting as both of these co-formers possess H-bond sites as well as aromatic 
rings, and are non-polar. In contrast, an amino acid of similar structure, tyrosine 
(polar), failed to co-amorphise with all APIs.  

Lastly, a general commentary published by Newman et al. summarised preparation 
methods, Tg, miscibility, stability and dissolution behaviour of many co-amorphous 
systems, including amorphous solid dispersions.10 The publication discusses the 
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importance of the criteria used for co-former selection and the outcome of such 
combination: whether a co-amorphous or a co-crystalline system is formed. The 
authors indicate that although the intermolecular interactions between the 
components are used for co-crystal and co-amorphous systems design, they fail to 
factor in the rate of crystallisation of single components (e.g. homosynthons may be 
more stable than heterosynthons).Even though a variety of methods were used to 
determine the most suitable co-formers for all APIs, the need to investigate every 
API alone is so far the least complicated, though more time consuming. As concluded 
in previous publications, the authors agree that further understanding is required for 
a rational co-former selection and that no golden standard parameter is found as of 
yet. 

In light of the lack of general consensus on which parameters are essential for co-
amorphisation, extensive screening was performed. The study was based on the 
assumption that all binary mixtures would interact and lead to either co-crystals or 
co-amorphous systems. The aim of the study was to determine the physical and 
chemical compatibility of the pairs and to understand the factors that control the 
formation of these systems. 

 

Screening study: a perfect co-former? 

Co-former choice 

Based on the literature review above, there are no rigid prerequisites for an ideal co-
former. Löbmann et al. chose amino acids present at the binding sites of two poorly 
soluble drugs, Carbamazepine and Indomethacin. The combination of a receptor 
amino acid tryptophan with Carbamazepine resulted in a co-amorphous system, as 
did the combination of Indomethacin with three different, non-receptor amino acids 
– phenylalanine, tryptophan and arginine.134 Laitinen et al. extended the screening 
with the aim to rationalise the co-former choice. The screening evaluated cryo-
milling of amino acids: aspartic acid, lysine, serine and threonine with Simvastatin 
and Glibenclamide. The amino acids were chosen based on their presence at the 
receptors for the respective APIs and led to three successful co-amorphous systems: 
Simvastatin/lysine (receptor amino acid), Glibenclamide/serine (receptor amino acid) 
and Glibenclamide/threonine (non-receptor amino acid). The authors concluded that 
“the presence of a receptor amino acid is not a strong prerequisite for the formation 
of co-amorphous mixtures and/or the formation of drug−amino acid intermolecular 
interactions”.135 The search for an ideal amino acid co-former was continued by 
Kasten et al. and revealed that preferred amino acids are non-polar, should be basic 
for acidic APIs and vice versa.138 
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Similarly, this work has focused on the use of small, multifunctional polycarboxylic 
acids. These co-formers possess a varying number of carboxylic acid groups (1-3) as 
well as other functional groups, such as hydroxyl groups, amides and amines, 
allowing for maximisation of H-bonding between the API and the co-former. Their 
small size and variable flexibility (stemming from aromaticity, double bonds and alkyl 
chain length) allows for determination of how small the co-formers should be and 
whether the increasing flexibility is an advantage or a disadvantage. Lastly, many of 
these polycarboxylic acids are non-toxic (GRAS)160 and thus relevant 
pharmaceutically.  

 

Step 1: Sulfamerazine and four similar carboxylic acid co-formers 

Sulfamerazine was chosen as the first model drug for the screening study. The 
success of Sulfamerazine/citric acid (Chapter 3) required a better understanding and 
thus further co-milling with trans-aconitic acid, 1,2,3 propanetricarboxylic acid, and 
1,3,5 pentanetricarboxylic acid was performed. All co-formers have three carboxylic 
acid groups, but differ in flexibility and 3D shape. 1,3,5-pentanetricarboxylic acid is 
the most bulky and flexible of the group, while trans-aconitic acid is the most rigid, 
due to a presence of a double bond. Citric acid has an additional hydroxyl group, 
increasing the chances for additional H-bonding, unlike the other three co-formers. 
Despite the differences between the co-formers, all co-milling studies led to a 
successful co-amorphisation with Sulfamerazine.  

 

Scheme 5 Same as Scheme 2. Structures of co-formers chosen for milling with various APIs. 1) citric acid, 2) trans-
aconitic acid, 3) 1,2,3 propanetricarboxylic acid, and 4) 1,3,5 pentanetricarboxylic acid. 
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Step 2: Four similar carboxylic acid co-formers and various APIs 

The success of Sulfamerazine and the four aforementioned co-formers prompted 
further studies to allow a better understanding of the co-amorphous systems. 
Acyclovir, Carbamazepine and Sulfathiazole were three chosen APIs: Acyclovir due to 
its purine molecular structure, Carbamazepine due to its azepine ring and 
Sulfathiazole to test if the same class of API would behave similarly. 

Table 9 Summary of 120 minute cryo-milling of four similar co-formers with Sulfamerazine, Acyclovir, 
Carbamazepine and Sulfathiazole. 

API Co-former Stability (days, 25°C, 
60% RH) 

Sulfamerazine 1,2,3 propanetricarboxylic 
acid 

16 

 

Trans-aconitic acid 27 

1,3,5-pentanetricarboxylic acid proved too sticky to 
analyse 

Citric acid 7 

 

Acyclovir 1,2,3 propanetricarboxylic 
acid 

21 

 

Trans-aconitic acid 34 

1,3,5-pentanetricarboxylic acid did not fully 
amorphise even at 180 minutes of cryo-milling 

Citric acid proved too sticky to analyse 

 

Carbamazepine 1,2,3 propanetricarboxylic 
acid 

>21 

 

Trans-aconitic acid 28 

1,3,5-pentanetricarboxylic 
acid 

>21 

Citric acid 28 

 

Sulfathiazole 1,2,3 propanetricarboxylic 7 
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API Co-former Stability (days, 25°C, 
60% RH) 

acid 

 

Trans-aconitic acid 19 

1,3,5-pentanetricarboxylic acid did not fully 
amorphise even at 180 minutes of cryo-milling 

Citric acid 14 

 

Table 10 Summary of some of the physical properties of the co-formers and APIs chosen for this study.  

Compound Rotatable 
bonds 

H-bond 
donors 

H-bond 
acceptors 

1,2,3 propanetricarboxylic 
 

5 3 6 
Trans-aconitic acid 4 3 6 

1,3,5-pentanetricarboxylic 
 

7 3 6 
Citric acid 5 4 7 

    
Sulfamerazine 3 2 6 

Acyclovir 4 3 4 
Carbamazepine 0 1 1 

Sulfathiazole 3 2 6 

 

The most rigid trans-aconitic acid formed the most stable co-amorphous systems 
with all APIs, while the most flexible 1,3,5-pentanetricarboxylic acid was found to fail 
to produce co-amorphous systems which could be analysed. It is important to note 
that it may be possible that 1,3,5-pentanetricarboxylic acid formed co-amorphous 
systems with all APIs but was found to be at its sticky point temperature, typically 
10-20°C higher than its Tg.232 As no Tg for 1,3,5-pentanetricarboxylic acid is known in 
literature, further discussion on the significance of Tg of the co-formers may not be 
made. 

In this study, the success of trans-aconitic acid contradicts the general conception 
that the more rigid the molecule (less rotatable bonds), the lower the 
configurational entropy allowing for conformational changes and subsequent 
crystallisation.56, 329 A contradictory result is also found in the case of 
Carbamazepine, which is the most rigid of all the APIs tested and possesses no 
rotatable bonds, and yet forms stable co-amorphous systems.  

While not generally treated as amorphisation prerequisite, H-bond donors and 
acceptors may contribute to molecular complexity. Ueda et al. suggested that a high 
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number of acceptors aids amorphisation: amorphous Naproxen was prevented from 
crystallisation by the co-formers with a higher number of H-bond acceptors, due to 
an increased number of H-bonding interactions in comparison to other, less H-bond 
capable co-formers.127  In our study there is no connection between the number of 
H-bond donors and acceptors and successful co-amorphous systems. The highest 
number of acceptors in the co-former group is observed for citric acid, which 
exhibited satisfactory co-amorphous stability; while the other three co-formers had 
six H-bond acceptors and behaved quite differently in terms of stability. What’s 
more, Carbamazepine, with the least amount of H-bond donors and acceptors co-
amorphises just as well as Sulfamerazine or Sulfathiazole (with a large number of H-
bond donors and acceptors) and exhibits similar, if not superior, stability. 

 

Step 3: Carbamazepine as a model API in further screening 

This step is essentially the same as presented in Chapter 4.  

The successful co-amorphous systems of Carbamazepine were formed with the co-
formers shown in Scheme 6: trimesic acid, p-aminobenzoic acid, 1,3,5-
pentanetricarboxylic acid, 1-hydroxy-2-naphthoic acid (all stable for 3 weeks at 25°C, 
60% RH), and citric acid (stable for 2 weeks at 25°C, 60% RH). 

 

Scheme 6 Structures of the successful co-formers: 1) trimesic acid, 2) p-aminobenzoic acid, 3) 1,3,5-
pentanetricarboxylic acid, 4) 1-hydroxy-2-naphthoic acid, and 5) citric acid. 

 

Table 11 Summary of some of the physical properties of the co-formers and APIs chosen for this study. 

Compound Rotatable 
bonds 

H-bond donors H-bond 
acceptors 

Trimesic acid 3 3 6 
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p-aminobenzoic acid 1 2 3 
1,3,5-pentanetricarboxylic acid 7 3 6 

1-hydroxy-2-naphthoic acid 1 2 3 
Citric acid 5 4 7 

 
Carbamazepine 0 1 1 

 

According to the data from Table 11, the highest number of H-bond acceptors was 
found in citric acid, which turned out to be the least stabilising co-former. The 
literature cites increased number of rotating bonds as a good indication of molecules 
producing stable amorphous systems.56, 329 However Carbamazepine/1,3,5-
pentanetricarboxyic acid (co-former with the most rotatable bonds) doesn’t show 
extended stability when compared to, for example, 1-hydroxy-2-naphthoic acid 
(least number of the rotatable bonds). One feature in common of all the successful 
co-formers is the possession of at least one carboxylic acid group. 

Increasing number of the carboxylic acid groups does not translate into extended 
stability, unfortunately.  

 

Step 4: Extended carboxylic acid co-former screening: structurally 
different APIs 

Eight APIs: 6-mercaptopurine, Acyclovir, Allopurinol, Carbamazepine, Mefenamic 
acid, Naproxen, Sulfamerazine and Sulfathiazole were chosen for this study due to 
their structural differences, see Table 12.  

Table 12 Structures of the APIs used in the study are shown along with the co-formers and the outcomes. 

