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Abstract 
 

The pharmaceutical industry has experienced an increase in the amount of 

development candidates with low aqueous solubility and accordingly poor 

bioavailability. In order for this problem to be solved, amorphisation is 

thought to be the most favourable solution. 

The amorphous state is higher in free energy thus higher in solubility when 

compared to the crystalline form.  Milling and specially cryomilling is a very 

unique technique for providing of the crystalline to amorphous 

transformation since there are no heat or solvents involved. 

Phthalic acid, isophthalic acid and terephthalic acid, individual and pair 

mixtures, are crystalline organic non medicinal compounds, which have 

been used for the first time as model compounds to investigate whether 

cryogenic milling can induce crystal to amorphous transformation and if the 

preparation of pair mixtures could affect the recrystallization rate of the 

subjected materials or not. The materials were cryomilled and analysed by 

DSC, XRPD, and FTIR. It was found that only terephthalic acid become 

amorphous after cryomilling, and even after the cryomilled sample been 

stored for three weeks DSC thermogram still detects recrystallization 

exothermic along with the XRPD pattern, which shows a very broad peaks 

indicative of particle size reduction. Pair mixtures were also studied and 

analysed by DSC and XRPD. Phthalic acid/isophthalic acid, isophthalic 
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acid/terephthalic acid, phthalic acid/terephthalic acid were cryomilled 

together and mixed physically after been cryomilled separately. XRPD 

results show that unlike the cryomilled separately mixtures, phthalic acid/ 

isophthalic acid, isophthalic acid/terephthalic acid, terephthalic 

acid/phthalic acid cryomilled together samples produces a synergistic effect 

in which the Bragg peaks of both phthalic acid and isophthalic acid are 

suppressed. It appears that co-cryomilling of these pair mixtures together 

resulted in the production of a new material that could potentially either be 

two-component single phase (nano-sized co-crystal), or a new polymorphic 

form of either phthalic acid, isophthalic acid or terephthalic acid.  

Single-component of aspirin (ASP), paracetamol (PCM) and caffeine (CAFF), 

along with multi-component systems of paracetamol/aspirin, 

paracetamol/caffeine and aspirin/caffeine were milled at room temperature 

and by a cryomill. The milled samples were analysed using DSC, XRPD and 

FTIR. It was noted that there are no clear indications of crystal to amorphous 

transformation in all three materials. When milling aspirin at room 

temperature a marked reduction in the melting point was observed. 

Generally, a reduction in the melting point is either attributed to particle size 

effects, polymorphism, impurities and decomposition. In this case, the 

decrease in the melting point was only noticed when aspirin was milled at 

room temperature, so it is possible that the heat generated during the milling 

process resulted in chemical decomposition of aspirin to salicylic acid. 

Anhydrous caffeine is acknowledged to have two polymorphic forms, Form II 

which is considered to be stable at room temperature until ~145 °C.  
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Form I is stable from ~145 °C to its melting point ~ 236 °C. This polymorphic 

transformation was detected by DSC, XRPD and hot stage microscope and it 

was noticed only with the as received and the room temperature milled 

samples. Cryomilled caffeine data showed only the presence of Form I.  On 

the other hand, for the cryomilled multi-component systems DSC and hot 

stage microscope images confirmed the eutectic formation with a 

composition of 45:55% w/w (PCM:ASP), 50:50% (ASP:CAFF) AND 50:50% 

(PCM:CAFF). The obtained data were compared with room temperature 

milled and the theoretical values resulted from Van Laar equation. 

Solid pharmaceuticals represent heterogeneous systems that typically 

consist of one or more active pharmaceutical ingredients (APIs) and a 

number of excipients. Multi-component systems from mixing aspirin, 

paracetamol and caffeine with different excipients, which included sucrose, 

lactose monohydrate, xylitol and trehalose dihydrate were prepared by the 

use of a cryomill and were analyesd by DSC and XRPD. It was found from 

the XRPD data that mixing both sucrose and lactose monohydrate 

respectively with ASP, PCM and CAFF would produce more of a synergistic 

effect than xylitol and trehalose dihydrate. Cryomilling caffeine/sucrose and 

caffeine/lactose resulted in a production of a new XRPD trace that cannot 

be described in terms of a linear combination of caffeine, sucrose and 

lactose monohydrate. A new material was therefore formed as a result of 

cryomilling which has not been reported before. 
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Chapter 1  

Introduction 
 
 

 
 

1.1. Delivery of a drug in a solid oral dosage form 
 

 
 

In order for a drug to be delivered to the general blood circulation to 

produce its therapeutic effect, several routes of drug administration are 

available, such as oral, pulmonary, parental and topical. Solid oral dosage 

forms are well acknowledged to possess multiple advantages over liquid 

preparations for oral use due to their ease of administration and 

manufacturing costs and higher stability. The drug release from an oral 

dosage form to reach the general circulation goes through several stages 

which are shown in Figure 1.  

 

 
Figure 1: Not to scale, schematic diagram showing the drug release profile from an oral dosage 

form 



Rehab Elfakhri 

 

 

2 
  

 

 
 

1.2. Biopharmaceutical Classification System (BCS) 
 

 

A better understanding of the physicochemical and biopharmaceutical 

characteristics of drugs would have a positive impact on developing 

pharmaceutical products. The biopharmaceutical classification system 

(BCS) is considered to be a beneficial tool for decision-making from a 

biopharmaceutical point of view in formulation development strategies for 

medicinal compounds through the early clinical stages (1-3). The BCS 

classifies substances into four different categories that depend on their 

solubility and intestinal cell membrane permeability characteristics (4). 

Figure 2 shows the BCS along with formulation approach recommendations 

based on this classification. A drug substance is described as highly 

permeable when 90% or more of the ingested dose is absorbed after 

administration in human (5). A drug is classified as highly soluble when the 

highest dose strength is soluble in 259 mL or less of aqueous media over 

pH range of 1-7.5 (5). Formulations for class I and III compounds can be 

easy to design without any major difficulty. These often are immediate 

release (IR) formulations, such as tablets and capsules (3). On the other 

hand, class II and IV formulation are more difficult to deal with, because 

they require careful formulation strategy depending on their 

physicochemical and biopharmaceutical characteristics (3). 
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Figure 2: Biopharmaceutics classification system and formulation approaches for different classes 
of drugs (6). 

 
 

1.3. Solid forms and formulation strategies 
 

 

1.3.1. Amorphous Vs Crystalline materials 

 

 
The majority of pharmaceutical substances are ingested in the form of 

tablets or capsules, and therefore solid state chemistry play an important 

role in giving medicines to patients. Studying the structure and properties 

of solid phase materials is considered to be a key stage before formulation.  

 

Crystalline materials tend to be pure, very reproducible and stable, while 

on the other hand, amorphous materials can more readily accept impurities 

and they tend to be unstable. This can property would potentially lead to 

undesired transformations in formulated medicines. However, low stability 

of the amorphous form compared to the crystalline form is also an 

opportunity to enhance the apparent solubility and subsequently improving 
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the bioavailability. The crystalline state is characterised by long range 

translational order which mathematically corresponds to the crystalline 

lattice. The crystalline lattice is defined as the arrangement of points in 

space, which are organised in a specific pattern with high symmetry. The 

key properties of crystalline materials are that they exhibit reproducible 

melting points that tend to be known and they give sharp peaks in X-ray 

diffraction. Alternatively, materials can adopt an amorphous state and this 

is particularly the case with polymers, especially when they are melt-

quenched. The amorphous state shows a lack of translational symmetry. A 

diagram comparing the structure of the crystalline and the amorphous 

phase is shown in Figure 3. The structure of the amorphous solids compared 

to crystals could be described as possessing a crystal like short range 

molecular arrangement, but lacking the long range order (7). Their random 

arrangements consequently lower their specific volume and mass, as a 

result of the free space between the molecules.  

 

Amorphous material share most of the mechanical and thermodynamic 

properties of liquid with the key exception of flow (8). The amorphous form 

of pharmacologically active materials has received considerable attention 

(8-10) hence, compared to the crystalline form the amorphous form is 

usually the preferred form for poorly water soluble compounds due to their 

high energy as compared with the crystalline form. The crystal to 

amorphous transformation would provide the biggest advantages in terms 

of dissolution rate and bioavailability for class II BCS drugs. The amorphous 

form also shows several disadvantages, such as lower physical stability 

compared to the crystal form (8, 11). Moreover, differences in  amorphous 

material properties were reported as a function of the preparation method 

(11, 12). For example, a difference was observed in the physical stability 

between simvastatin prepared by cryomilling, melting and quench-cooling, 

with the quench-cooled samples being more stable (13). There was a 

suggestion that the molecular mobility may differ in the same drug 
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according to the preparation method which play a significant role in the 

recrystalisation process (14). The key characterisation points when dealing 

with amorphous materials are that solid to liquid transitions are not 

characterised by sharp melting peaks and its associated enthalpy but is 

rather simply by the change in heat capacity which corresponds to a Tg.     

 

 

 
 

Figure 3: Diagram showing the structure of the crystalline and amorphous states. 

Each circle represents an individual atom or molecule. 

 
 

 

1.3.2. Glass transition temperature Tg 

 
 

The glass transition temperature (Tg) is simply a solid to liquid 

transformation. It is a second order thermal transition involving only a 

change in heat capacity and not latent heat due to the absence of lattice 

energy found in crystalline state. It is usually detected by a reduction in 

heat capacity using a differential scanning calorimetry (DSC) (15). 

The glass transition temperature is one of the important parameters to 

understand the thermodynamic stability of a particular amorphous 

formulation (16), although in some cases the crystallisation is possible 

below Tg value (17). The term glass is often used meaning an amorphous 

solid exhibit a glass transition (18). Below this temperature, supercooled 

(a) Crystalline (b) Amorphous
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liquid is transferred into a metastable glassy phase (19). Heating the 

amorphous form of a material leads to recrystalisation. The recrystallisation 

typically appears between the Tg value and the melting point of the 

crystalline form of the initial material.     

 

 

1.3.3. Stability against recrystalisation 

 
 

The increase in the molecular mobility can have a negative effect on the 

physical and chemical stability of the amorphous materials. Physical 

stability refers to the capability of the amorphous solids to withstand 

crystallisation while chemical stability means the excessive degradation 

rates detected for amorphous materials. Recrystallisation can significantly 

affect the performance of the dosage form after administration and can lead 

to potentially harmful consequences for patients. Recrystallisation of 

amorphous materials is a difficult process to address since it depends on 

more than one factor.  

 

Molecular mobility is identified as the diffusion or rearrangement of 

molecules either to form aggregates or molecules that contribute to the 

formation of a stable crystalline nucleus (14). It was reported that the 

degradation rate of amorphous β-lactam antibacterials occurred 

substantially faster than for their crystalline form (20). The chemical 

degradation of many pharmaceutical materials was attributed to the 

molecular motions accompanying the structural relaxation (21). The glass 

transition temperature Tg is usually used as an indicator of the molecular 

mobility and the differences between the glass transition temperature and 

the storage temperature is used as a signal indicating some kind of physical 

stability (22). For example, the physical stability of the two chemically 

similar calcium channel blockers felodipine (Tg 46.4 °C) and nifedipine (Tg 

45.5 °C) is reported to be different (23). The difference in the 
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recrystallisation behaviour of both drugs was assigned to a higher 

thermodynamic driving force for crystallisation in nifedipene while 

felodipine shows lower activation energy towards nucleation. Furthermore, 

the preparation method assigned in the production of amorphous 

pharmaceuticals is thought to play a significant role on their physical 

stability and will be discussed in more detail in Section 1.9. The amorphous 

form can be prepared by several methods such as melt quenching, drying, 

precipitation from solution, mechanical disruption of the crystal lattice, 

condensation from the vapour state and supercooling of melt without 

inducing crystallisation. Differences in the thermal history which is low in 

freeze drying and high in spray drying and a variation in the mechanical 

stress both result in variances in the physical and chemical stability of the 

glass (24). No significant change in the dissolution profile of indomethacin 

was observed after melting and quench-cooling (using different cooling 

rates). However, the dissolution rate was reported to be improved for 

samples prepared by cryo-milling of indomethacin after exceeding a critical 

minimal milling time (⩾120 min) (25). The physical stability which was 

measured through relaxation time for different amorphisation methods for 

indomethacin was arranged according to the following order quench cool > 

cryomill α form > spray drying > ball mill α form > ball mill γ form = 

cryomill γ form (12).  

 

Addition of excipients, such as surfactant, antiplasticisers and 

crystallisation inhibitor can affect crystallisation rates by several 

mechanisms including, H-bond formation, viscosity elevation, reduction in 

the thermodynamic barrier, adsorption at the interface. Surfactants were 

reported to enhance the nucleation rate through three different 

mechanisms, by lowering the interfacial energy, formation of the crystal 

core and reduction of the viscosity, therefore, reduce the kinetic barrier to 

crystallisation process. As the concentration of the surfactant increases or 

decreases then the crystallisation rate either increases or decreases (22). 
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Kaolin, hydrated aluminium silicate, can act as adsorbent that stabilises the 

amorphous material when milled together (26). Another example of an 

absorbent is magnesium aluminometasilicate (Neusilin) that stabilises 

amorphous drugs during storage and minimises their crystallisation (26). 

Mixing of two low molecular weight drugs can improve both the dissolution 

rate and the physical stability of the drug molecules, such as combining of 

simvastatin and glipizide (27) and a combination between poorly water 

soluble drug and certain type of amino acid (28). Moreover, the addition of 

polymer affects the intermolecular and intramolecular H-bonds that results 

in a significant influence on the relaxation time, consequently, altering the 

molecular mobility and the tendency of the molecule to crystallise (29).  

 

Polymer addition stabilises the glass through increasing the energy of 

activation consequently resulting in the elevation of viscosity (24, 29, 30). 

Furthermore, it stabilises the amorphous state by increasing its Tg leading 

to the drug mobility minimisation by forming drug-polymer interactions 

(24, 30). Polymer addition can cause a reduction in the surface molecular 

mobility by the formation of H-bond and Van der Waals bonds which restrict 

both crystal growth and nucleation mechanisms (30, 31). Normally, a high 

number of the rotational bonds also plays a key role in slowing the 

recrystallization process by reducing the entropy of fusion (14). Combining 

of polymer such as polyvinylpyrrolidone (PVP) with a slightly soluble drug 

(acetaminophen) which has one strong acceptor H-bond or with polyacrylic 

acid (PAA) which has one strong donor H–bond can significantly inhibit the 

crystal growth. Moreover, a polymer such as hydroxypropyl methylcellulose 

(HPMC) was reported to have a strong impact on the nucleation rate by 

decreasing it without affecting crystal growth (30). To be effective inhibitors 

from nucleation and crystal growth, polymers must have either moderate 

level of hydrophobicity relative to the drug molecule and/or possess a 

functional group to prevent any intermolecular interaction with the drug 

(32). The higher the lipophilicity of the polymer, the more delay in crystal 
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growth or nucleation rate due to more effective adsorption at the crystal 

surface. Both the amount and the type of polymer contribute to the physical 

stability of the amorphous materials (29), for example as the concentration 

of Eudragit added to any mixture increases, the susceptibility to 

recrystallisation decreases. Furthermore, the addition of polymers was 

reported to show an effect on the dissolution rate of felodipine by improving 

the dissolution without changing the physical state of the material (33). 

 

Temperature and humidity play a significant role in changing the structural 

relaxation or annealing of a compound resulting in the conversion of a glass 

into a crystal (34). Moreover, nucleation rate and crystal growth properties 

have a significant effect on the physical stability of the amorphous 

pharmaceuticals (35).  

 

Furthermore, molecular weight determines the possibility of crystallisation 

of amorphous drug. In fact, as the molecular weight increases the glass 

transition temperature increases (36) and recrystallisation generally 

becomes less favoured kinetically. 

 

 

1.3.4. Formulation strategies 

 
 

There are several techniques used to increase the solubility of class II BCS 

drugs such as salt formation (37), complexation (38), prodrug formation 

(39), cocrystal formation (40, 41), particle size reduction (42), polymorphs 

(43) and solid dispersions (44). Each method has its advantages and 

disadvantages which can have an effect in the decision making process 

(pre-formulation) for selecting a specific method to be adopted in selected 

drug formulation. Salt formation is the most popular strategy to enhance 

the solubility of poorly water soluble drugs and the bioavailability of the 

liquid dosage form such as parenteral drugs. However, the reversion of the 
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salt dosage form might occur to get the free acid or base, subsequently, 

the bioavailability of the drug will reduce. Furthermore, the common ion 

effect happens which in turn causes a significant decrease in both solubility 

and bioavailability of a medicine. Most importantly, the selection of the drug 

to be prepared in the salt form should have specific physicochemical 

properties of the free base or acid to form the salt, which is considered to 

be the most challenging factor that limits the applicability of this strategy 

(45). Cyclodextrin complexation is another technique that has been used 

to enhance the solubility and dissolution rate of poorly water soluble drugs. 

Cyclodextrin is a water soluble cyclic oligosaccharide. It was reported that 

when cycoldextrin was combined with Ziprasodone mesylate (intramuscular 

dosage form aqueous solubility 0.89 mg/mL) that the aqueous solubility 

was improved significantly to 20-40 mg/mL (46). 

 

Prodrug formation is an important method used in elevating both of 

solubility and dissolution rates of poorly water soluble drugs. A prodrug can 

be defined as “a chemical with little or no pharmacological activity, 

undergoing biotransformation to therapeutic active metabolite” (47). 

However, there are several challenges connected to this approach such as 

physicochemical, toxicological and extensive pharmacokinetic evaluation is 

required (39).  

 

Cocrystals of pharmaceutical active ingredients have received a lot of 

attention over the last decade. Although, there is still a debate over finding 

a comprehensive definition for cocrystals (48, 49), one commonly used 

definition is that a cocrystal consists of multi-component crystals or 

molecular complex which are held together by non-covalent forces (50). As 

pharmaceutical cocrystal synthesis has been developed to improve the 

physicochemical properties of some APIs, it was reported that the stability 

of caffeine-dicarboxylic acid cocrystal shows better stability than anhydrous 

caffeine when was investigated in several relative humidity conditions (0%, 
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43%, 75% and 98%) (51). Cocrystals of triazole and 1,4-dicarboxylic acids 

were studied and showed to have a similar dissolution profile when 

compared to the amorphous form (52). However, sodium channel blocker 

and glutaric acid cocrystals were stated to have a significant increase in 

dissolution rate of the drug by 18 fold (53). Furthermore, saccharine was 

reported to enhance the dissolution rate when forming a cocrystal with 

indomethacin (54). It was reported to affect the pharmacokinetics when 

forms a cocrystal with carbamazepine. Carbamazepine-saccharine 

cocrystals exhibited higher Cmax (Maximum Plasma Concentration) and Tmax 

(Time to Maximum Plasma Concentration) (55).  

 

According to the Noyes-Whitney equation (Equation 2), explained in more 

detail in Section 1.5, surface area is a key factor that has an effect on the 

dissolution rate of a material. Surface area is dependent on the particle 

size. Therefore, milling is a process of breaking up large particles to smaller 

size particles, which enhances the surface area surrounded by the 

dissolution media, consequently leading to increasing the dissolution rate. 

The effect of particle size reduction on the bioavailability of griseofulvin was 

studied and it was reported that the amount of drug in the blood was 

doubled as a result of reducing the particle size from 10 µm to 2.7 µm (56). 

Particle size reduction is believed to be a useful approach for drugs when 

dissolution is the rate limiting step.  

 

Polymorphism is defined as the ability of a compound to exist in a physical 

state with different molecular arrangements or to crystallise as different 

crystal species  despite the same chemical structure (57, 58). It is expected 

that many drugs which are capable of crystallising into different 

polymorphic forms will experience a change in their physicochemical 

properties (3). Usually the polymorph with the least energy and higher 

stability is considered to be a better choice during the drug development 

process. However, in case of ritonavir (HIV protease inhibitor) 
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polymorphism is considered to an undesirable property. This polymorphic 

transformation lead to the drugs withdrawal from the market (59). During 

storage an unexpected conversion of the less stable polymorph to a more 

stable yet less soluble (form II) occurred (60).  A change in carbamazepine 

(form III) has been observed between different batches (55). 

Spironolactone was reported to exhibit an increase in dissolution rate by 12 

folds  as a result of polymorphic transformation (61). Where choosing the 

polymorphic forms with higher free energies may improve the dissolution 

rate and thus bioavailability, possible conversion of a metastable 

polymorph to a thermodynamically stable form during processing or 

storage, may lead to undesirable effect on bioavailability (62, 63).  

 

A solid dispersion can be described as a dosage form characterised by a 

drug being dispersed in a biologically inert matrix (64, 65). Solid 

dispersions are one of the currently used strategies which is capable of 

enhancing the absorption, hence bioavailability of poorly soluble drugs. 