API Co-former Outcome 

6-mercaptopurine Benzoic acid Physical mixture 

 

1,2,3-propanetricarboxylic 
acid 

Partially amorphous 

Nicotinic acid Physical mixture 

 

Acyclovir DL-tartaric acid Partially amorphous 

 

Trans-aconitic acid Amorphous 

Trimesic acid Physical mixture 
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API Co-former Outcome 

1,2,3-propanetricarboxylic 
acid 

Amorphous 

 

Allopurinol Adipic acid Physical mixture 

 

Citric acid Partially amorphous 

DL-malic acid Partially amorphous 

DL-tartaric acid Partially amorphous 

Fumaric acid Physical mixture 

Glutaric acid Physical mixture 

L-malic acid Partially amorphous 

Maleic acid Physical mixture 

Malonic acid Physical mixture 

Oxalic acid Partially amorphous 

Pimelic acid Physical mixture 

Succinic acid Partially amorphous 

 

Carbamazepine p-aminobenzoic acid Amorphous 

 

Adipic acid Co-crystal 

Citric acid Amorphous 

D-tartaric acid Physical mixture 

DL-malic acid Co-crystal 

DL-tartaric acid Physical mixture 

Fumaric acid Co-crystal 

Glutaric acid Co-crystal 

1-hydroxy-2-naphthoic acid Amorphous 

Isophthalic acid Amorphous 

L-malic acid Co-crystal 
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API Co-former Outcome 

L-tartaric acid Physical mixture 

Maleic acid Co-crystal 

Malonic acid Co-crystal 

Nicotinic acid Physical mixture 

1,3,5-pentanetricarboxylic 
acid 

Amorphous 

4-phenylbutyric acid Physical mixture 

Pimelic acid Physical mixture 

1,2,3-propanetricarboxylic 
acid 

Partially amorphous 

Salicylic acid Co-crystal 

Succinic acid Partially amorphous 

Terephthalic acid Partially amorphous 

Trans-aconitic acid Partially amorphous 

Trimesic acid Amorphous 

Vanilic acid Partially amorphous 

 

Mefenamic acid Adipic acid Physical mixture 

 

Citric acid Physical mixture 

DL-malic acid Physical mixture 

D-tartaric acid Physical mixture 

Fumaric acid Physical mixture 

Glutaric acid Physical mixture 

Isophthalic acid Physical mixture 

L-malic acid Physical mixture 

L-tartaric acid Physical mixture 

Maleic acid Physical mixture 

Oxalic acid Physical mixture 
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API Co-former Outcome 

 

Naproxen Adipic acid Partially amorphous 

 

Benzoic acid Physical mixture 

Citric acid Partially amorphous 

Isophthalic acid Partially amorphous 

L-tartaric acid Partially amorphous 

Nicotinic acid Physical mixture 

1,2,3-propanetricarboxylic 
acid 

Physical mixture 

Trimesic acid Partially amorphous 

 

Sulfamerazine 1,2,3-propanetricarboxylic 
acid 

Amorphous 

 

4-hydroxybenzoic acid Amorphous 

Adipic acid Partially amorphous 

Benzoic acid Physical mixture 

Citric acid Amorphous 

DL-tartaric acid Amorphous 

Fumaric acid Amorphous 

Glutaric acid Physical mixture 

Hydroxybenzoic acid Partially amorphous 

Iminodiacetic acid Partially amorphous 

L-malic acid Partially amorphous 

L-tartaric acid Partially amorphous 

Maleic acid Physical mixture 

Malonic acid Physical mixture 

Oxalic acid Amorphous 

Pimelic acid Physical mixture 

Succinic acid Partially amorphous 
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API Co-former Outcome 

Terephthalic acid Partially amorphous 

Trans-aconitic acid Amorphous 

 

Sulfathiazole 1,2,3-propanetricarboxylic 
acid 

Amorphous 

 

Adipic acid Partially amorphous 

Citric acid Amorphous 

DL-malic acid Amorphous 

DL-tartaric acid Amorphous 

Fumaric acid Partially amorphous 

Glutaric acid Co-crystal 

Malonic acid Partially amorphous 

Oxalic acid Salt 

Pimelic acid Partially amorphous 

Salicylic acid Partially amorphous 

Succinic acid Partially amorphous 

Trans-aconitic acid Amorphous 

Trimesic acid Physical mixture 

 

6-mercaptopurine, Acyclovir and Allopurinol share a common structural motif of 
purines. These APIs are quite planar with several rotatable bonds and a fair capacity 
for H-bonding. The only co-amorphous systems were formed between Acyclovir and 
trimesic acid and 1,3,5-pentanetricarboxylic acid. This is interesting as trimesic acid 
and 1,3,5-pentanetricarboxylic acid both possess three carboxylic acid groups, but 
differ in flexibility: trimesic acid, owing to the benzene ring, is planar, while the other 
co-former is flexible.  

A detailed outcome of milling studies with Carbamazepine was described in Chapter 
4. The co-formers forming co-amorphous systems with this API include p-
aminobenzoic acid, citric acid, 1-hydroxy-2-naphthoic acid, isophthalic acid, 1,3,5-
pentanetricarboxylic acid and trimesic acid. Co-crystals were formed with adipic acid, 
DL-malic acid, fumaric acid, glutaric acid, L-malic acid, maleic acid, malonic acid and 
salicylic acid.  
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Carboxylic acid APIs, Mefenamic acid and Naproxen, failed to produce co-amorphous 
or co-crystalline systems with all the co-formers tested. Both APIs are known to be 
poor glass formers and rapid crystallisers and thus it is suspected that mechanical 
milling was not powerful enough to complete intermolecular interactions leading to 
co-amorphous or co-crystalline systems. 

Sulfa drugs Sulfamerazine and Sulfathiazole formed several co-amorphous systems. 
1,2,3-propanetricarboxylic acid formed co-amorphous systems with both APIs. The 
same was found for citric acid, DL-tartaric acid and trans-aconitic acid. Oxalic acid 
reacted with both APIs, though formed a co-amorphous system with Sulfamerazine, 
but a salt with Sulfathiazole. Glutaric acid formed a co-crystal with Sulfathiazole but 
no reaction took place with Sulfamerazine. Below, in Table 13, the combinations 
which were successful are outlined. 

Table 13 Co-formers producing a co-amorphous or co-crystalline system with at least one API. Key: © co-crystal, 
(s) salt; no annotation signifies amorphous systems. 

Co-former Successful with 

Adipic acid Carbamazepine © 
p-aminobenzoic acid Carbamazepine 

Citric acid Carbamazepine, Sulfamerazine, Sulfathiazole 
DL-malic acid Carbamazepine ©, Sulfathiazole 

DL-tartaric acid Sulfamerazine, Sulfathiazole 
Fumaric acid Carbamazepine ©, Sulfamerazine 
Glutaric acid Carbamazepine ©, Sulfathiazole © 

1-hydroxy-2-naphthoic 
acid 

Carbamazepine 

Isophthalic acid Carbamazepine 
L-malic acid Carbamazepine © 
Maleic acid Carbamazepine © 

Malonic acid Carbamazepine © 
Oxalic acid Sulfamerazine, Sulfathiazole (s) 

1,3,5-
pentanetricarboxylic acid 

Carbamazepine 

1,2,3-
propanetricarboxylic acid 

Acyclovir, Sulfamerazine, Sulfathiazole 

Salicylic acid Carbamazepine © 
Trans-aconitic acid Acyclovir, Sulfamerazine, Sulfathiazole 

Trimesic acid Carbamazepine 

 

Interestingly, all co-formers possessing a benzene ring (p-aminobenzoic acid, 
isophthalic acid, 1-hydroxy-2-naphthoic acid, salicylic acid and trimesic acid) reacted 
only with Carbamazepine. This would suggest that more rigid/planar co-formers are 
preferred for successful interactions with more rigid/planar APIs. More flexible 
carboxylic acids, such as trans-aconitic acid and 1,2,3-propanetricarboxylic acid 
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worked well for more flexible APIs such as Acyclovir. Glutaric acid is the only co-
former to produce co-crystals with two APIs- Carbamazepine and Sulfathiazole, 
though no rational explanation for this behaviour exists.9. 

 

Step 5: Sweep screening: inclusion of all experiments in one data set 

A number of structurally different APIs (including neutral and zwitterionic molecules, 
possessing functional groups such as amides, aminocarboxylates and esters) were 
screened for amorphous or co-amorphous combinations. The majority of the 
experiments involved small molecule co-formers such as multifunctional 
polycarboxylic acids, though larger co-formers such as bile components were also 
included in this study. 

All experiments were carried out on 1:1 molar ratio (API to co-former) physical 
mixtures of the components, milled for various lengths of time. 

 

Results 

176 experiments were carried out (see Appendix, Table 16) on 128 combinations, of 
which 52 were X-ray amorphous. All APIs were found to co-amorphise sodium 
taurocholate. Additionally, several APIs reacted with other (non-bile) co-formers:  

• Acyclovir (5 combinations), 
• Allopurinol (3 combinations), 
• Carbamazepine (9 combinations), 
• Sulfamerazine (11 combinations), 
• Sulfathiazole (7 combinations). 

 

The co-formers found to lead to multiple co-amorphous systems (i.e. co-amorphous 
with more than one API) are shown in Scheme 7.  
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Scheme 7 Structures of the successful co-formers: 1) sodium taurocholate, 2) deoxycholic acid, 3) sodium 
deoxycholate, 4) 1,2,3-propanetricarboxylic acid, 5) trans-aconitic acid,  6) citric acid, 7) DL-tartaric acid, 8) oxalic 

acid, 9) DL-malic acid, 10) fumaric acid, and 11) glutaric acid. 

All of the most successful co-formers possess no aromatic rings. Structures 4-11 all 
possess at least two carboxylic acid groups. The number of additional hydroxyl 
groups (and therefore increased possibility of H-bonding) plays no significant role in 
this dataset. The length of the alkyl chain differs greatly, e.g. between oxalic and 
glutaric acid, and also does not diminish the ability of these co-formers to react with 
the APIs. As shown in Table 14, the number of rotatable bonds differs greatly, and 
again, does not correlate directly with the co-amorphisation/co-crystallisation 
propensity. All co-formers have at least 4 H-bond acceptors and a minimum of 2 H-
bond donors, though these values are the same or very similar for other co-formers 
which failed to produce a system with the API.  

Table 14 Table summarising properties of the top 11 co-formers able to produce co-amorphous/co-crystalline 
systems with at least two different APIs. 