Solid dispersions are categorised into three groups, solid solutions (66, 67), 

glass solutions (66) and eutectic mixtures (66, 67). Eutectic mixtures been 

known for thousands of years. It is a phenomenon noticed when two 

crystalline materials mixed together in certain proportions. A melting point 

that is lower than the melting points of the individual pure materials is then 

achieved. Although it is not yet common in medicine, it has specific 

pharmaceutical applications such as EMLA Cream, an emulsion in which the 

oil phase is an eutectic mixture of lidocaine and prilocaine. Several more 

examples of pharmaceutical application of eutectic mixtures are going to 

be tabled in Section (1.4.4.2) (Table 1). In this thesis mixtures of several 

materials which have the potential of forming eutectic mixtures will be 

investigated. 
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1.3.4.1. Eutectic mixture 

 
 

An obvious reduction in the melting points of APIs might be noticed as a 

result of the presence of impurities forming a mixture of two components 

that are completely miscible in the liquid state but immiscible in the solid 

state called an eutectic mixture (EM) (68). The melting point of the EM is 

lower than the melting point of either component (69). Thermodynamically, 

such systems can be considered as intimately blended physical mixtures 

(PM) (70, 71). Possible eutectic formation should be extracted from 

equilibrium phase diagram, which can be obtained experimentally or 

theoretically by the use of input thermodynamic data (72). Differential 

scanning calorimetry (DSC) is one of the appropriate techniques for the 

determination of equilibrium phase diagrams of binary systems comprising 

low-temperature melting organic substances (69, 73, 74). The liquidus 

curve of a phase diagram for binary systems is calculated based on the 

simplified Schroeder-van Laar equation (1) using the thermal data recorded 

by DSC (75). Furthermore observed connections between the melting point 

and eutectic composition and temperature for binary mixtures having one 

common component are shown to be applicable to a substantial number of 

systems (76, 77). 

  

 

 

 

Figure 4 shows a binary phase diagram of components A and B displaying 

melting points of the pure initial components. Both components are then 

mixed at different proportions, followed by increasing in the temperature 

to an extent that both components are completely melted (above the 

melting temperature of both individual material). The final melting 

𝐼𝑛 𝑥 =  
𝛥𝐻𝑖

𝑅
(

1

𝑇𝑖
−

1

𝑇
) 

(1) 
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temperature is observed to be lower than the melting temperature of the 

individual components. In the binary phase diagram, these melting points 

are plotted against the corresponding composition of the component 

mixtures. The liquidus line or curve above which all the components are in 

liquid state and soluble in each other (L). The solidus line however, shows 

the temperatures below which both components are completely insoluble 

in each other and found in the solid phase. The eutectic point E is the point 

at which the dotted line passes through towards the composition at which 

eutectic mixture is formed. In the area starting from the eutectic point E 

until the maximum melting temperate either sample A or sample B passing 

through the eutectic temperature TE, the mixture will contain a liquid phase 

enriched with a solid a solid phase of A or B depending on the mixture 

composition.  

 

 

Figure 4: Phase diagram of binary mixture of component A and B, showing the 

temperature of the system as a function of % composition of the components. 

 
 

 
 

TE 

E 
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1.3.4.2. Applications of Eutectic Mixtures in Pharmaceutical 

industry 

 

During the pre-formulation stage, compatibility studies between APIs and 

excipient play a critical role in excipient selection. Testing for the probability 

of eutectic mixture formation can provide a helpful information regarding 

the expectation of possible physical incompatibility between drug and 

excipient molecules. Eutectic mixtures are sometime used in drug designing 

and delivery processes for various routes of administration (78). Table 1 

lists few examples of eutectic mixtures and their application during 

manufacturing of pharmaceutical dosage form. It is extremely essential to 

predict the formation of eutectics and avoid manufacturing difficulties if 

present. For instance, during tablet compaction, the heat produced in the 

punch and die cavities may cause fusion or melting of tablet powder 

compacts resulting in manufacturing defects. Hence awareness of eutectic 

points of powder components may help avoid such problems. During the 

pharmaceutical analysis stage, understanding the concept of eutectic 

mixtures can be useful in the identification of compounds with similar 

melting points. Compounds having similar melting points, as a rule will have 

different eutectic point with a common other component (79). This 

information could be used to detect compounds like Ergotamine, 

Allobarbital and Imipramine HCl by their ability to form eutectic mixtures 

with Benzanilide (78). 
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Eutectic 

Component
s (a,b)  

Ratio  Tm °C 

(a)  

Tm °C 

(b)  

Tm °C 

(e)  

Challenges  Findings  

Curcumin, 
Nicotinami

de (80)  

1:2  181.4  128.3  110.5  Oral route-Low 
solubility, poor 

oral 

bioavailbility  

10-fold faster 
IDR* and 6-

times higher 

AUC*  
compared to 

crystalline 
curcumin.  

Ibuprofen, 
Thymol 

(81) 

2:3  76.0  52.0 
[6]  

32.0  Transdermal 
Route-  

Limited ability 
to penetrate 

the skin  

A flux of 150 
mg/ cm / h, 

5.9 times the 
flux from a  

saturated 
aqueous 

solution with 

thymol 
pretreated 

skin and 
12.7 times 

the flux from 
a saturated  

aqueous 
solution 

across non-
pretreated 

skin  

Genistein, 
PEG* 460 

(82)  
 

 
 

 
 

1:24  305.0  2.0  0.2  Parentral 
Route-  

Low aqueous 
solubility, thus 

formulation 
difficulty.  

Could help in 
solubilization 

of geinstein 
crystals for 

injection 
development

.  

Borneol, 

Menthol  
(Active 

125I-
cobrotoxin 

and 
eutectic 

mixture 
mixed) 

(83)  

1:3  -  -  -  Nasal Route-  

Blood Brain 
Barrier  

The eutectic 

mixture of 
Borneol 

Menthol, 
enhanced 

formulation 
and passage 

of active 
across the 

blood brain 
barrier.  
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Menthol 

and 
Poloxamer 

188, 
Ibuprofen  

(Liquid-gel 
like 

Suppositor
y) (84)  

1:9  -  -  -  Rectal Route-  

Low 
bioavailability  

Higher AUC 

as compared 
to a solid 

suppository.  

 

Table 1:  Applications of eutectic mixtures in formulation development (78). 

IDR: Intrinsic Dissolution Rate; AUC: Area Under Curve; PEG: Poly 
Ethylene Glycol. 

 

 

 

1.4. Solubility and dissolution 

 
 

Solubility and dissolution are both considered to be key properties to obtain 

better bioavailability after oral drug ingestion. Solubility and dissolution 

rate are different concepts. Solubility is the capacity of a solid, liquid, or 

gaseous chemical substance called the solute to dissolve in a solid, liquid, 

or gaseous solvent at specified environmental conditions (an intrinsic 

property) and dissolution rate is the rate of solvation (an extrinsic 

property). Problems of solubility are considered as a  major challenge for 

formulation scientist (85), which can be improved only by chemical 

modifications of the drug molecule, such as salt formation, structure 

alteration or prodrug formation (86), while there are several methods to 

produce an effect on dissolution rate, including particle size, solid state 

either amorphous or crystalline, polymorphism, salt formation, 

temperature, ionic strength, pH, addition of solubilising or dispersing 

agents, dissolution media, volume of dissolution media, thickness of 

boundary layer and diffusion coefficient of the solute in the dissolution 

media (87, 88). As a result, dissolution rate can be modified chemically or 

through formulation techniques.   
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The dissolution rate is expressed by the Noyes–Whitney equation or the 

Nernst and Brunner Equation (35, 47, 80) of the form: 

 

 

 𝑑𝑚

𝑑𝑡
=

𝐷𝐴(𝐶𝑠 − 𝐶)

ℎ
 (2) 

 

Where 
𝑑𝑚

𝑑𝑡
 is rate of the drug dissolution, 𝐷 is the diffusion coefficient, 𝐴 is 

the surface area of the solid, Cs is the solute concentration in boundary 

layer, C is the concentration of the solute in the bulk solution solubility and 

ℎ is the thickness of the boundary layer. From Equation 2, it can be seen 

that any change in the surface area, solubility, concentration or diffusion 

coefficient will all have a significant effect on the rate of dissolution. 

 

1.5. Poor aqueous solubility 
 

Aqueous solubility is one of the most substantial factors that has a direct 

effect on the substance bioavailability, because it controls both the 

dissolution rate and the maximum concentration in the gastrointestinal 

tract (GIT) (89). Poor water solubility of new drugs is thought to be one of 

the major problems in pharmaceutical formulation. Approximately 40% of 

the marketed immediate release drugs that are intended for oral 

administration are considered as nearly insoluble (less than 100 µg /mL) 

(3). According to the United States Pharmacopeia (USP), solubility is 

divided into seven classes as shown in Table 2 (90).   These categories are 

ranging from very soluble (>1000 mg/mL; class I and III BCS) to practically 

insoluble (<0.1 mg/mL; class II and IV BCS). In order for the oral dosage 

form to produce the therapeutic effect after administration, it is important 

to reach what is known as the minimum necessary concentration in the 

general circulation, which is close to 0.1 mg/mL, below this value the 

problem of poor solubility develops (91, 92).  A predominant percentage of 
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the drugs on each list (30-40%) were categorized as practically insoluble 

drugs (90). Recently, the percentage of poorly soluble drugs candidate has 

increased significantly to 70-90% (3, 93) due to the reasons mentioned in 

Section 1.6.  
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Descriptive 

term 

(solubility 

definition) 

Parts of 

solvent 

required 

for 1 

part of 

solute 

Solubility 

range 

(mg/mL) 

Solubility 

assigned 

(mg/ml) 

Percentage 

of drugs 

on GB 

list 

Percentage 

of drugs 

on WHO 

list 

Very 

soluble 

<1 ≥1000 1000 3% 7% 

Freely 

soluble 

From 1 

to 10 

100-1000 100 8% 14% 

Soluble From 10 

to 30 

33-100 33 12% 10% 

Sparingly 

soluble 

From 30 

to 100 

10-33 10 14% 7% 

Slightly 

soluble 

From 

100 to 

1000 

1-10 1 15% 18% 

Very 

slightly 

soluble 

From 

1000 to 

10000 

0.1-1 0.1 6% 13% 

Practically 

insoluble 

≥10000 <0.1 0.01 39% 27% 

 

Table 2: Solubility definition United States Pharmacopeia (USP); the percentage of IR 

drugs on the Great Britain (GB) and on the World Health Organization (WHO) lists 

Obtained from (90). 
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1.6. Reasons for the presence of poorly soluble drugs 
 

 

One of the most highlighted reasons which led to the rapid increase in the 

number of poorly soluble compounds is the developments in combinatorial 

chemistry and high through-put screening (HTS) methods. These methods 

are known to be used frequently in drug discovery that cause millions of 

drug candidates to be screened (89). When in vitro studies are applied, the 

compounds should go through two stages, first dissolved in dimethyl 

sulphoxide (DMSO), which is acknowledged as a polar aprotic solvent that 

dissolves both polar and nonpolar compounds, and second dissolved in 

water. Misleading information will be provided about the compounds water 

solubility, which is thought to be resulted from that the apparent 

concentration of a compound in water is higher than the equilibrium 

concentration (92, 94, 95). In drug discovery the drug efficacy is 

predominantly optimized resulting in that HTS-based methodologies 

favouring the compounds with increased lipophilicity but decreased 

solubility (88, 96). 