Co-former Rotatable 
bonds 

H-bond 
donors 

H-bond 
acceptors 

Sodium taurocholate 7 4 7 
Deoxycholic acid 4 3 4 

Sodium deoxycholate 4 2 4 
1,2,3 propanetricarboxylic 

acid 
5 3 6 

Trans-aconitic acid 3 3 6 
Citric acid 5 4 7 

DL-tartaric acid 3 4 6 
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Oxalic acid 1 2 4 
DL-malic acid 3 3 5 
Fumaric acid 2 2 4 
Glutaric acid 4 2 4 

 

Co-formers which failed to react with all APIs tested against encompass benzoic acid 
(6-mercaptopurine, Naproxen, Sulfamerazine), nicotinic acid (Carbamazepine, 
Naproxen), pimelic acid (Allopurinol, Carbamazepine, Sulfamerazine, Sulfathiazole), 
and succinic acid (Allopurinol, Carbamazepine, Sulfamerazine, Sulfathiazole). The 
APIs used belonged to different classes of molecules: the failure of those co-formers 
to react with all classes of APIs allows us to consider these co-formers as failing. The 
structures, presented in Scheme 8, do not differ greatly from the successful co-
formers (e.g. Structures 3 and 4). Structures 1 and 2 possess only one carboxylic acid 
group, what can lead to a decreased interaction capacity with the APIs.  

 

Scheme 8 Structures of the co-formers which failed to interact with several APIs: 1) benzoic acid, 2) nicotinic acid, 
3) pimelic acid, and 4) succinic acid. 

The long chain of pimelic acid may cause it to act as a plasticiser and prevent it from 
a lasting interaction with other molecules.330 No rational explanation can be made 
for the failure of succinic acid. 

 

Discussion 

Despite the active interest in the field of co-amorphisation, the fundamental criteria 
responsible for the success of co-amorphous systems are not yet fully recognised. 
The above literature review reveals several parameters that are believed to affect 
the success of co-amorphisation, though some of these are contradictory: e.g. Ueda 
et al. noted highly polar molecules were more successful at co-amorphisation 
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(though this is based on co-amorphisation with a very non-polar Naproxen)127, while 
Kasten et al. concluded that non-polar molecules were preferred (for all types of 
APIs, polar and non-polar).138 There seems to exist a general consensus on high 
number of H-bond acceptors and a high number of rotatable bonds, as these enable 
easier H-bonding and therefore enhanced stability. Dengale et al. and Kasten et al. 
agree on the importance of aromatic rings as these can potentially give rise to π-π 
interactions.119, 138 Newman et al.10 and Pajula et al.132 (and others134, 135, 137) agree 
on the importance of miscibility of the API and the co-former.  

In continuation of the studies presented in literature, laboratory screening was 
performed. 52 out of 128 combinations formed co-amorphous systems, though a 
common conclusion on co-amorphisation prerequisites cannot be drawn. 

Step 1 of the screening focused on 4 related carboxylic acids with differing degree of 
flexibility and at least 2 carboxylic acid groups. All co-formers produced co-
amorphous systems with Sulfamerazine, suggesting the need for at least two 
carboxylic acid groups for co-amorphisation.  

Step 2 extended the number of APIs and was based on the same four co-formers as 
Step 1. The most rigid of the co-formers, trans-aconitic acid, formed co-amorphous 
systems with all APIs, suggesting at least two carboxylic acid groups and a degree of 
planarity (i.e. not a completely flexible molecule) is required for co-amorphisation. 
Additionally, the stability of the co-amorphous systems was slightly extended for 
trans-aconitic acid, suggesting less flexible co-formers might aid stabilisation. 

Step 3 focused only on one API, Carbamazepine, which is planar. Co-amorphisation 
was successful especially with co-formers possessing an aromatic ring. The stability 
of the co-amorphous systems was not found to depend on the increasing number of 
carboxylic acid groups. 

Step 4 revealed that purines and carboxylic acid NSAIDs co-amorphise poorly or not 
at all. Carbamazepine was found to co-crystallise with more flexible co-formers with 
longer alkyl chains, while co-amorphous systems were more readily obtained when 
the co-formers possessed an aromatic ring, which is in agreement with previous 
findings in the literature.119, 138 Sulfa drugs on the other hand showed a tendency for 
more flexible co-formers with longer alkyl chains.   

Step 5 focused on 11 co-formers which were found to co-amorphise/co-crystallise 
with at least two different APIs. The common denominator of these co-formers was 
lack of the aromatic ring. The bile co-formers proved to be significantly better at co-
amorphisation, possibly due to their large, bulky shape and a high degree of H-
bonding possibility. No reaction took place for four co-formers, which were not 
strikingly dissimilar to the successful co-formers. 
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Overall no rigid guidelines for the co-former selection can be devised. In some 
instances, more rigid molecules are preferred (e.g. for more planar APIs like 
Carbamazepine), though these seem to require at least two carboxylic acid groups. 
Other APIs, such as Sulfamerazine, work better with less planar co-formers, though 
some rigidity is acceptable.  

In an attempt to rationalise the co-former choice, all co-amorphous systems known 
to literature, as well as own our combinations, were included in Appendix, Table 17. 
Properties such as molecular weight, aromaticity, number of H-bond 
donors/acceptors and topological polarizable area were investigated. Within 135 
combinations, 76 do not show preference for aromaticity, i.e. the co-former does 
not need to possess an aromatic ring like the API to react, as Dengale et al. and 
Kasten et al. suggested.119, 138 Non-polar co-formers were thought to be 
advantageous previously, i.e. the highest success rate was observed for non-polar 
APIs with non-polar co-formers.138 Analysing the data from Table 16, around half of 
the combinations (62) were found to have a similar polarizability area for both 
components. No melting point relations were made within the combinations. Lastly, 
the number of H-bond acceptors has previously been focused upon.127 33 
combinations were found to have 1 surplus H-bond acceptor, 28 combinations had 
none and 27 combinations had 2 surplus H-bond acceptors (assuming the bonding 
between the components would use up all H-bond centres).  The H-bond acceptor 
count and the differences do not appear to have a direct correlation with co-
amorphisation propensity. 

With only 40% success rate (only 52 out of 128 combinations interacted), this trial 
and error study was yet another one with no striking findings regarding the 
properties the co-formers should possess in order to co-amorphise/co-crystallise. 
Combining all known co-amorphous systems into one dataset did not result in any 
further ideas as to what properties should the ideal co-former have. 
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Summary & Conclusions 
In Chapter 3, co-amorphisation of Sulfamerazine was achieved and stabilised by co-
milling with citric acid, deoxycholic acid and sodium taurocholate. The expected 
dissolution advantage was not observed in the systems of Sulfamerazine/citric acid 
and Sulfamerazine/deoxycholic acid. The poor dissolution properties of 
Sulfamerazine/citric acid are attributed to poor dispersion of the sample during 
dissolution. Despite its excellent stability towards re-crystallisation, co-amorphous 
Sulfamerazine/deoxycholic acid is unsuitable for drug formulation due to surface 
gelation and subsequent dissolution hindrance. A similar bile, sodium taurocholate, 
was found to both extend the stability of amorphous Sulfamerazine, and enhance 
dissolution properties. The molecular interactions between Sulfamerazine and the 
co-formers were investigated using spectroscopic methods: the stability profiles of 
Sulfamerazine/deoxycholic acid and Sulfamerazine/sodium taurocholate were found 
to be dependent on H-bonding.  

Second part of Chapter 3 investigated amorphisation of a wide range of APIs by co-
milling with sodium taurocholate. Physical stability at ambient conditions was found 
to be pharmaceutically acceptable in the majority of the co-milled API/NaTC 
systems. Significant dissolution advantage was observed for amorphous systems of 
Carbamazepine/NaTC, Indomethacin/NaTC and Mefenamic acid/NaTC; and was 
found to be independent of aging. Spectroscopic analysis and dissolution studies 
were carried out in depth on the above three amorphous systems listed and their 
respective physical mixtures. The results suggest that NaTC forms homogenous, 
intimately mixed co-amorphous systems with the APIs. NaTC proved to be an ideal 
and versatile co-former for co-amorphisation. This could be attributed to its poor 
crystallisation propensity due to packing difficulties, as well as a high H-bond 
capacity. The latter allows for diverse H-bonding interactions and arrangements to 
occur in the samples, leading to enhanced physical stability of the co-amorphous 
systems. 

First part of Chapter 4 focused on co-milling Carbamazepine with various 
multifunctional polycarboxylic acids. Co-amorphous and partially amorphous 
systems were prepared, as well as co-crystals, including a novel 
Carbamazepine/1,3,5-pentanetricarboxylic co-crystal. The co-amorphous and 
partially amorphous systems were monitored. Some of the systems crystallised to 
co-crystals on storage, indicating co-crystallisation is mediated via the amorphous 
phase. This was investigated in depth in the second part of Chapter 4, using 
spectroscopic and computational (chemometric) analysis using co-crystal analogues: 
Carbamazepine/1,3,5-pentanetricarboxylic acid and Carbamazepine/trimesic acid. 
Water mediated co-crystallisation has also been studied and was found to be 
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spontaneous for Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal, but not 
Carbamazepine/trimesic acid co-crystal which requires mechanical activation. 
Spectroscopic evidence was found for the formation of a transient amorphous 
phase, where Carbamazepine reacts with the co-formers prior to co-crystallisation. 

Different polymorphs of Carbamazepine were chosen as starting materials for the 
formation of the co-crystals. Form II of Carbamazepine formed co-crystals the 
fastest, owing it to its low density. Novel Carbamazepine FIV preparation has been 
investigated and its formation monitored by PC analysis. Method development 
focused on increasing of the yield of Carbamazepine FIV or decreasing the 
processing time, though these attempts failed.  

Chapter 5 focused on the factors which lead to co-amorphisation/co-crystallisation. 
A large group of various multifunctional polycarboxylic acids was co-milled with a 
number of structurally different APIs. Physical properties of the co-formers were 
investigated. A literature review included all known co-amorphous systems in an 
attempt to rationalise co-former selection, though this step was not successful.  

 

Based on this research, several conclusions can be made: 

1. Co-amorphisation of Sulfamerazine was achieved and stabilised by co-
milling with citric acid, deoxycholic acid and sodium taurocholate. 
 

2. Dissolution properties of co-amorphous systems are enhanced only when 
an intimately mixed, or a H-bonded system is formed: physical mixtures 
of the same components in their amorphous state do not behave as well. 
 

3. The co-crystallisation of Carbamazepine/1,3,5-pentanetricarboxylic acid 
and Carbamazepine/trimesic acid proceed via an intermediate co-
amorphous phase. 
 

4. The stability of the co-amorphous systems does not only depend on the 
amount of possible H-bond donors and acceptors and consequent H-
bonds, but also on the nature and shape of the co-former: NaTc was 
superior to citric acid, despite the same number of H-bond donors. It is 
thus suspected that other awkwardly shaped bulky molecules would act 
in the same way. 

 
5. Co-amorphisation is believed to be easier for molecules of similar 

structure, i.e. APIs possessing aromatic rings tend to co-amorphise with 
co-formers, which also possess aromatic rings; while more flexible APIs 
with more rotatable bonds seem to prefer more flexible co-formers. 
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6. The co-formers, which allowed for the greatest amount of co-amorphous 

systems to form, possess no aromatic rings, possess a high number of H-
bond donors and acceptors, are flexible and possess at least two 
carboxylic acid groups. 

 
7. The stability of co-amorphous systems does not depend on the increasing 

number of carboxylic acid groups. 
 
8. The length of the alkyl chain of the co-former does not influence the co-

amorphisation propensity greatly, though in some cases an exceedingly 
long chain may lead to a plasticising effect and subsequent failure to co-
amorphise. 

 
9. Purines and carboxylic acid NSAIDs are difficult to co-amorphise, while 

the sulfa drugs were found to co-amorphise more readily. 

 

 
 

Regrettably, the mechanism of co-amorphisation has not been yet solved: neither 
my own studies nor published studies as of January 2018 have revealed a 100% 
successful prerequisite. Further, extensive studies (both computational and 
experimental) are recommended.  
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Appendix 

 
Figure 104 Carbamazepine FII from toluene (red), from EtOAc (blue), FII (CBMZP03)  from CCDC (green). 

 

 

Figure 105  Carbamazepine FIV obtained by milling (red) vs FIV (CBMZP12) from CCDC (blue). 
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Figure 106 Cryo-milling 500 mg of Carbamazepine FIII (red) for 300 minutes produces amorphous Carbamazepine 
(blue). 

 

 

Figure 107 Powder dissolution profile of crystalline Carbamazepine () and co-amorphous Carbamazepine/DA (Δ). 
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Figure 108 Powder dissolution profile of crystalline Carbamazepine () and co-amorphous Carbamazepine/CA (Δ). 
Note the symbols appear to be missing from the graph, however the results of Carbamazepine/CA dissolution up 

to 90 minutes are around 1% release and hence are not visible. 

 

 

 

Figure 109 Powder dissolution profile of crystalline Carbamazepine () and co-amorphous Carbamazepine/1,3,5-
pentanetricarboxylic acid (Δ). Note the symbols appear to be missing from the graph, however the results of 

Carbamazepine/CA dissolution up to 10 minutes are around 1% release and hence are not visible. 
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Figure 110 Co-crystal pattern of Carbamazepine/glutaric acid as from CCDC (top) and experimental (bottom). 
Some shifts seen can be attributed to the temperate effects from the single crystal diffraction (2-3 degree shift is 

acceptable).  

 

 

Figure 111 Co-crystal pattern of Carbamazepine/salicylic acid as from CCDC (top) and experimental (bottom). 
Some shifts seen can be attributed to the temperate effects from the single crystal diffraction (2-3 degree shift is 

acceptable). 
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Figure 112 Powder pattern of Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal calculated from the 
single crystal data (red) compared to experimentally obtained pattern (blue). 

 

 

Figure 113  XRPD patterns of Carbamazepine FIII (red), Carbamazepine FIII milled for: 60 minutes (blue) and 90 
minutes (green); Carbamazepine FIV (grey). The red spectral lines mark the presence of FIII in the sample milled 

for 60 minutes. 
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Table 15 Summary of all Carbamazepine FIV preparation attempts. 

Weight 
(mg) 

Duration 
(min) 

Frequency 
(Hz) 

No. of 
balls 

Ball size 
(mm) 

Comments FIV FIII 

125 90 30 1x + 5x 15 + 5 complete 
degradation 

n/a n/a 

125 90 30 1x + 3x 15 + 5 
complete 

degradation n/a n/a 

125 90 25 2x + 2x 15 + 5 
complete 

degradation 
n/a n/a 

125 30 25 2 15 
grey, very little 

FIV 
y y 

125 90 25 1 15 
100% 

conversion 
most of the 

 

y   

125 45 25 1 15   y y 

125 22.5 25 1 15   y y 

125 30 30 1 15   y y 

125 60 25 1 15 traces of FIII 
only 

y y 

125 60 30 1 15 
traces of FIII 

only y y 

125 90 25 1x + 1x 15 + 5 
significant 

degradation, 
FA + FIV 

y   

125 60 25 1x + 1x 15 + 5   y y 

250 90 30 2 15 degradation, 
FA + FIV + FIII 

y y 

250 22.5 25 1 15   y y 

250 90 25 1 15   y y 

250 45 30 1 15 majority FIII y y 

125 90 30 1 15   y   

125 90 30 1x + 1x 15 + 5 
degradation, 

FA + FIV y   

125 30 25 1 15     y 

125 90 25 5 5     y 

125 90 25 3 5 high degree of 
amorphisation 

  y 

125 90 25 2 5 
high degree of 
amorphisation   y 
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Weight 
(mg) 

Duration 
(min) 

Frequency 
(Hz) 

No. of 
balls 

Ball size 
(mm) Comments FIV FIII 

125 90 30 10 5     y 

125 90 30 7 5     y 

125 90 25 10 5     y 

125 90 25 7 5 
more FA than 
with 10 balls 

(above) 
  y 

125 90 30 20 5     y 

125 90 30 1x + 4x 15 + 5 
some 

degradation 
  y 

125 90 10 1x + 1x 15 + 5     y 

125 60 25 3 15 some 
degradation 

  y 

125 90 20 1x + 1x 15 + 5     y 

125 90 20 1x + 2x 15 + 5 
Significant 

degradation 
  y 

250 30 30 2 15 degradation   y 

250 60 15 2 15     y 

250 45 25 1 15     y 

250 90 30 2 15 degradation   y 

250 60 30 2 15     y 

250 30 30 2 15     y 

250 180 25 1 15     y 

250 45 30 2 15 degradation   y 

250 90 30 10 5     y 

250 90 30 5 5     y 

250 60 25 3 15 degradation   y 

500 60 15 2 15     y 

500 90 15 2 15     y 
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Weight 
(mg) 

Duration 
(min) 

Frequency 
(Hz) 

No. of 
balls 

Ball size 
(mm) Comments FIV FIII 

500 45 25 1 15 FI also present   y 

500 90 25 1 15     y 

500 180 25 1 15     y 

500 90 30 2 15 degradation   y 

1000 90 25 1 15     y 

1000 180 25 1 15     y 

2000 180 25 1 15     y 

 

 

 

Figure 114 NIR spectra representing the formation of Carbamazepine FIV, top to bottom: Carbamazepine FIII, 
milled at 30 Hz for 5, 10, 15, 30, 45, 60 and 90 minutes; pure Carbamazepine FIV. 
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Figure 115 NIR spectra of milling of 125 mg of Carbamazepine FIII at 30 Hz for various lengths of time with a 
variable number and size of milling balls, top to bottom: Carbamazepine FIII, milled with 1x15 mm ball at 30 Hz 

for 5, 10, 15, 30, 45 and 60 minutes; milled at 30 Hz for 90 min with 10x5 mm balls, 20x5 mm balls, 3x5 mm balls, 
7x5 mm balls; versus pure Carbamazepine FIV. 

 

Figure 116 NIR spectra of milling of 250 mg of Carbamazepine FIII at 30 Hz for various lengths of time with a 
variable number and size of milling balls, top to bottom: Carbamazepine FIII, milled with 1x15 mm ball at 30 Hz 

for 45 minutes, 5x5 mm balls milled for 90 minutes, 10x5 mm balls for 90 minutes, 2x15 mm balls for 30 minutes, 
and 2x15 mm balls for 45 minutes; versus pure Carbamazepine FIV. 
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Figure 117 NIR spectra of co-crystallisation of Carbamazepine/1,3,5-pentanetricarboxylic acid; top to bottom: 
Carbamazepine FIII, 1,3,5-pentanetricarboxylic acid, Carbamazepine/1,3,5-pentanetricarboxylic acid co-milled for 

5, 10, 15 and 30 minutes; versus Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 

 

 

Figure 118 Powder patterns of trimesic acid (red) and Carbamazepine FIII (blue). The faint blue lines mark peaks 
which may be found to be overlapping. 
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Figure 119 NIR spectra of co-crystallisation of Carbamazepine/trimesic acid; top to bottom: Carbamazepine FIII, 
trimesic acid, Carbamazepine/trimesic acid co-milled for 5, 10, 15 and 30 minutes; versus Carbamazepine/trimesic 

acid co-crystal. 

 

 

Figure 120 IR spectra of physically mixed Carbamazepine/trimesic acid (blue), amorphous Carbamazepine 
(yellow), trimesic acid (red), and 15 minute cryo-milled Carbamazepine/trimesic acid (turquoise). The regions 

where the changes were found are highlighted in grey. 
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Figure 121 Reproduced with permission from “Cocrystal formation during cogrinding and storage is mediated by 
amorphous phase”178: the presence of a shifted, broad peak in cryo-milled Carbamazepine/saccharin sample. 

 

 

Figure 122 IR spectra of 1,3,5-pentanetricarboxylic acid (blue), Carbamazepine FIII (yellow), amorphous 
Carbamazepine (green), Carbamazepine/1,3,5-pentanetricarboxylic acid cryo-milled for 30 minutes (red), and 
Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal (lilac). The yellow line marks the peak at 1554 cm-1. 
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Figure 123 NIR spectra of co-crystallisation of Carbamazepine/1,3,5-pentanetricarboxylic acid; top to bottom: 
Carbamazepine FIII, 1,3,5-pentanetricarboxylic acid, physically mixed Carbamazepine/1,3,5-pentanetricarboxylic 

acid, Carbamazepine/1,3,5-pentanetricarboxylic acid cryo-milled for 5, 10, 15 and 30 minutes; versus 
Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 

 

 

Figure 124 NIR spectra of co-crystallisation of Carbamazepine/trimesic acid; top to bottom: Carbamazepine FIII, 
trimesic acid, physically mixed Carbamazepine/trimesic acid, Carbamazepine/trimesic acid cryo-milled for 5, 10, 

15 and 30 minutes; versus Carbamazepine/trimesic acid co-crystal. 
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Figure 125 NIR spectra of co-crystallisation of Carbamazepine FI/1,3,5-pentanetricarboxylic acid; top to bottom: 
Carbamazepine FI, Carbamazepine FI/1,3,5-pentanetricarboxylic acid cryo-milled for 5, 10, 15 and 30 minutes; 

versus Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 

 

Figure 126 NIR spectra of co-crystallisation of Carbamazepine FI/trimesic acid; top to bottom: Carbamazepine FI, 
Carbamazepine FI/trimesic acid cryo-milled for 5, 10, 15 and 30 minutes; versus Carbamazepine/trimesic acid co-

crystal. 
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Figure 127 NIR spectra of co-crystallisation of Carbamazepine FII/1,3,5-pentanetricarboxylic acid; top to bottom: 
Carbamazepine FII, Carbamazepine FII/1,3,5-pentanetricarboxylic acid cryo-milled for 5, 10, 15 and 30 minutes; 

versus Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 

 

Figure 128 NIR spectra of co-crystallisation of Carbamazepine FII/trimesic acid; top to bottom: Carbamazepine FII, 
Carbamazepine FII/trimesic acid cryo-milled for 5, 10, 15 and 30 minutes; versus Carbamazepine/trimesic acid co-

crystal. 
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Figure 129 IR spectra of EtOAc (red), Carbamazepine FII prepared from EtOAc (green) and Carbamazepine FII 
prepared from toluene (yellow). The peak at 1745 cm-1 (marked by the grey line) in the sample of Carbamazepine 

FII prepared from EtOAc corresponds to the peak found in pure EtOAc. 