 

Lipinski’s Rule is often applied by medicinal chemists in drug discovery field 

to address the oral bioavailability and overall drug-likeness of a compound 

(97), based on the following conditions: a lipophilicity (logP), the logarithm 

of the partition coefficient between water and 1-octanol, value below 5, 

molecular weight below 500, number of hydrogen bond donors, usually the 

sum of hydroxyl and amine groups in a drug molecule, less than 5 and the 

number of hydrogen bond acceptors, estimated by the sum of oxygen and 

nitrogen atoms, less than 10 (96, 98). This rule provides a standard as to 

which a molecular parameters are significant for a drug’s absorption, 

distribution, metabolism and excretion (ADME) in the body. Any compound 

that disobeys more than two of these criteria is more expected to face 
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bioavailability challenges. However, recently Wang and Hou (89) reported 

that “drug-like” molecules which successfully pass the Lipinski’s Rule of Five 

screening are twenty times less soluble than the “real drugs”. 

 

 

 

1.7. Developability Classification System (DCS) 
 

 
 

A revised classification system based on BCS was introduced by Butler and 

Dressman (99), which is important in the evaluation of new drug candidates 

and is called developability classification system (DCS) to make it more 

useful in formulation development. DCS increases the volume for 

measuring solubility of a dosage form to 500 mL from 250 mL and uses a 

fasted-state simulated intestinal fluid as the medium (100). This 

classification depends on jejunal solubility which is affected by several 

factors such as, the pH alteration which is influenced by different factors 

such as food, age, disease and drug interaction. 

 

 

This system divides drugs from Class II into dissolution rate limited and 

solubility limited as shown in Figure 5. The dissolution rate limited are 

controlled by two key factors which are particle size and intestinal solubility 

while the solubility limited are controlled by dose and solubility of the drug 

itself. Class IV is the permeability limited classification in which excipients 

may have an effect on the drug permeability, directly by affecting drug 

transit through GIT or indirectly through altering GIT residence time (99). 
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Figure 5: In the developability classification system, the dotted line shows the change 
in volume from the BCS. The diagonal line in class II divides it into class IIa, which is 

dissolution rate limited, and class IIb, which is solubility limited. Adapted from (99). 
 

 
 

1.8. Current and potential strategies 
 

 
 

Amorphisation can increase the drug solubility from 10 to 1600 fold (101). 

This is due to the enthalpy, entropy and free energy of the amorphous solid 

that is high in comparison with the crystalline form. This high energy causes 

rise in the dissolution rate of poorly water soluble drugs (29). There are 

several approaches that are used in amorphisation process, such as melt-

quenching, solvent evaporation, spray drying, freeze drying, co-grinding 

(102).  
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Formulations of solid dispersions is an important amorphisation process in 

which the drug is dispersed in an inert matrix. The stability problem is the 

main drawback in this technique due to the recrystallization tendency which 

reduces the solubility and bioavailability of the slightly soluble drug (16). 

Freeze drying is a technique that enhances the dissolution profile of the 

drugs that are slightly soluble in water such as oxazepam (103).  

 

Moreover, mechanical grinding of crystalline material which is either 

performed at room temperature by a ball mill and jet milling or by grinding 

at extremely low temperature provided by a cryogenic liquid (liquid 

nitrogen) this method is called cryomilling or cryogrinding which is going to 

be discussed later in Section (1.9.1). Excessive mechanical milling can 

cause changes in the structure of the grinded particles such as polymorphic 

transformation, crystal defects and partial or complete amorphisation. It 

was reported that a complete amorphisation was achieved when the milling 

occurs at a temperature lower than the glass transition temperature (35). 

Milling time is considered to be a very important parameter, since milling 

for short periods of time results in particle size reduction of the subjected 

sample without the formation of the amorphous form, therefore, this 

method requires longer period of time in order for the crystal to transform 

into the amorphous state (104). The advantages and disadvantages of 

different amorphisation methods are summarised in Table 3. 
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Many of these above tabled methods are routinely used in industry but 

crystal to amorphous transformation is not always guaranteed. Regular 

milling process is considered difficult to control.  However, with cryomilling 

in principle, the milling rate is easily controlled. Cryomilling also allows 

higher level of particle size reduction which is not necessarily achieved with 

 

Process 

 

Advantages 

 

Disadvantages 

 

Melting and quench 

cooling 

 

Simple technique 

No need for solvent 

Eliminate the effect of humidity 

 

Chemical degradation due to high 

temperature 

If cooling rate is too slow then 

crystallisation  occurs 

Low compaction of the material 

 

 

Spray drying 

 

One step process 

Relatively low temperature 

 

Difficulty for drug with low Tg   to form 

stable amorphous product 

Product is too sticky 

Environmental safety due to organic 

solvent usage 

The  difficulty in selection of suitable 

solvent for API and polymer 

High manufacturing cost 

 

 

Freeze drying 

(lyophilisation) 

 

Easy control of temperature 

 

Recrystallisation might take place 

depending on the cooling rate 

 

Dehydration of 

crystalline hydrate 

 

Simple method 

 

Low physicochemical stability 

Rarely applicable. 

 

Milling 

 

Simple 

Change in morphology 

Polymorphism 

Chemical instability 

Energy consuming 

Tg control amorphisation process 

Static disorder 

Aggregation 

 

Cryomilling 

Mild method to produce amorphous 

material without using of solvent or 

melting 

Suitable for heat sensitive material 

and water liable method 

Less crystal deformation 

Reduction in recrystallisation 

tendency 

 

Crystal defect 

Not well studied 
Emerging method not used in 
pharmaceutical formulation to date 

Table 3: Advantages and disadvantages of different amorphisation techniques (49, 105-

107) 
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regular milling processes. Furthermore, with most of the above mentioned 

techniques solvent or heat are often used. This will negatively affect some 

heat labile drugs, such as aspirin. As a result of heat aspirin will decompose 

into salicylic acid. Table 4 shows the difference between amorphisation 

strategies in terms of, solubility, dissolution rate, heat and moisture. 

 

 

Technique Solubility Dissolution 

rate 

Heat Moisture 

Spray 

Drying 

√ (108, 

109) 

√ (108, 109) X (108) X (110, 111) 

Freeze 

Drying 

√ (112) √ (112, 113) √ (87) X (114) 

Solvent 

evaporation 

√ (86) x X (115) X (115) 

Dehydration √ x √ X (116) 

Melt 

extrusion 

√ x X (117) √ (117) 

Milling √ √ (118) X √ 

Cryomilling √ √(107, 119) √ (120) √ (120) 

 

Table 4: The difference between the potential amorphisation strategies in terms of, solubility, 
dissolution rate, heat and moisture. 

 

A method of making materials amorphous without heat or solvent would 

potentially be useful.  Cryomilling is an under used technique which is not 

currently used on an industrial level. Limited number of research papers 
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outlining the potential of the implantation of cryomilling a prospective 

formulation tool. Therefore, cryomilling is going to be looked at in more 

details in the next section.  

 
 

 
 

 

1.8.1. Cryomilling 
 

 
Various forms of milling are commonly used in pharmaceutical industry and 

indeed it is very popular technique applied in the wider fields of industry as 

well to reduce particle size. The large amount of mechanical perturbations 

generated during milling may result in significant changes in the structure 

of the grinded material, including polymorphic transformations, crystal 

defects and some degree of amorphization (121, 122). Complete 

transformation from crystal to amorphous state potentially occurs if the 

grinding process takes place at a temperature much lower than the glass 

transition temperature Tg (123). Grinding of various types of crystalline 

materials can be carried out using two options, the first one is milling at 

room temperature in a traditional ball mill or the second by using a 

cryogenic impact mill submerged in liquid nitrogen (cryogrinding, 

cryomilling), liquid nitrogen is classified as an inert gas which is liquefied 

by extensive cooling temperature or by compression under high pressure 

(124).  

 

Recently, cryomilling of pharmaceuticals has attracted increasing intention 

(105, 125, 126). In cryomilling grinding takes place at extremely low 

temperature using liquid nitrogen, which facilitates the transformation of 

the crystalline form to amorphous form which is believed to be achieved in 

relatively short period of time compared to other types of milling such as 

ball milling at room temperature (123). Cryomilling, has been used in the 

production of nanostructured materials from a variety of systems (127), 
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including Al (128), Ni (129), Zn (130) and Fe (131). It has been indicated 

that the presence of liquid nitrogen during milling has several benefits, such 

as decreased oxygen contamination (132), enhanced deformation during 

milling (133) and for metals the formation of oxide and nitride particles that 

successfully stabilize the grain size (129, 134, 135). Furthermore, 

cryomilling has been used in food processing to enhance the digestion 

properties as a result of particles’ size reduction (136). Cryomilling has 

successfully been reported to produce an amorphous telmisartan (137), 

which is used in the management of hypertension and it is classified as one 

of the poorly water-soluble compounds. Cryomilling is considered to be an 

efficient technique to deal with heat sensitive drugs, such as griseofulvin 

(138), because the milling process is performed under low temperature 

which potentially will prevent excessive heat generation during the grinding 

process therefore protecting the chemical structure and preventing any 

chemical decomposition. However, decomposition of furosemide when co-

cryomilled with other materials was observed. Therefore, the process of 

selection of the appropriate method of amorphization and excipients is 

significant to avoid such a problem (123). Along with other parameter 

which would affect the end product of the cryomilling process milling time 

was reported to play an important role in improving the dissolution rate of 

indomethacin (25). 