 

Figure 130 NIR spectra of co-crystallisation of Carbamazepine FIII + EtOAc/1,3,5-pentanetricarboxylic acid; top to 
bottom: Carbamazepine FIII, Carbamazepine FIII + EtOAc /1,3,5-pentanetricarboxylic acid cryo-milled for 5, 10, 15 

and 30 minutes; versus Carbamazepine/1,3,5-pentanetricarboxylic acid co-crystal. 
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Figure 131 NIR spectra of co-crystallisation of Carbamazepine FIII + EtOAc/trimesic acid; top to bottom: 
Carbamazepine FIII, Carbamazepine FIII + EtOAc/trimesic acid cryo-milled for 5, 10, 15 and 30 minutes; versus 

Carbamazepine/trimesic acid co-crystal. 

 

Figure 132 NIR spectra of co-crystallisation of Carbamazepine FIII/1,3,5-pentanetricarboxylic acid; top to bottom: 
physically mixed Carbamazepine FIII/1,3,5-pentanetricarboxylic acid, physically mixed Carbamazepine FIII/1,3,5-

pentanetricarboxylic acid stored at 99% RH for 3 months, Carbamazepine FIII/1,3,5-pentanetricarboxylic acid 
milled for 90 minutes and stored at 99% RH for 3 months, Carbamazepine FIII/1,3,5-pentanetricarboxylic acid co-

milled with 10 µL of water for 30 minutes, compared to a pure co-crystal. 

 

Wavenumbers [1/cm]
10000 9500 9000 8500 8000 7500 7000 6500 6000 5500 5000 4500 4000

A
bs

or
ba

nc
e

0.7
0.6
0.5
0.4
0.3
0.2
0.5

0.4

0.3

0.2

0.5

0.4

0.3

0.2

0.5

0.4

0.3

0.2

0.5

0.4

0.3

0.2

0.5

0.4

0.3

0.2

Wavenumbers [1/cm]
10000 9500 9000 8500 8000 7500 7000 6500 6000 5500 5000 4500 4000

A
bs

or
ba

nc
e

0.6

0.4

0.2
1

0.8

0.6

0.4

0.6

0.5

0.4

0.3

0.6

0.5

0.4

0.3

0.2
1.1

1

0.9

0.8

0.7

0.6



202 
 

 

Figure 133 IR spectra of Carbamazepine/1,3,5-pentanetricarboxylic acid ball-milled for 90 minutes and stored at 
99% RH for 3 months (red), Carbamazepine/1,3,5-pentanetricarboxylic acid physically mixed and stored at 99% 

RH for 3 months (green), 1,3,5-pentanetricarboxylic acid (yellow); compared to a pure co-crystal (blue). 

 

Figure 134 XRPD patterns of Carbamazepine/trimesic acid physically mixed and stored at 99% RH for 3 months 
(red); compared to Carbamazepine dihydrate (blue), Carbamazepine FIII (green), trimesic acid (grey) and pure co-
crystal (brown). The blue line marks the presence of the dihydrate in the sample of interest (red), the brown line 
marks the presence of the co-crystal, grey lines correspond to the presence of trimesic acid, while the green lines 

represent the presence of Carbamazepine FIII. 
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.  

Figure 135 NIR spectra of co-crystallisation of Carbamazepine FIII/trimesic acid; top to bottom: physically mixed 
Carbamazepine FIII/trimesic acid, physically mixed Carbamazepine FIII/trimesic acid stored at 99% RH for 3 
months, Carbamazepine FIII/trimesic acid milled for 90 minutes and stored at 99% RH for 3 months, 
Carbamazepine FIII/trimesic acid co-milled with 10 µL of water for 30 minutes, compared to a pure co-crystal. 

 

Figure 136 XRPD patterns of Carbamazepine/trimesic acid physically mixed and stored at 99% RH for 3 weeks 
(red); compared to Carbamazepine dihydrate (blue), Carbamazepine FIII (green), trimesic acid (grey) and pure co-

crystal (brown). The blue line marks the presence of the dihydrate in the sample of interest (red), the grey line 
corresponds to the peak of trimesic acid, the green line marks the presence of Carbamazepine FIII, and the brown 

band shows where the co-crystal formation can be observed. 

 

Table 16 Summary of all experiments carried out during the co-amorphous/co-crystalline screening. Where 
partially amorphous system was obtained, further milling was carried out with no further success. Preparation 
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key: CM = cryo-milled, BM = ball-milled samples; Stability key: “+” symbolises the sample remained amorphous at 
the time of the check and that its stability is therefore more than what’s reported in the table. 

API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

6-
mercaptopurine 

1,2,3-
propanetricarboxylic 

acid 

partially 
amorphous 120CM    

6-
mercaptopurine 

1,2,3-
propanetricarboxylic 

acid 

physical 
mixture 180BM    

6-
mercaptopurine benzoic acid physical 

mixture 120CM    

6-
mercaptopurine benzoic acid physical 

mixture 180BM    

6-
mercaptopurine deoxycholic acid partially 

amorphous 120CM    

6-
mercaptopurine nicotinic acid physical 

mixture 120CM    

6-
mercaptopurine nicotinic acid physical 

mixture 180BM    

6-
mercaptopurine sodium taurocholate amorphous 120CM 2 months  + amorphous 

Enhanced 
dissolution 
behaviour 

Acetaminophen sodium taurocholate amorphous 180BM 6 months  physical 
mixture 

No 
significant 

change 

Acyclovir 
1,2,3-

propanetricarboxylic 
acid 

amorphous 180CM 2 weeks  partially 
amorphous  

Acyclovir 
1,2,3-

propanetricarboxylic 
acid 

physical 
mixture 180BM    

Acyclovir deoxycholic acid amorphous 180BM 27 weeks  partially 
amorphous 

No 
significant 

change 

Acyclovir deoxycholic acid amorphous 120CM 3 months partially 
amorphous  

Acyclovir DL-tartaric acid partially 
amorphous 60CM    

Acyclovir sodium deoxycholate amorphous 180BM 6 months + amorphous 
Enhanced 
dissolution 
behaviour 

Acyclovir sodium taurocholate amorphous 120CM 6 months  + amorphous 
Enhanced 
dissolution 
behaviour 

Acyclovir trans-aconitic acid amorphous 180CM 5 weeks  physical 
mixture  

Acyclovir trans-aconitic acid physical 
mixture 180BM    

Acyclovir trimesic acid physical 
mixture 180BM    

Allopurinol adipic acid physical 
mixture 120CM    

Allopurinol citric acid partially 
amorphous 120CM    
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Allopurinol deoxycholic acid amorphous 180BM 10 months partially 
amorphous 

Diminished 
dissolution 
behaviour 

Allopurinol DL-malic acid partially 
amorphous 120CM    

Allopurinol DL-tartaric acid partially 
amorphous 90BM    

Allopurinol fumaric acid physical 
mixture 120CM    

Allopurinol glutaric acid physical 
mixture 120CM    

Allopurinol L-malic acid partially 
amorphous 120CM    

Allopurinol maleic acid physical 
mixture 120CM    

Allopurinol malonic acid physical 
mixture 120CM    

Allopurinol oxalic acid partially 
amorphous 120CM    

Allopurinol pimelic acid physical 
mixture 120CM    

Allopurinol sodium deoxycholate amorphous 180BM 6 months + amorphous 
Diminished 
dissolution 
behaviour 

Allopurinol sodium taurocholate amorphous 180BM 4 months  + amorphous 
Diminished 
dissolution 
behaviour 

Allopurinol succinic acid partially 
amorphous 120CM    

Amoxicillin sodium taurocholate amorphous 180BM 11 months  + amorphous 
Diminished 
dissolution 
behaviour 

Benzamidine sodium taurocholate amorphous 180BM 3 months  + amorphous 
Diminished 
dissolution 
behaviour 

Carbamazepine 
1,2,3-

propanetricarboxylic 
acid 

partially 
amorphous 90CM  

physical 
mixture 

Diminished 
dissolution 
behaviour 

Carbamazepine 
1,2,3-

propanetricarboxylic 
acid 

partially 
amorphous 90BM  

partially 
amorphous 

Diminished 
dissolution 
behaviour 

Carbamazepine 
1,3,5-

pentanetricarboxylic 
acid 

amorphous 90CM 3 weeks co-crystal 
Diminished 
dissolution 
behaviour 

Carbamazepine 
1,3,5-

pentanetricarboxylic 
acid 

partially 
amorphous 90BM  co-crystal  

Carbamazepine 1-hydroxy-2-
naphthoic acid amorphous 180BM 3 weeks  co-crystal 

Enhanced 
dissolution 
behaviour 

Carbamazepine 1-hydroxy-2-
naphthoic acid 

partially 
amorphous 90CM  

physical 
mixture  

Carbamazepine 4- phenylbutyric acid physical 
mixture 90CM  

physical 
mixture 

Enhanced 
dissolution 
behaviour 
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Carbamazepine 4- phenylbutyric acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine adipic acid co-crystal 90CM  co-crystal  

Carbamazepine adipic acid co-crystal 90BM  co-crystal  

Carbamazepine citric acid amorphous 180BM 2 weeks  physical 
mixture 

Diminished 
dissolution 
behaviour 

Carbamazepine citric acid partially 
amorphous 90CM  

physical 
mixture  

Carbamazepine deoxycholic acid amorphous 180BM 21 months + amorphous 
Enhanced 
dissolution 
behaviour 

Carbamazepine DL-malic acid co-crystal 90CM  co-crystal  

Carbamazepine DL-malic acid co-crystal 90BM  co-crystal  

Carbamazepine DL-tartaric acid physical 
mixture 90CM  

physical 
mixture  

Carbamazepine DL-tartaric acid physical 
mixture 90BM  co-crystal  

Carbamazepine D-tartaric acid physical 
mixture 90CM  

physical 
mixture  

Carbamazepine D-tartaric acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine fumaric acid co-crystal 90BM  co-crystal  

Carbamazepine fumaric acid partially 
amorphous 90CM  

partially 
amorphous  

Carbamazepine glutaric acid co-crystal 90CM  co-crystal  

Carbamazepine glutaric acid co-crystal 90BM  co-crystal  

Carbamazepine isophthalic acid amorphous 120CM 2 weeks (4°C) physical 
mixture  

Carbamazepine isophthalic acid partially 
amorphous 90BM  

physical 
mixture 

No 
significant 

change 

Carbamazepine L-malic acid co-crystal 60BM    

Carbamazepine L-tartaric acid physical 
mixture 90CM  

physical 
mixture  

Carbamazepine L-tartaric acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine maleic acid co-crystal 90BM  co-crystal 
Diminished 
dissolution 
behaviour 

Carbamazepine maleic acid partially 
amorphous 90CM  co-crystal  
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Carbamazepine malonic acid co-crystal 90BM  co-crystal  

Carbamazepine malonic acid partially 
amorphous 90CM  co-crystal  

Carbamazepine nicotinic acid physical 
mixture 90CM  

physical 
mixture  

Carbamazepine nicotinic acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine p-aminobenzoic acid amorphous 180BM 3 weeks  co-crystal  

Carbamazepine p-aminobenzoic acid co-crystal 90BM  co-crystal 
Enhanced 
dissolution 
behaviour 

Carbamazepine pimelic acid physical 
mixture 90CM  

physical 
mixture  

Carbamazepine pimelic acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine salicylic acid co-crystal 90BM  co-crystal  

Carbamazepine salicylic acid partially 
amorphous 90CM  co-crystal  

Carbamazepine sodium deoxycholate amorphous 180BM 6 months + amorphous 
Enhanced 
dissolution 
behaviour 

Carbamazepine sodium taurocholate amorphous 90CM 12 months + partially 
amorphous  

Carbamazepine sodium taurocholate amorphous 180BM 12 months  + amorphous 
Enhanced 
dissolution 
behaviour 

Carbamazepine succinic acid partially 
amorphous 90CM  

partially 
amorphous  

Carbamazepine succinic acid physical 
mixture 90BM  

physical 
mixture  

Carbamazepine terephthalic acid partially 
amorphous 90CM  

physical 
mixture  

Carbamazepine terephthalic acid partially 
amorphous 90BM  

physical 
mixture  

Carbamazepine trans-aconitic acid partially 
amorphous 90CM  

physical 
mixture  

Carbamazepine trans-aconitic acid partially 
amorphous 90BM  

physical 
mixture 

Diminished 
dissolution 
behaviour 

Carbamazepine trimesic acid amorphous 90CM 2 months (4°C) co-crystal 
No 

significant 
change 

Carbamazepine trimesic acid amorphous 90BM 3 weeks  co-crystal  

Carbamazepine vanillic acid partially 
amorphous 90CM  

physical 
mixture  

Carbamazepine vanillic acid partially 
amorphous 90BM  

physical 
mixture 

Enhanced 
dissolution 
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

behaviour 

Ciprofloxacin sodium deoxycholate amorphous 180BM    

Ciprofloxacin sodium taurocholate amorphous 180BM 2 months  physical 
mixture 

Diminished 
dissolution 
behaviour 

Diflunisal deoxycholic acid amorphous 120CM 12 months + amorphous  

Diflunisal sodium taurocholate amorphous 120CM 1 month  + amorphous 
Enhanced 
dissolution 
behaviour 

Ibuprofen sodium taurocholate amorphous 180BM 2 weeks  physical 
mixture 

Enhanced 
dissolution 
behaviour 

Indomethacin sodium deoxycholate amorphous 180BM    

Indomethacin sodium taurocholate amorphous 180BM 11 months  + amorphous 
Enhanced 
dissolution 
behaviour 

Mefenamic acid adipic acid physical 
mixture 90BM    

Mefenamic acid citric acid physical 
mixture 90BM    

Mefenamic acid deoxycholic acid partially 
amorphous 180BM    

Mefenamic acid deoxycholic acid physical 
mixture 90BM    

Mefenamic acid DL-malic acid physical 
mixture 90BM    

Mefenamic acid D-tartaric acid physical 
mixture 90BM    

Mefenamic acid fumaric acid physical 
mixture 90BM    

Mefenamic acid glutaric acid physical 
mixture 90BM    

Mefenamic acid isophthalic acid physical 
mixture 90BM    

Mefenamic acid L-malic acid physical 
mixture 90BM    

Mefenamic acid L-tartaric acid physical 
mixture 90BM    

Mefenamic acid maleic acid physical 
mixture 90BM    

Mefenamic acid oxalic acid physical 
mixture 90BM    

Mefenamic acid sodium deoxycholate partially 
amorphous 180BM    

Mefenamic acid sodium taurocholate amorphous 180BM 4 months  physical 
mixture 

Enhanced 
dissolution 
behaviour 
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Naproxen 
1,2,3-

propanetricarboxylic 
acid 

physical 
mixture 120CM    

Naproxen 
1,2,3-

propanetricarboxylic 
acid 

physical 
mixture 180BM    

Naproxen adipic acid partially 
amorphous 90BM    

Naproxen benzoic acid physical 
mixture 120CM    

Naproxen benzoic acid physical 
mixture 180BM    

Naproxen citric acid partially 
amorphous 90BM    

Naproxen deoxycholic acid amorphous 120CM 20 months partially 
amorphous  

Naproxen DL-tartaric acid partially 
amorphous 90BM    

Naproxen isophthalic acid partially 
amorphous 120CM    

Naproxen isophthalic acid physical 
mixture 180BM    

Naproxen nicotinic acid physical 
mixture 120CM    

Naproxen nicotinic acid physical 
mixture 180BM    

Naproxen sodium taurocholate amorphous 180BM 1 week  physical 
mixture 

No 
significant 

change 

Naproxen trimesic acid partially 
amorphous 180BM    

Naproxen trimesic acid partially 
amorphous 120CM    

Norfloxacin sodium taurocholate amorphous 180BM 4 months + amorphous 
Diminished 
dissolution 
behaviour 

Nifedipine sodium taurocholate amorphous 180BM 3 weeks  physical 
mixture 

Diminished 
dissolution 
behaviour 

Quinine sodium taurocholate amorphous 180BM 11 months  + amorphous 
No 

significant 
change 

Sulfamerazine 
1,2,3-

propanetricarboxylic 
acid 

amorphous 120CM 12 days  physical 
mixture  

Sulfamerazine 
1,2,3-

propanetricarboxylic 
acid 

physical 
mixture 180BM    

Sulfamerazine 4-hydroxybenzoic acid amorphous 120CM 2 days  physical 
mixture  

Sulfamerazine adipic acid partially 
amorphous 120CM    
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Sulfamerazine benzoic acid physical 
mixture 120CM    

Sulfamerazine citric acid amorphous 120CM 14 days 
2 years (4°C) 

physical 
mixture 

Diminished 
dissolution 
behaviour 

Sulfamerazine deoxycholic acid amorphous 180BM 12 months + physical 
mixture 

Diminished 
dissolution 
behaviour 

Sulfamerazine deoxycholic acid amorphous 180BM 12 months  + amorphous 
Diminished 
dissolution 
behaviour 

Sulfamerazine DL-tartaric acid amorphous 180CM 1 week  physical 
mixture  

Sulfamerazine fumaric acid amorphous 120CM 5 days  partially 
amorphous  

Sulfamerazine hydroxybenzoic acid partially 
amorphous 180BM    

Sulfamerazine iminodiacetic acid partially 
amorphous 120CM    

Sulfamerazine iminodiacetic acid partially 
amorphous 180BM    

Sulfamerazine L-malic acid partially 
amorphous 30CM    

Sulfamerazine L-tartaric acid partially 
amorphous 180CM    

Sulfamerazine maleic acid physical 
mixture 120CM    

Sulfamerazine malonic acid physical 
mixture 120CM    

Sulfamerazine oxalic acid amorphous 120CM 1 week (4°C 
under vacuum) co-crystal 

Enhanced 
dissolution 
behaviour 

Sulfamerazine pimelic acid physical 
mixture 120CM    

Sulfamerazine sodium deoxycholate amorphous 180BM 6 months + amorphous 
Enhanced 
dissolution 
behaviour 

Sulfamerazine sodium taurocholate amorphous 180BM 12 months  + amorphous 
Enhanced 
dissolution 
behaviour 

Sulfamerazine succinic acid partially 
amorphous 120CM    

Sulfamerazine sulfanilic acid partially 
amorphous 120CM    

Sulfamerazine sulfanilic acid partially 
amorphous 180BM    

Sulfamerazine terephthalic acid partially 
amorphous 120CM    

Sulfamerazine trans-aconitic acid amorphous 120CM 3 weeks  partially 
amorphous  
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API Co-former Result Method 
Stability (25°C, 
60% RH, unless 

otherwise stated) 

Re-
crystallisation Dissolution 

Sulfamerazine trans-aconitic acid partially 
amorphous 180BM    

Sulfamerazine glutaric acid physical 
mixture 120CM    

Sulfathiazole 
1,2,3 

propanetricarboxylic 
acid 

amorphous 180CM 9 days (4°C) physical 
mixture  

Sulfathiazole 
1,2,3-

propanetricarboxylic 
acid 

amorphous 180BM 2 weeks  partially 
amorphous  

Sulfathiazole 
1,2,3-

propanetricarboxylic 
acid 

physical 
mixture 180BM    

Sulfathiazole adipic acid partially 
amorphous 60BM    

Sulfathiazole citric acid amorphous 60BM 

28 days (25°C,  
10% RH) 

7 days (25°C, 
75% RH) 

physical 
mixture 

Diminished 
dissolution 
behaviour 

Sulfathiazole deoxycholic acid amorphous 120CM 5 months partially 
amorphous 

No 
significant 

change 

Sulfathiazole DL-malic acid amorphous 60BM    

Sulfathiazole DL-tartaric acid amorphous 60BM 

28 days (25°C, 
10% RH) 

7 days (25°C, 
75% RH) 

physical 
mixture  

Sulfathiazole fumaric acid partially 
amorphous 60BM    

Sulfathiazole glutaric acid co-crystal 60BM 
2 months + 

(25°C, 10-75% 
RH) 

  

Sulfathiazole malonic acid partially 
amorphous 60BM    

Sulfathiazole oxalic acid salt 60BM 
1 month +  

28 days (25°C, 
10%RH) 

  

Sulfathiazole pimelic acid partially 
amorphous 60BM    

Sulfathiazole salicylic acid partially 
amorphous 120CM    

Sulfathiazole sodium taurocholate amorphous 180BM 3 months  physical 
mixture 

Enhanced 
dissolution 
behaviour 

Sulfathiazole succinic acid partially 
amorphous 60BM    

Sulfathiazole trans-aconitic acid amorphous 180BM 5 weeks  partially 
amorphous  

Sulfathiazole trans-aconitic acid partially 
amorphous 180BM    

Sulfathiazole trimesic acid physical 
mixture 180BM    
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Table 17 Summary of all known co-amorphous systems. The authors (Pajula et al.) do not disclose which pairs 
were the most successful, therefore combinations with the highest miscibility ratios (the most negative, >5) were 

selected. 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction Aromaticit

y 

TPS
A 

(Å2) 
Ref 

Cimetidine 252.34 
 

4 3 7 
 141-

143 
salt 

NO 114 331
 

Indomethacin 357.79 
 

4 1 4 
 

158 YES 68.5   

    
 