 

Cryomilling is particularly attractive for pharmaceutical processing for class 

II DCS dugs because it has the potential to improve dissolution rate due to 

decreasing the particle size as per Noyes–Whitney equation (Section 1.4 

Equation 2), and also through potentially transforming drugs into 

amorphous form to improve their apparent solubility. Cryomilling has not 

been used in pharmaceutical industry to date and there is a gap in 

knowledge about making materials amorphous in an industrial setting.  It 

can be seen from literature that cryomiling can be a promising technique 

to be used in order to improve dissolution rate and thus bioavailability of 
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poorly water soluble drugs. Therefore, the current work aims to approach 

the real world pharmaceutical formulations by milling a multi-component 

systems drug-drug and drug-excipients rather than cryomilling the drugs 

by themselves. 

 

1.9. Aims and objectives 

 
 

 

Aim:  

 

To explore the potential of multi-component formulations via cryomilling 

as a mean to improve the physical properties of poorly water soluble 

drugs. 

  

Objectives: 

 

 Chapter 2:  To study the effect of cryomilling on the physical 

behaviour of chemically near identical model compounds when 

treated individually and in pair mixtures. A stability study will then 

be performed to address the recrystallization behaviour of all 

mixtures. 

 

 Chapter 3: More realistic medicinal substances will be used to study 

the potential of crystal to amorphous transformation of cryomilled 

and room temperature milled materials.  

 

 

 Chapter 4: To address the ability of amorphous transformation of 

cryomilled pair mixtures of drugs and excipients by mimicking the 

real mixture of such materials in pharmaceutical formulations. 
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Chapter 2 
 
The effect of cryomilling on single and multi-component isomers 

model systems 

 

2.1. Introduction 

 

Unfortunately, in many cases, formulation strategies for amorphous drugs 

are not further developed due to thermodynamic metastability of the 

amorphous system, which may easily undergo chemical decomposition as 

well as crystallize during storage (10). However, it is worth noting that 

amorphous active pharmaceutical ingredients often have greater ability to 

form tablets with respect to their crystalline counterparts (8). Moreover, 

differences in the properties of an amorphous material as a function of the 

preparation method should be expected (5, 87). It has been reported that 

the difference in the physical stability between simvastatin prepared by 

cryomilling and quench cooling, with the quench-cooled samples having 

higher stability (88). In the analysis of griseofulvin (85), and indomethacin 

(47) prepared by different techniques, differences in the thermal, structural 

and physical characteristics were observed. There was a suggestion that 

the molecular mobility may differ in the same drug according to the 

preparation method. This molecular mobility plays a significant role in the 

recrystallization process (139). 

 

Milling is one of the most common mechanical processes which has been 

used regularly in the pharmaceutical industry in order to bring powders 

within the desired particle size (87, 93, 94, 100). The mechanical stress 

exerted during the milling process could play a significant role in the 

appearance of other several changes, such as particle fracture, polymorphic 

transformation and amorphization that have been reported for many 

pharmaceutical products, like gabapentin, famotidine, ranitidine 
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hydrochloride and fananserine (140). In contrast to conventional 

continuous milling (7), cryomilling seeks to operate at high energy at very 

low temperatures using cryogenic media such as liquid nitrogen (Cryogenic 

grinding).  

 

Cryomilling represents an effective process of reducing the risk of chemical 

degradation as a result of thermal stress that occurs in other amorphisation 

strategies. Cryomilling has the potential of producing a table amorphous 

material if the molecular mobility is kept as low as possible consequently 

reducing the recrystallization ability of the cryomilled sample. 

 

Before cryomilling can be evaluated as a potential formulation strategy for 

different active pharmaceutical ingredients and excipients, it is sensible to 

first study the properties and crystal transformation of different chemical 

models which are well known as crystalline isomers (that means have the 

same molecular mass and similar functional groups). In the present chapter 

phthalic, isophthalic and terephthalic acids were subjected to cryomilling 

and then characterised using DSC to detect their thermodynamic 

properties. XRPD was used to identify the crystalline structure of the three 

materials, detect the difference in XRD pattern between milled and unmilled 

sample, and calculate the particle size using the Scherrer equation with the 

use of silicon dioxide as a standard specimen in order to obtain the 

instrumental influence on XRPD peaks broadening. SEM was used to 

address the particle size reduction during cryomilling and finally FTIR to 

identify whether there is any evidence of chemical degradation. 
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2.2. Materials and Methods 

 

2.2.1. Materials 

 
 

The materials which were chosen in this current study are crystalline 

organic compounds classified as aromatic dicarboxylic acid with a chemical 

formula C6H4(CO2H)2. They are isomers to each other with a molecular 

mass below 500 g/mol (around 166.14 g/mol), containing a benzene ring 

and a carbonyl group similar to APIs chosen to be worked with in the next 

chapters. Their melting points are considered to be on the higher regions 

which are going to be discussed later.   

Sometimes the term "phthalic acids" is used to refer to this family of 

isomers, but in the singular, "phthalic acid", refers exclusively to the ortho- 

isomer. 

 

O OH
O

OH

                  

O OH

O

OH                    

O OH

OOH  

                                   

 

            

                                       

 

 

a. Phthalic acid 

o-Phthalic 
acid 

b.   Isophthalic 

acid 
m-phthalic acid 

c.   Terephthalic 
acid 

p-phthalic acid 
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a. Phthalic acid: Phthalic acid (A14450, batch no. - 10178989, +99%) 

was purchased from Alfa Aesar. In order for its purity to be detected, 

a DSC triple run was conducted with a heating rate of 10°C/minute. 

The melting point onset was measured using TA analysis software 

which as at 207.4 °C as mentioned on the manufacturer specification 

sheet.  

b. Isophthalic acid: Isophthalic acid (A14445, batch no. - B25X004, 

+99%) was purchased from Alfa Aesar. The thermal properties of the 

as received material was characterised using DSC at 10°C/minute to 

measure its melting point which appeared as a sharp single 

endotherm at 344.5.0°C confirming with the its physical properties 

information on the manufacturer specification sheet.  

c. Terephthalic acid: Terephthalic acid (A12527, batch no.-10180244, 

+98%) was purchased from Alfa Aesar. The as received sample was 

used to detect terephthalic acid melting point, which onset was not 

been detected using the DSC at heating at a rate of 10/minute. 

 

d. Potassium carbonate: In order to prepare a 43% relative humidity 

atmosphere for the cryomilled samples to be kept in throughout the 

stability study, potassium carbonate (NFPA 704) was purchased from 

Minerals-Water Ltd. 
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2.2.2. Preparation Methods 

 

2.2.2.1. Preparation of the cryomilled materials 

 
 

 

 Phthalic acid (1 g), isophthalic acid (1 g) and terephthalic acid (1 g) 

were cryomilled individually for a total of time of 60 minutes.  

 Physical pair mixtures of phthalic and isophthalic acid, isophthalic and 

terephthalic, phthalic with terephthalic acid were prepared by 

cryomilling each of the above material alone for 60 minutes followed 

by mixing similar proportion of 1:1 triturated by using mortar and 

pestle. 

 The cryomilled together mixtures were prepared by weighing 500 mg 

of each individual material (which is considered to be a 1:1 molar 

ratio) as the molecular masses are the same, the mixture was then 

cryomilled for 60 minutes. 

 

2.2.2.2. Cryomilling 

 

 
Cryomilling the materials was achieved by using SamplePrep 6870 

Freezer/Mill (SPEX, Metuchen, NJ, United States). It is supplied with an 

electromagnetic coil which can shuttle the impactor back and forward inside 

the sample vial in order to be grinded against the end cap. The liquid 

nitrogen submerges the coil and vial to keep sample temperature as low as 

possible. The cryomilling time was 60 minutes for all samples. The 
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instrument was set to pre-cool for 5 minutes then milling cycles starts for 

2 minutes each at frequency of 15 cycles per second. Throughout the 

grinding process, there was a pause of 1 minute between cycles to prevent 

temperature rise. The cryomilled samples were then vacuum sealed inside 

a dry glove box in order to minimize moisture uptake, it is supplied with an 

argon cylinder to achieve minimum relative humidity. 

  

2.2.3. Characterization Methods 

 

i. DSC 

 

A Q2000 Differential Scanning Calorimeter (DSC) (TA Instruments, New 

Castle, DE, USA) was used for thermal analysis with a constant purge of 

nitrogen gas of 50ml per minute. Tzero (TA Instruments, New Castle, DE, 

USA) aluminium hermetic pans and lids were used to contain the samples 

with a sample size of 5 mg. These pans were sealed in an argon purged 

dry-box and tapped lightly to spread out the sample evenly within the pans. 

The instrument was calibrated for temperature and enthalpy using indium. 

The standard or conventional DSC mode was adopted to measure Tg, 

melting points, recrystallization and enthalpy. Measurements were run 

from -40°C to specific temperatures above each component’s melting 

temperature with specific heating rates except for terephthalic acid, the 

temperature was raised to around 380°C and no melting endotherm was 

detected. Analysis was carried out through the Universal Analysis Software 
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(TA Analysis) to estimate the enthalpy, onset and peak of thermal events 

such as the glass transition, melting and recrystallization. Experiment were 

carried out in triplicate (n=3). 

ii.  XRPD 

 

The XRPD was measured by using flat-plate diffractometer, the X’Pert 

PRO (PANalytical, Almelo, Netherlands). Reflection mode was set up using 

Cu Kα1 (λ = 1.54 Å) operating in Bragg-Brentano geometry. 0.0260 2 θ /° 

was used as a step size with a total collection time of 5 minutes. The 

voltage of the generator was set to 40 kV and the current to 40 mA. Brass 

was used as a holder for the samples. All the obtained data were analysed 

using the R statistical package. 

 

iii. FTIR  

The IR spectra of the samples were collected using Agilent/Cary630/FTIR, 

United States. Around 5-8 mg of the samples were applied to the Diamond 

ATR type II crystal plate, which is considered to have a strong resistance 

to chemical transformations. The signal reflection diamond has a 1 mm 

diameter sampling surface with 200 µm active area and provides 

approximately 2 µm depth of penetration for infrared energy at 1700 cm-1. 

The resultant peaks were analysed by Agilent MicroLab PC software. The 

spectral range was taken between 4000-500 cm-1.  
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iv. SEM   

SEM images were captured using JSM – 6060LV (JEOL Ltd., Tokyo, Japan) 

variable pressure tungsten filament electron microscope. The samples were 

fixed on conductive carbon tape first and then sputter coated in gold. 

Images were collected at an accelerating potential of 10 kV. 