    
 

          

Cimetidine 252.34 
 

4 3 7 
 141-

143 
salt 

NO 114 331
 

Diflunisal 250.20
1 

 
5 2 2 

 210-
211 

YES 57.5   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 
H-bonding 

+ π–π 

YES 68.5 74
 

Ranitidine HCl 
 350.86

2 

 
7 3 9 

 133-
134 NO 112   

    
 

  
  

 
          

Naproxen 230.26
3 

 
3 1 3 

 
153 

π–π  

YES 46.5 33
 

Cimetidine 252.34 
 

4 3 7 
 141-

143 
YES 114   

    
 

  
  

 
          

Cimetidine 252.34 
 

4 3 7 
 141-

143 
H-bonding 

YES 114 122
 

Piroxicam 
331.34

6 

 
6 2 2 

 198-
200 

YES 108   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 

H-bonding 

YES 68.5 7
 

Naproxen 230.26
3 

 
3 1 3 

 
153 YES 46.5   

    
 

  
  

 
          

Simvastatin 418.57
4 

 
5 1 7 

 135-
138 intimate 

mixing 

NO 72.8 124
 

Glipizide 
445.53

8 

 
6 3 7 

 208-
209 YES 139   
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Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Ritonavir 720.94
8 

 
9 4 18 

 120-
122 intimate 

mixing 

YES 202 125
 

Indomethacin 357.79 
 

4 1 4 
 

158 YES 68.5   

    
 

  
  

 
          

Acyclovir 
225.20

8 

 
4 3 4 

 255-
257 

H-bonding 

NO 115 131
 

citric acid 
192.12

3 

 
7 4 5 

 
153 NO 132   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

salt 

YES 68.5 
134, 

332 

arginine 174.20
4 

 
4 4 5 

 
222 NO 128   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 
H-bonding 

+ π–π 

YES 68.5 
134, 

332 

phenylalanine 
165.19

2 

 
3 2 3 

 
283 YES 63.3   

    
 

  
  

 
          

Carbamazepine 236.27
4 

 
1 1 0 

 189-
192 H-bonding 

+ π–π 

YES 46.3 
134, 

332 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

H-bonding 

YES 46.5 333
 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

salt 

YES 46.5 333
 

arginine 174.20
4 

 
4 4 5 

 
222 NO 128   

    
 

    
 

          

Paracetamol 
151.16

5 

 
2 2 1 

 169-
171 

H-bonding YES 49.3 130
 



214 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

citric acid 
192.12

3 

 
7 4 5 

 
153 NO 132   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

π–π  

YES 68.5 
137, 

142 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

H-bonding 

YES 131 
137, 

142 

tryptophan 204.22
9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Ritonavir 720.94
8 

 
9 4 18 

 120-
122 

H-bonding 

YES 202 334
 

Quercetin 
302.23

8 

 
7 5 1 

 316-
318 YES 127   

    
 

  
  

 
          

Lurasidone HCl 529.14 
 

6 1 5 
 205-

210 
H-bonding 

YES 85 129
 

saccharin 
183.18

1 

 
3 1 0 

 
224 YES 71.6   

    
 

  
  

 
          

Repaglinide 
452.59

5 

 
5 2 10 

 130-
131 

H-bonding 

YES 78.9 335
 

saccharin 
183.18

1 

 
3 1 0 

 
224 YES 71.6   

    
 

    
 

          

Atorvastatin 558.65 
 

6 4 12 
 159.2-

160.7 
H-bonding 

YES 112 8
 

Carvedilol 406.48
2 

 
5 3 10 

 114-
115 

YES 75.7   

    
 

  
  

 
          

Atorvastatin 558.65 
 

6 4 12 
 159.2-

160.7 
H-bonding 

YES 112 8
 

Glibenclamide 
494.00

3 

 
5 3 8 

 169-
170 YES 122   
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Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Curcumin 
368.38

5 

 
6 2 8 

 
183 

H-bonding 

YES 93.1 336
 

Artemisin 262.30
5 

 
4 1 0 

 
203 NO 63.6   

    
 

    
 

          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

H-bonding 

YES 46.5 127
 

Loxoprofen 
246.30

6 

 
3 1 4 

 108.5-
111 YES 54.4   

    
 

  
  

 
          

Naproxen 230.26
3 

 
3 1 3 

 
153 

H-bonding 

YES 46.5 127  

Aceclofenac 
354.18

3 

 
5 2 7 

 149-
153 

YES 75.6   

    
 

  
  

 
          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

H-bonding 

YES 46.5 127  

Indomethacin 357.79 
 

4 1 4 
 

158 YES 68.5   

    
 

    
 

          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

intimate 
mixing 

YES 46.5 127  

Ketoprofen 254.28
5 

 
3 1 4 

 
94 YES 54.4   

    
 

    
 

          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

H-bonding 

YES 46.5  127 

Flufenamic acid 
281.23

4 

 
6 2 3 

 
133.5 YES 49.3   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

H-bonding 

YES 68.5 146
 

citric acid 
192.12

3 

 
7 4 5 

 
153 NO 132   

    
 

  
  

 
          

Budosenide 
430.54

1 

 
6 2 4 

 
226 

n/a 

NO 93.1 11
 

lactose 
342.29

7 

 
11 8 4 

 201-
202 

NO 190   
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Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

salt 

YES 68.5 
137, 

142 

lysine 146.19 
 

4 3 5 
 

224.5 NO 89.3   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

salt 

YES 68.5 
137, 

142 

histidine 
155.15

7 

 
4 3 3 

 
287 NO 92   

    
 

  
  

 
          

Simvastatin 
418.57

4 

 
5 1 7 

 135-
138 no 

evidence 

YES 72.8 135
 

lysine 146.19 
 

4 3 5 
 

224.5 NO 89.3 136
 

    
 

    
 

          

Glibenclamide 
494.00

3 

 
5 3 8 

 169-
170 some 

interaction
s 

YES 122 135
 

serine 
105.09

3 

 
4 3 2 

 
228 NO 83.6 136

 

    
 

  
  

 
          

Glibenclamide 494.00
3 

 
5 3 8 

 169-
170 some 

interaction
s 

YES 122 135
 

threonine 119.12 
 

4 3 2 
 

256 NO 83.6 136
 

    
 

  
  

 
          

Atorvastatin 558.65 
 

6 4 12 
 159.2-

160.7 
H-bonding 

YES 112 337
 

Nicotinamide 
122.12

7 

 
2 1 1 

 
130 YES 56   

    
 

  
  

 
          

Ciprofloxacin 
331.34

7 

 
7 2 3 

 255-
257 salt 

formation 

YES 72.9 93
 

succinic acid 118.08
8 

 
4 2 3 

 
188 NO 74.6   

    
 

    
 

          

Omeprazole 
345.41

7 

 
6 1 5 

 
155 

interaction 
between S 

YES 96.3 338
 



217 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Amoxicillin 
trihydrate 

419.44
9 

 
10 7 4 

 >200°
C 

and N 
YES 161   

    
 

  
  

 
          

Sulfathiazole 255.31 
 

6 2 3 
 

189 
no 

apparent 

YES 122 9
 

L-tartaric acid 
150.08

6 

 
6 4 3 

 168-
170 

NO 115   

    
 

    
 

          

Sulfathiazole 255.31 
 

6 2 3 
 

189 
no 

apparent 

YES 122 9
 

citric acid 
192.12

3 

 
7 4 5 

 
153 NO 132   

    
 

  
  

 
          

Ezetimibe 409.43
3 

 
5 2 6 

 
163 no 

interaction
s 

YES 60.8 339
 

Indapamide 
365.83

2 

 
5 2 3 

 160-
162 YES 101   

    
 

  
  

 
          

Paracetamol 
151.16

5 

 
2 2 1 

 169-
171 

H-bonding 

YES 49.3 340
 

Antipyrine 188.23 
 

2 0 1 
 

114 YES 23.6   

    
 

  
  

 
          

Atorvastatin 
calcium 558.65 

 
6 4 12 

 159.2-
160.7 no 

interaction
s 

YES 112 245
 

Glipizide 
445.53

8 

 
6 3 7 

 208-
209 

YES 139   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 

salt 

YES 68.5 341
 

meglumine 195.21
5 

 
6 6 6 

 
128.5 YES 209   

    
 

  
  

 
          

Sulfamethoxazole 253.27
6 

 
6 2 3 

 
167 

n/a 

YES 107 132  

Nabumetone 
228.29

1 

 
2 0 4 

 
80-81 YES 26.3   



218 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Nabumetone 228.29
1 

 
2 0 4 

 
80-81 

n/a 

YES 26.3 132   

saccharin 
183.18

1 

 
3 1 0 

 
224 YES 71.6   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

n/a 

YES 106 132   

Chlorpropamide 
276.73

5 

 
3 2 4 

 127-
129 

YES 83.6   

    
 

  
  

 
          

Chlorpropamide 
276.73

5 

 
3 2 4 

 127-
129 

n/a 

YES 83.6 132   

thiosalicylic acid 154.18
3 

 
3 2 1 

 168-
169 

YES 38.3   

    
 

    
 

          

Fenbufen 
254.28

5 

 
3 1 5 

 185-
187 

n/a 

YES 54.4  132  

Sulfamethoxazole 
253.27

6 

 
6 2 3 

 
167 YES 107   

    
 

  
  

 
          

Sulfamethoxazole 253.27
6 

 
6 2 3 

 
167 

n/a 

YES 107 132   

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 YES 106   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

n/a 

YES 106 132   

Fenbufen 
254.28

5 

 
3 1 5 

 185-
187 

YES 54.4   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

n/a 

YES 106 132   

Primidone 218.25
6 

 
2 2 2 

 281-
282 

YES 58.2   

    
 

    
 

          

Primidone 
218.25

6 

 
2 2 2 

 281-
282 

n/a YES 58.2 132   



219 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Chlorpropamide 
276.73

5 

 
3 2 4 

 127-
129 

YES 83.6   

    
 

  
  

 
          

Primidone 
218.25

6 

 
2 2 2 

 281-
282 

n/a 

YES 58.2 132   

Fenbufen 
254.28

5 

 
3 1 5 

 185-
187 

YES 54.4   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

arginine 174.20
4 

 
4 4 5 

 
222 NO 128   

    
 

  
  

 
          

Furosemide 330.73
9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

histidine 
155.15

7 

 
4 3 3 

 
287 NO 92  

    
 

  
  

 
          

Mebendazol 
295.29

8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

lysine 146.19 
 

4 3 5 
 

224.5 NO 89.3   

    
 

  
  

 
          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

lysine 146.19 
 

4 3 5 
 

224.5 NO 89.3   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

cysteine 121.15
4 

 
4 3 2 

 
240 NO 64.3   

    
 

  
  

 
          

Carvedilol 406.48
2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

isoleucine 
131.17

5 

 
3 2 3 

 
285.5 NO 63.3   

    
 

  
  

 
          



220 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Mebendazol 
295.29

8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

isoleucine 131.17
5 

 
3 2 3 

 
285.5 NO 63.3   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

isoleucine 
131.17

5 

 
3 2 3 

 
285.5 NO 63.3   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

YES 68.5 138
 

isoleucine 
131.17

5 

 
3 2 3 

 
285.5 NO 63.3   

    
 

  
  

 
          

Carvedilol 
406.48

2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

leucine 
131.17

5 

 
3 2 3 

 
293 NO 63.3   

    
 

    
 

          

Mebendazol 
295.29

8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

leucine 131.17
5 

 
3 2 3 

 
293 NO 63.3   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

leucine 
131.17

5 

 
3 2 3 

 
293 NO 63.3   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

YES 68.5 138
 

leucine 
131.17

5 

 
3 2 3 

 
293 NO 63.3   

    
 

  
  

 
          

Carvedilol 
406.48

2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

methionine 
149.20

8 

 
4 2 4 

 
282 NO 88.6   



221 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Mebendazol 295.29
8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

methionine 
149.20

8 

 
4 2 4 

 
282 NO 88.6   

    
 

  
  

 
          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

methionine 
149.20

8 

 
4 2 4 

 
282 NO 88.6   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

YES 68.5 138
 

methionine 149.20
8 

 
4 2 4 

 
282 NO 88.6   

    
 

    
 

          

Carvedilol 
406.48

2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

phenylalanine 
165.19

2 

 
3 2 3 

 
283 YES 63.3   

    
 

  
  

 
          

Mebendazol 295.29
8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

phenylalanine 
165.19

2 

 
3 2 3 

 
283 YES 63.3   

    
 

  
  

 
          

Furosemide 
330.73

9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

phenylalanine 
165.19

2 

 
3 2 3 

 
283 YES 63.3   

    
 

  
  

 
          

Simvastatin 
418.57

4 

 
5 1 7 

 135-
138 

n/a 

YES 72.8 138
 

phenylalanine 165.19
2 

 
3 2 3 

 
283 YES 63.3   

    
 

    
 

          

Furosemide 
330.73

9 

 
7 3 5 

 
295 n/a YES 131 138

 



222 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

proline 
115.13

2 

 
3 2 1 

 
221 NO 49.3   

    
 

  
  

 
          

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

NO 68.5 138
 

proline 
115.13

2 

 
3 2 1 

 
221 NO 49.3   

    
 

    
 

          

Carvedilol 
406.48

2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

tryptophan 204.22
9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Mebendazol 295.29
8 

 
4 2 4 

 
288.5 

n/a 

YES 84.1 138
 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Simvastatin 
418.57

4 

 
5 1 7 

 135-
138 

n/a 

NO 72.8 138
 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3 138
 

tryptophan 
204.22

9 

 
3 3 3 

 
230 YES 79.1   

    
 

    
 

          

Carvedilol 
406.48

2 

 
5 3 10 

 
114.5 

n/a 

YES 75.7 138
 

valine 117.14
8 

 
3 2 2 

 
315 NO 63.3   

    
 

  
  

 
          

Furosemide 330.73
9 

 
7 3 5 

 
295 

n/a 

YES 131 138
 

valine 
117.14

8 

 
3 2 2 

 
315 NO 63.3   

    
 

  
  

 
          



223 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

YES 68.5 138
 

valine 117.14
8 

 
3 2 2 

 
315 NO 63.3   

    
 

    
 

          

6-mercaptopurine 
152.17

5 

 
2 2 0 

 
313 

n/a 

NO 85.2  342 

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Paracetamol 151.16
5 

 
2 2 1 

 169-
171 

n/a 

YES 49.3 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Acyclovir 
225.20

8 

 
4 3 4 

 255-
257 

n/a 

NO 115   

1,2,3-
propanetricarboxyl

ic acid 

176.12
4 

 
6 3 5 

 
166 NO 112   

    
 

  
  

 
          

Acyclovir 
225.20

8 

 
4 3 4 

 255-
257 

n/a 

NO 115   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

    
 

          

Acyclovir 
225.20

8 

 
4 3 4 

 255-
257 

n/a 

NO 115   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

  
  

 
          

Acyclovir 225.20
8 

 
4 3 4 

 255-
257 

n/a 

NO 115  342 

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Acyclovir 
225.20

8 

 
4 3 4 

 255-
257 

n/a 

NO 115   

trans-aconitic acid 
174.10

8 

 
6 3 4 

 187-
191 

NO 112   



224 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Allopurinol 136.11
4 

 
2 2 0 

 
350 

n/a 

NO 65.8   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

  
  

 
          

Allopurinol 
136.11

4 

 
2 2 0 

 
350 

n/a 

NO 65.8   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

  
  

 
          

Allopurinol 
136.11

4 

 
2 2 0 

 
350 

n/a 

NO 65.8 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155 

 

    
 

    
 

          

Amoxicillin 
trihydrate 

345.41
7 

 
6 1 5 

 
155 

n/a 

YES 96.3  342 

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Benzamidine 120.15
5 

 
1 2 1 

 169-
173 

n/a 

YES 49.9 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

1,3,5-
pentanetricarboxyl

ic acid 

204.17
8 

 
6 3 7 

 113-
117 

NO 112   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

trimesic acid 
210.14

1 

 
6 3 3 

 
>300 YES 112   

    
 

    
 

          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a YES 46.3   



225 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

1-hydroxy-2-
naphthoic acid 

264.28 
 

3 1 3 
 195-

200 
YES 46.5   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

citric acid 
192.12

3 

 
7 4 5 

 
153 NO 132   

    
 

    
 

          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

  
  

 
          

Carbamazepine 236.27
4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

isophthalic acid 
166.13

2 

 
4 2 2 

 345-
348 YES 74.6   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

p-aminobenzoic 
acid 

137.13
8 

 
3 2 1 

 
188.5 YES 63.3   

    
 

  
  

 
          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 

n/a 

YES 46.3   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

    
 

          

Carbamazepine 
236.27

4 

 
1 1 0 

 189-
192 intimate 

mixing 

YES 46.3 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Ciprofloxacin 331.34
7 

 
7 2 3 

 255-
257 

n/a 

YES 72.9   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

  
  

 
          



226 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Ciprofloxacin 
331.34

7 

 
7 2 3 

 255-
257 

n/a 

YES 72.9  342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

    
 

          

Diflunisal 
250.20

1 

 
5 2 2 

 210-
211 

n/a 

YES 57.5   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

  
  

 
          

Diflunisal 250.20
1 

 
5 2 2 

 210-
211 

n/a 

YES 57.5 342   

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Ibuprofen 
206.28

5 

 
2 1 4 

 
75-77 

n/a 

YES 37.3 342    

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 

n/a 

YES 68.5   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

    
 

          

Indomethacin 357.79 
 

4 1 4 
 

158 some 
interaction
s present 

YES 68.5 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Mefenamic acid 241.29 
 

3 2 3 
 230-

231 
H-bonding 

YES 49.3 342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Naproxen 
230.26

3 

 
3 1 3 

 
153 

n/a 

YES 46.5   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   



227 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

    
 

  
  

 
          

Naproxen 230.26
3 

 
3 1 3 

 
153 

n/a 

YES 46.5 342   

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Norfloxacin 
319.33

6 

 
7 2 3 

 227-
228 

n/a 

YES 72.9 342   

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Nifedipine 
346.33

9 

 
7 1 5 

 172-
174 

n/a 

YES 110 342   

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

    
 

          

Quinine 
324.42

4 

 
4 1 4 

 
57 

n/a 

YES 45.6 342   

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Sulfamerazine 264.30
3 

 
6 2 3 

 
236 

n/a 

YES 106   

1,2,3-
propanetricarboxyl

ic acid 

176.12
4 

 
6 3 5 

 
166 NO 112   

    
 

  
  

 
          

Sulfamerazine 264.30
3 

 
6 2 3 

 
236 

n/a 

YES 106   

4-hydroxybenzoic 
acid 

138.12
2 

 
3 2 1 

 
214.5 YES 57.5   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

n/a 

YES 106  

barbituric acid 
128.08

7 

 
3 2 0 

 
248 NO 75.3   

    
 

    
 

          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

no specific 
interaction

YES 106 44, 76 



228 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

citric acid 
192.12

3 

 
7 4 5 

 
153 

s 
NO 132   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 some 

interaction
s present 

YES 106 44
 

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

    
 

          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 some 

interaction
s present 

YES 106 76
 

DL-tartaric acid 150.08
6 

 
6 4 3 

 
206 NO 115   

    
 

  
  

 
          

Sulfamerazine 264.30
3 

 
6 2 3 

 
236 some 

interaction
s present 

YES 106 76
 

fumaric acid 
116.07

2 

 
4 2 2 

 
287 NO 74.6   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 some 

interaction
s present 

YES 106 76
 

oxalic acid 90.034 
 

4 2 1 
 

189.5 NO 74.6   

    
 

  
  

 
          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

n/a 

YES 106   

sodium 
deoxycholate 

414.56
2 

 
4 2 4 

 
361 NO 80.6   

    
 

    
 

          

Sulfamerazine 
264.30

3 

 
6 2 3 

 
236 

H-bonding 

YES 106 
44, 

342  

sodium 
taurocholate 

537.68
8 

 
7 4 7 

 
214 NO 155   

    
 

  
  

 
          

Sulfamerazine 264.30
3 

 
6 2 3 

 
236 

n/a 

YES 106   

trans-aconitic acid 
174.10

8 

 
6 3 4 

 187-
191 NO 112   

    
 

  
  

 
          



229 
 

Combination MW 
 H-bond 

acceptor
s 

H-bond 
donors 

Rotatabl
e bonds 

 
MP Interaction 

Aromaticit
y 

TPS
A 

(Å2) 
Ref 

Sulfathiazole 255.31 
 

6 2 3 
 

189 

n/a 

YES 122   

1,2,3 
propanetricarboxyl

ic acid 

176.12
4 

 
6 3 5 

 
166 NO 112   

    
 

    
 

          

Sulfathiazole 255.31 
 

6 2 3 
 

189 

n/a 

YES 122   

deoxycholic acid 392.58 
 

4 3 4 
 

177 NO 77.8   

    
 

  
  

 
          

Sulfathiazole 255.31 
 

6 2 3 
 

189 no specific 
interaction
s present 

YES 122 9
 

DL-malic acid 
134.08

7 

 
5 3 3 

 127-
132 NO 94.8   

    
 

  
  

 
          

Sulfathiazole 255.31 
 

6 2 3 
 

189 no specific 
interaction
s present 

YES 122 9
 

DL-tartaric acid 
150.08

6 

 
6 4 3 

 
206 NO 115   

    
 

  
  

 
          

Sulfathiazole 255.31 
 

6 2 3 
 

189 

n/a 

YES 122 342   

sodium 
taurocholate 
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