 

2.2.4. Stability Tests of Cryomilled mixtures 

 

Preparation of 43% Relative humidity 

 
 

In order to study the stability of the cryomilled samples, a saturated 

solution of potassium carbonate was prepared and then kept in a gas-tight 

environment to achieve the required humidity of 43% at room temperature 

(141). Although the results that will be presented in this study was for the 

freshly cryomilled samples and for the samples after subjected to storage 

for three weeks, the samples were analysed regularly by XRPD, FTIR and 

DSC after 1, 2 and three weeks of storage.  
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2.3. Results 

 

2.3.1. One phase Systems 

 

2.3.1.1. Phthalic acid 

 

 

DSC has the ability to address the thermal transitions of materials through 

which their properties can be characterised. The melting temperature, 

crystallisation temperature, or glass transition temperature can be revealed 

in any thermogram of a material subjected to heat. 

 

The DSC thermogram for unmilled phthalic acid, immediately after 

cryomilling and after three weeks of storage at 43% relative humidity is 

shown in Figure 6. The melting onset value for phthalic acid as received 

was 207.4°C. After phthalic acid was cryomilled for 60 minutes, its 

thermogram displayed a Tg at 189.0°C which can be seen clearly in Figure 

7, this indicates the formation of an amorphous product. It is followed by a 

melting peak with an onset of 207.4°C, which can clearly be seen a visual 

inspection that is similar to the melting onset of phthalic acid before milling. 

After the cryomilled phthalic acid has been stored in a relative humidity of 

43% for a total period of three weeks, the DSC data shows no evidence of 

the presence of an amorphous material; only a melting peak was detected 

with an onset of 206.9°C. 
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Figure 6: DSC Thermogram of phthalic acid as received, immediately after cryomilling and after 3 

weeks. 
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Figure 7: Tg region for phthalic acid immediately after cryomilling for 60 minutes. 

 

 

Phthalic acid XRPD measurements are shown in Figure 8 for unmilled, 

cryomilled and for cryomilled sample after storage for three weeks. It is 

clear that the phthalic acid sample displays Bragg peaks, which differ 

slightly in width between the unmilled and cryomilled sample, which 

suggests some level of crystallinity was still existing. It was noted that the 

peaks for cryomilled phthalic acid are wider than those for the unmilled 

sample. The XRD patterns do not change markedly after three weeks. For 

example, the most intense expected peak for phthalic acid at (21.30°), 

which is detected in unmilled sample, is replaced by a broad peak in the 

cryomilled sample. After three weeks the same peak width started to 

decrease as shown in Table 5. Fityk software was used to measure the XRD 

peak intensity and width and then using the Scherrer equation to calculate 

the crystallite size at a constant wavelength of 1.54 Å. Brass measurements 
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were included since it was used as a sample holder, which explains the 

presence of a few background peaks. 

 

 
Figure 8: XRPD pattern of phthalic acid as received, immediately after cryomilling and after 3 

weeks 

 

Taken together, the data indicate that cryomilling of phthalic acid produces 

a direct effect on the crystallite size in which the Bragg peaks of phthalic 

acid sharpness is decreased. It should be noted that there is no clear 

indication of amorphous material (e.g. XRPD “halo”) in our XRD data. 

However, the presence of a significant amount of amorphous material is 

not excluded, since the DSC data of cryomilled phthalic acid show an 

indication of amorphous transformation upon cryomilling as presented in 

Figure 7. It therefore appears that cryomilling of phthalic acid leads to an 
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obvious reduction in its crystallinity and reduces the crystallite size by half 

to ~ 20 nm. Cryomilling does not exhibit an obvious effect on the crystal 

structure of the material. 

 

 

 Measured 

Peak Width 
(degrees) 

Measured 

Peak Position 
(degrees) 

Sherrer 

estimate of 
Crystallite Size 

(nm) 

Unmilled 
phthalic acid 

0.16 21.30 54 

Cryomilled 

phthalic acid at 
zero weeks 

0.42 21.25 20 

Cryomilled 

phthalic acid 
after three 

weeks 

0.23 21.22 38 

 

Table 5 : XRPD data of phthalic acid shows crystallite size reduction after 

cryomilling and recrystallization upon storage. 
 

 

 

SEM provides the most direct picture of nanoparticles, giving information 

about the size, shape and other general aspects. Particles with a size under 

100 nm may be difficult to observe, depending on the microscope and the 

set up. Figure 9 show SEM images of unmilled and cryomilled phthalic acid. 

It is immediately apparent that cryomilling has a direct effect on particle 

size of phthalic acid, with an average particle dimension of approximately 

120 nm for the cryomilled sample.  Taken together, the observed SEM 

particle dimension is higher than the corresponding crystallite size which is 

estimated by sherrer equation of 20.16 nm. This discrepancy may be due 
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to the presence of aggregates in SEM grain consisting of several crystallites 

and/or poor crystallinity (78). 

 

 

 
 

 

 
Moreover, the AT-FTIR results shown in Figure 10, the C=O peak after 

cryomilling of phthalic acid are found at relatively high wave numbers, 

1666.29 cm-1 and 1666.97 cm-1 for freshly cryomilled phthalic acid and 

after keeping the cryomilled sample for 3 weeks respectively, compared to 

the unmilled sample which was detected at 1661.11 cm-1.  

 

In general this region for the carbonyl peak suggests a weakening of the 

hydrogen bond in the milled material since hydrogen bond formation 

reduces the carbonyl peak position (8, 9).   

  

The carbon-oxygen single bond also has an absorption in the fingerprint 

region, varying between 1000 and 1300 cm-1; it appeared at 1261.61 cm-1 

Figure 9: SEM scan at 10 kV of A. unmilled phthalic acid B. cryomilled phthalic acid for total 
period of 60 minutes A 
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for the unmilled phthalic acid, there was a slight shift upwards by 5 cm-1 

upon cryomilling. On the other hand, there was a significant change in the 

peak intensity; the peak sharpness was increased upon milling    

 

 
Figure 10: The FTIR spectra of phthalic acid before milling, freshly cryomillied phthalic acid and 

after storage for three weeks at 43% relative humidity. 

 

 
 

 

 
 

Phthalic acid cryomilled for 60 mins at zero weeks 
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2.3.1.2. Isophthalic acid 

 
 

The DSC data for isophthalic acid as received, immediately after cryomilling 

for 60 minutes and after three weeks of storage are shown in Figure 11. In 

the the thermogram for unmilled isophthalic acid, a melt was seen with an 

onset at 344.1°C. After cryomilling there was a recrystallization exotherm 

detected with a peak maximum at 120.7°C show in Figure 12, confirming 

the presence of an amorphous material, followed by a melt with an onset 

of 344.2°C. On the other hand, the results obtained after the cryomilled 

sample was stored for three weeks, isophthalic DSC data show only a melt 

with an onset of 344.6°C. 
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Figure 11: DSC thermogram for as received isophthalic acid, immediately after milling and after 
storage for three weeks at 43% relative humidity. 
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Figure 12: A recrystallization exotherm in isophthalic acid immediately after cryomilling. 
 

 

Isophthalic acid XRPD measurements are presented in Figure 13 of 

unmilled, cryomilled and for cryomilled sample after been stored for three 

weeks.  It shows a marked difference in peak appearance between the as 

received and the cryomilled isophthalic acid sample, the Bragg peaks of the 

cryomilled sample appear broader and slightly shifted to a lower angle 

compared with the unmilled isophthalic acid which exhibit somewhat sharp 

peaks. The two most intense expected peaks for isophthalic acid at (15.05° 

to 16.04°), which are detected in the unmilled sample, are replaced by a 

broad single peak in the cryomilled sample. After three weeks the same 

peaks are separated back into two individual relatively sharp peaks.  

Taken together, the data indicate that crystallite size of isophthalic acid is 

strongly affected by cryomilling. The Bragg peaks of cryomilled isophthalic 
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acid are broad, which indicates particle size reduction. The DSC data of 

cryomilled isophthalic acid show a sign of amorphous transformation upon 

cryomilling as presented in Figure 12. It therefore appears that cryomilling 

of isophthalic acid leads to an obvious reduction in its crystallinity and the 

crystallite size from 60 nm to 6 nm as shown in Table 6. However, 

cryomilling of isophthalic acid does not exhibit an effect on the crystal 

structure of the material since the produced XRPD trace show no marked 

difference in peak position when comparing the unmilled with the 

cryomilled samples. 
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Figure 13: XRPD pattern of unmilled isophthalic acid, immediately after cryomilling and after 
three weeks of storage at 43% relative humidity 

 

 Measured 

Peak Width 

(degrees) 

Measured 

Peak Position 

(degrees) 

Sherrer 

Estimate of 

Crystallite Size 
(nm) 

Unmilled 
isophthalic acid 

0.14 16.04 60 

Cryomilled 

isophthalic acid 
at zero weeks 

1.45 16.06 6 

Cryomilled 

isophthalic acid 
after three 

weeks 

0.21 16.09 43 

 

Table 6 : XRPD data of isophthalic acid shows crystallite size reduction after 
cryomilling and recrystallization upon storage. 
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SEM images of unmilled and the cryomilled isophthalic acid are shown in 

Figure 14.  It is clearly noticed that cryomilling has had a marked effect on 

particle size. Unlike the unmilled isophthalic acid sample, the SEM image 

containing the cryomilled sample show aggregates which are formed as a 

result of particle size reduction. The average particle dimensions of 

approximately 101 nm for the cryomilled sample which is expected to be 

different that the results obtained using Sherrer estimation as referred 

earlier with phthalic acid.   

 

 

 

The FTIR results for isophthalic acid samples shown in Figure 15, indicate 

a slight change in the C=O stretching peak.  Unmilled isophthalic acid shows 

a very sharp peak around 1682 cm-1, after cryomilling there was a shift 

downwards by 10 cm-1 to 1672 cm-1 and remained on that position even 

after keeping the sample for three weeks. As a result the carbon-oxygen 

single bond has also experienced a shift to a lower region by 4 cm-1, it was 

detected before milling at 1268 cm-1 and upon milling and storage it was 

A 

Figure 14: SEM images of as received isophthalic acid and after cryomilling for 60 minutes 
with a magnification of x400. 
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seen at 1264 cm-1. There was no significant change when peak intensity is 

concerned. 

 

 

Figure 15: The FTIR spectra for unmilled isophthalic acid, immediately after cryomilling and after 
three weeks of storage at 43% relative humidity. 
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2.3.1.3. Terephthalic acid 

 
 

As shown in Figure 16, representing the DSC data for terephthalic acid, a 

recrystallization peak could be detected which indicate the partial trans-

formation from crystalline to amorphous caused by cryomilling for 60 

minutes. Terephthalic acid thermogram shows a recrystallization with a 

peak maximum at 137.9°C. Terephthalic acid seems to retain its 

amorphous properties even after storage for three weeks a recrystallization 

was detected with a peak maximum at 118.2°C.  

 

 

Figure 16: DSC thermogram of terephthalic acid before milling, immediately after milling and 

after storage for 1,2 and three weeks at 43% relative humidity. 
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The XRPD measurements shown in Figure 17 for unmilled, cryomilled and 

cryomilled sample which was stored for three weeks. There was a visual 

difference between the as received sample and after cryomilling in terms 

of peaks width. Unmilled terephthalic acid exhibits relatively sharp Bragg 

peaks which are transformed into broad peaks a result of cryomilling. These 

wide peaks seem to be stable after been measured at three weeks period. 

 

The data indicate that cryomilling had affected terephthalic acid 

crystallinity, and broad Bragg peaks remain broad with time. Table 7 shows 

the most intense expected peak for terephthalic acid at 17.37° and from 

which the Sherrer crystallite size was estimated. Unlike phthalic acid and 

isophthalic acid, Terephthalic crystallite size seems to remain relatively 

small even after been stored for 3 weeks. There has been a slight increase 

in the crystallite size during the storage period but at the same time it is 

considered to be very small when compared with terephthalic acid’s other 

isomers.  
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Figure 17: XRPD pattern of terephthalic acid before milling, immediately after milling and after 

three weeks of storage at 43% humidity. 

 

 

 

 

 Peak Width 
(degrees) 

Peak Position 
(degrees) 

Crystallite Size 
(nm) 

Unmilled 
terephthalic acid 

0.14 17.37 60 

Cryomilled 

terephthalic acid 
at zero weeks 

1.02 17.32 9 

Cryomilled 

terephthalic acid 
after three 

weeks 

0.61 17.30 14 

 

Table 7: XRPD data of terephthalic acid shows particle size reduction after 
cryomilling and upon storage.  
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SEM images of terephthalic acid before and after milling for 60 minutes are 

shown in Figure 18. As result of aggregates that seem to be formed in the 

SEM image for the cryomilled sample, it would be expected to negatively 

affect its flow properties. 

 

 

 

 

The FTIR results for terephthalic acid samples are shown in Figure 19, and 

indicate no significant change in the C=O stretching peak position in all 

terephthalic acid samples. They were detected at 1673 cm-1.The carbon-

oxygen single bond has experienced a shift to a lower region by only 1 cm-

1 from 1280 cm-1 to 1279 cm-1 for unmilled and cryomilled samples 

respectively. 

 

A 

Figure 18: SEM images of unmilled and cryomilled terephthalic acid with 
a magnification of x 400. 
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Figure 19: FTIR pattern of unmilled terephthalic acid, immediately after cryomilling and after 
storage for three weeks at 43% humidity. 
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2.3.2. Two Phase systems 
 

2.3.2.1. Phthalic and isophthalic acid 

 
 

DSC data of phthalic and isophthalic acid cryomilled together, cryomilled 

separately then physically mixed, immediately after milling and after 

storage for three weeks are shown in Figure 20. A recrystallisation at a 

59.1°C followed by a melt with an onset of 208.4°C is detected in the DSC 

thermogram which represents the phthalic and isophthalic acid cryomilled 

together mixture immediately after milling, while after the sample been 

stored for three weeks its DSC thermogram shows only a melting peak with 

an onset of 207.3°C. 

 

Moreover, the samples which were cryomilled separately at zero weeks 

exhibited a melting peak with an onset of 201.9°C, and after three weeks 

a melting endotherm with an onset of 200.4°C, which is considered to be 

lower than the onsets collected from the phthalic isophthalic acid mixture 

which was cryomilled separately. That obvious reduction in melting point 

might me a reason of particle size reduction, sample decomposition or 

colligative effect. 
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Figure 20: DSC thermogram of cryomilled separately phthalic isophthalic mixture at zero weeks, 
after three weeks, cryomilled together at zero weeks and after three weeks. 

 

 

The XRPD measurements are shown in Figure 21 for phthalic acid and 

isophthalic acid cryomilled separately and cryomilled together mixtures. It 

is immediately apparent that all samples exhibit Bragg peaks, albeit which 

vary somewhat in width between samples, which suggests some level of 

crystallinity is present in all materials. As noted earlier in section 2.3.1.2, 

the peaks for cryomilled isophthalic acid are broader than those for 

cryomilled phthalic acid. This is noted in the physical mixture samples of 

separately cryomilled phthalic acid and isophthalic acid, in which phthalic 

acid exhibits moderately sharp peaks compared to isophthalic.  

The phthalic and isophthalic acid cryomilled separate patterns show the 
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presence of somewhat sharp peaks corresponding to phthalic acid, and a 

significant change after three weeks, isophthalic immediately noted sharp 

peaks reappears back. However, for the phthalic acid and isophthalic acid 

cryomilled together samples, phthalic acid sharp peaks not shown. Instead, 

several broad peaks are seen, fewer in number than for the cryomilled 

separate samples. For example, the two most intense expected peaks for 

phthalic acid and isophthalic acid in the range between  (25° to 30°), which 

are observed in the cryomilled separate samples, are replaced by a single 

broad peak in the phthalic acid and isophthalic acid  

cryomilled together samples. The position of this peak corresponds with 

that of phthalic acid rather than isophthalic acid. After three weeks of the 

cryomilled together sample, the isophthalic acid peaks appear back albeit 

not as sharp as in the cryomilled separately mixture. 

Taken together, the data indicate that cryomilling phthalic acid and 

isophthalic acid together produces a synergistic effect in which the Bragg 

peaks of isophthalic acid are suppressed especially when characterized 

immediately after cryomilling. It can be noted note that while no clear 

indications of amorphous material are apparent in our XRPD data but when 

DSC data measures was concerned, which indicates an amorphous 

formation when phthalic acid and isophthalic acid were cryomilled together. 

It therefore appears that co-cryomilling phthalic acid and isophthalic acid 

leads to an obvious reduction in crystallinity for both reagents, as well as  

producing a new XRPD trace that cannot be described in terms of a linear  

combination of phthalic acid and isopthalic acid. A new material appears to 
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have been produced, albeit with very broad Bragg peaks. This new material 

could potentially a new polymorphic form of phthalic acid or with isophthalic 

becoming amorphous and dropping below detection limits, with time 

isophthalic acid appears to be detected back on the XRPD trace. As a result, 

co-cryomilling has produced a very significant effect on the crystal structure 

of phthalic acid and isophthalic acid mixture that cannot be achieved by 

separate cryomilling of the materials and that most intense peak in the 

XRPD is at a position which only tie in with pure phthalic acid since 

isophthalic acid peak was suppressed especially when co-cryomilled with 

phthalic acid. 
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Figure 21: XRPD pattern shows cryomilled phthalic, cryomilled isophthalic, cryomilled separately 

phthalic isophthalic mixture at zero weeks, after three weeks, cryomilled together at zero weeks 
and after three weeks. 

 

 Peak Width 

(degrees) 

Peak Position 

(degrees) 

Crystallite Size 

(nm) 
PI CM separately 

Zero weeks 
0.25 18.61 33 

PI CM separately 
after three weeks 

0.21 18.60 50 

PI CM together 

Zero weeks 
1.10 18.54 8 

PI CM together 

After three weeks 
0.50 18.55 17 

 

Table 8: XRPD data of phthalic acid and isophthalic acid CM separately and CM together pair 

mixtures, shows crystallite size reduction after cryomilling and upon storage.  
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2.3.2.2. Isophthalic and terephthalic acid 

 
 

The DSC results for the cryomilled isophthalic and terephthalic acid 

mixtures are shown in Figure 22. The separately cryomilled sample at zero 

weeks after milling shows a melting endotherm with an onset of 339.0°C, 

after a total period of 3 weeks a melting peak was detected with an onset 

of 340.0°C.  

The same results were collected when measuring the sample with the 

cryomilled together materials; the only difference is that upon storing the 

mixture a reduction in melting onset have been detected, it was measured 

at 334.1°C with an increase in peak sharpness. 

 

 

Figure 22: DSC thermogram of isopthalic terepthalic acid cryomilled separately mixture at zero 
weeks, after three weeks, cryomilled together at zero weeks and after three weeks. 
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XRPD measures presented in Figure 23 for isophthalic and terephthalic acid 

cryomilled separately and cryomilled together mixtures, seems to differ 

from the above shown DSC data. The XRPD pattern show clearly that all 

samples exhibit relatively broad Bragg peaks which vary in width in 

samples. It was noted earlier in sections 2.3.1.2 and 2.3.1.3 that both 

isophthalic acid and terephthalic acid produce broad peaks as a result of 

cryomilling. Unlike terephthalic acid, cryomilled isophthalic acid peaks after 

the sample been stored for three weeks was noted to produce somewhat 

sharp peaks. This is reflected in the physical mixture of separately 

cryomilled isophthalic and terephthalic acid in which after three weeks the 

XRPD pattern show sharp peaks which represent isophthalic acid. However, 

for the isophthalic acid and terephthalic acid cryomilled together samples, 

fewer number of broad peaks are seen, and after three weeks sharp peaks 

corresponding to isophthalic acid are not shown. Moreover, peak shift has 

been seen when these two materials are co-cryomilled together, see Table 

9. Taken all together, cryomilling of isophthalic and terephthalic acid 

together leads to the production of a synergistic effect and this effect 

remains stable with time, since the Bragg peaks of the isophthalic acid were 

not detected even after the sample was kept for three weeks. It appears 

that co-cryomilling of isophthalic acid and terephthalic acid would to a clear 

reduction in isophthalic acid crystallinity, as well as the major reduction in 

peak postion would indicate the formation of a new material. This material 

could either be isophthalic acid and terephthalic acid nano-sized co-crystal, 
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or a polymorphic form of either isophthalic acid or terephthalic acid is 

produced with the other phase transformed amorphous. As a result, co-

cryomilling of isophthalic acid and terephthalic acid has produced an effect 

on their crystal structure that cannot be accomplished by cryomilling the 

materials separately. 

  

 

 

Figure 23: XRPD pattern of cryomilled isophthalic acid and terephthalic acid pair mixtures milled 
separately at zero weeks, after three weeks, milled together at zero weeks and after three weeks. 
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 Peak Width 
(degrees) 

Peak Position 
(degrees) 

Crystallite Size 
(nm) 

IT CM 

separately Zero 
weeks 

1.25 27.75 7 

IT CM 

separately after 
three weeks 

0.34 27.95 25 

IT CM together 

Zero weeks 

2.95 27.01 3 

IT CM together 

After three 

weeks 

2.40 27.02 3.5 

 

Table 9: XRPD data of isophthalic acid and terephthalic acid CM separately and CM together pair 
mixtures, shows particle size reduction after cryomilling and upon starage.  

 

 

 

2.3.2.3. Phthalic and terephthalic acid 

 
 

DSC thermogram for phthalic and terephthalic acid cryomilled together, 

cryomilled separately then physically mixed, immediately after milling and 

after three weeks of storage at 43% relative humidity are shown in Figure 

24. Two melting peaks with onsets of 204.6°C and 287°C were detected in 

the DSC data belong to the physically mixed mixture that were collected 

immediately after milling. The same melts were found after three weeks of 

storage with onsets of 205.0°C and 289.5°C with no sign of any Tg or 

recrystallization peak which exclude the formation of an amorphous 

product. The results collected immediately after milling of phthalic and 
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terephthalic acid together show single melt with an onset of 202.5°C and 

after and two melting peaks at 201.6°C and 306.16°C. 

 

 

Figure 24: DSC thermogram of phthalic acid before milling, unmilled terephthalic acid, pthalic 
terepthalic acid cryomilled separately mixture at zero weeks, after three weeks, cryomilled 

together at zero weeks and after three weeks. 
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XRPD data shown in Figure 25 for physical mixure samples of cryomilled 

separately and cryomilled together isophthalic and terephthalic acid. It is 

immediately apparent that all samples exhibit Bragg peaks, albeit which 

vary somewhat in width between samples, which suggests some level of 

crystallinity is present in all materials. As noted earlier in Section 2.3.1.3, 

the peaks for cryomilled terephthalic acid are broader than those for 

cryomilled phthalic acid. This is mirrored in the physical mixture samples 

of separately cryomilled terephthalic acid and phthalic acid, in which 

phthaic acid exhibits relatively sharp peaks compared to terephthalic acid.  

The terephthalic acid and phthalic acid separate patterns do not change 

markedly after three weeks and can at both time points be approximated 

by a simple linear combination of the cryomilled separate terephthalic acid 

and phthalic acid traces. However for the cryomilled together samples, 

sharp peaks corresponding to phthalic acid are not shown. Instead, several 

broad peaks are seen, fewer in number than for the cryomilled separate 

samples. For example, the two most intense expected peaks for phthalic 

acid and terephthalic acid (25-30°), which are observed in the cryomilled 

separate samples, are replaced by a single broad peak in the terephthalic 

acid and phthalic acid cryomilled together samples. The position of this 

peak corresponds most closely to phthalic rather than terephthalic acid. 

 

Taken together, the data indicate that cryomilling phthalic acid and 

terephthalic acid together produces a synergistic effect in which the Bragg 
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peaks of terephthalic are suppressed. While there were no clear indications 

of amorphous material (e.g. XRPD “halo”) are apparent in our data, the 

limit of detection is likely to be quite high (20%) and that the presence of 

a significant amount of amorphous material is not ruled out. It appears that 

co-cryomilling terephthalic acid and phthalic acid leads to an obvious 

reduction in crystallinity for phthalic acid, as well as producing a new XRPD 

trace that cannot be described in terms of a linear combination of phthalic 

acid and terephthalic, acid see Table 10. A new material appears to have 

been produced, albeit with very broad Bragg peaks as noted earlier in 

Section 2.3.2.2 with isophthalic acid and terephthalic acid cryomilled 

together mixture. This new material could potentially either be two-

component single phase (i.e. phthalic acid and terephthalic acid nano-sized 

co-crystal), or a new polymorphic form of either phthalic acid or terepthalic 

acid with the other phase becoming amorphous and dropping below 

detection limits. In either case, co-cryomilling has produced a very 

significant effect on the crystal structure of the phthalic acid and 

terephthalic acid mixture that cannot be achieved by separate cryomilling 

of the reagents. 

 

The SEM images in Figure 26 show the cryomilled separately and the 

cryomilled together samples of the three mixtures. The formation 

aggregates is noted in all samples, it would be extremely difficult to exactly 

measure the particle size produced in each mixture. 
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Figure 25: Figure 20: XRPD pattern of cryomilled phthalic acid and terephthalic pair mixture 
milled separately at zero weeks, after three weeks, milled together at zero weeks and after three 

weeks 

 
 

 

 

 

 

 

 
 
 

 

A  

PT CM separately 60 mins (zero 
weeks) 
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 Measured 

Peak Width 
(degrees) 

Measured 

Peak Position 
(degrees) 

Shurrer 

Estimate of 
Crystallite Size 

(nm) 

PT CM 
separately Zero 

weeks 

0.98 27.69 9 

PT CM 
separately after 

three weeks 

0.81 27.68 10.5 

PT CM together 
Zero weeks 

1.26 26.89 7 

PT CM together 

After three 
weeks 

0.98 26.94 9 

   

Table 10: XRPD data of phthalic acid and terephthalic acid CM separately and CM together pair 
mixtures, shows crystallite size reduction after cryomilling and upon starage.  
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Figure 26: SEM images of different pair mixtures of phthaic acid, 
isophthalic acid and terephthalic acid. 
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P/I CM Together 
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2.4. Summary table 
 

 

 

One component 
system 

 

Phthalic acid 

 

Isophthalic 
acid 

 

Terephthalic 
acid 

 
 

Chemical 
structure 

O OH
O

OH

 
   

O OH

O

OH      

O OH

OOH  
DSC 
 

 

Unmilled: 
 

Tm 207 °C 
 

 

 
CM Zero 

weeks: 
  

Tg 189 °C 
Tm 207 °C 

 
CM Three 

weeks: 
 

Tm 207 °C 
 

 

Unmilled: 
 

Tm 344 °C 
 

 

 
CM Zero 

weeks: 
 

Tc 120 °C 
Tm 344 °C 

 
CM Three 

weeks: 
 

Tm 344 °C 
 

Unmilled: 
 

No melting 
endotherm was 

observed 

 
CM Zero 

weeks: 
 

Tc 137 °C 
 

CM Three 
weeks: 

 
Tc  118 °C 

 

FTIR Unmilled: 
 

C=O 1661 cm-1 

C-O  1261 cm-1 

 
CM Zero 

weeks: 
 

C=0 1666 cm-1  
C-O  1265 cm-1 

 
 

 

 

Unmilled: 
 

C=O 1681 cm-1 

C-O  1269 cm-1 

 
CM Zero 

weeks: 
  

C=O 1672 cm-1 

C-O  1264 cm-1 

 
 

 

 

Unmilled: 
 

C=O 1674 cm-1 

C-O  1280 cm-1 

 
CM Zero 

weeks: 
  

C=O 1672 cm-1 

C-O  1277 cm-1 
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CM Three 

weeks: 
 

C=O 1666 cm-1 
C-O  1265 cm-1 

 
*Blue shift 

 

CM Three 

weeks: 
 

C=O 1672 cm-1 

C-O  1264 cm-1 

 
*Red shift 

CM Three 

weeks: 
 

C=O 1672 cm-1 

C-O  1277 cm-1 

 
***Red shift 

XRPD Unmilled: 
 

Sharp peaks,  
peak width 0.1° 

at 21°( peak 
position) 

 
 

 
 

CM Zero 
weeks: 

 

Relatively sharp,  
peak width 0.4° 

at 21° ( peak 
position) 

 
 

 
 

CM Three 
weeks: 

 
Peaks sharpness 

increase, peak 
width 0.2° at 

21°  

( peak position) 
 

 

Unmilled: 
 

Sharp peaks, 
peak width is 

0.1° at 16° ( 
peak position) 

 
 

 
 

CM Zero 
weeks: 

 

Few number of 
peaks, relatively 

smooth, peak 
width 1° at 16° 

( peak position) 
 

 
CM Three 

weeks: 
 

Peaks sharpness 
increase, peak 

width 0.2° at 
21°  

( peak position) 

 
 

Unmilled: 
 

Sharp peaks, 
peak width is 

0.1°  at 17° ( 
peak position) 

 
 

 
 

CM Zero 
weeks: 

 

Few number of 
peaks, relatively 

smooth 
measured, peak 

width 1° at 17° 
( peak position) 

 
CM Three 

weeks: 
 

Smooth peaks 
remain showing 

on the XRP 
pattern, peak 

width 0.6° at 

17° ( peak 
position) 

 
  

 
 

SEM estimate 
 

 
 

 

Unmilled: 
 

~1000 nm 
 

 
 

 

Unmilled: 
 

~600 nm 
 

 
 

 

Unmilled: 
 

~500 nm 
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CM: 

 
~100 nm 

 

CM: 

 
~100 nm 

 

CM: 

 
~80 nm 

 

Sherrer 

estimate of 
crystallite size 

Unmilled: 

 
~45 nm 

 

CM Zero 
Weeks: 

 
~20 nm 

 
CM Three 

Weeks: 
 

~37 nm 
 

Unmilled: 

 
~60 nm 

 

CM Zero 
Weeks: 

 
~ 5 nm 

 
CM Three 

Weeks: 
 

~42 nm 
 

Unmilled: 

 
~60 nm 

 

CM Zero 
Weeks: 

 
~8 nm 

 
CM Three 

Weeks: 
 

~14 nm 
 

 

Two component 
system 

 

Phthalic acid 
and 

Isophthalic 
acid 

 

Isophthalic 
acid and 

Terephthalic 
acid 

 

Terephthalic 
acid and 

Phthalic acid 

 
 

DSC 

 
 

 
CM Separately: 

 

Zero weeks: 
Tm 201 °C 

Three weeks: 
Tm 200 °C 

 
 

 
CM Together: 

  
 Zero weeks: 

 Tc 59 °C 
 Tm 208 °C 

 Three weeks: 
 Tm 207 °C 
 
 
 
 

 
 

 
CM Separately: 

 

Zero weeks: 
 Tm 339 °C 

 Three weeks: 
 Tm 340 °C 

 
 

 
CM Together: 

 
 Zero weeks: 

 Tm 339 °C 
  

Three weeks: 
 Tm 334 °C 

 
 

 
CM Separately: 

 

Zero weeks: 
 Tm 204 °C and  

 287 °C 
 Three weeks: 

 Tm 205 °C and  
 289 °C 

  
CM Together: 

 
Zero weeks: 

 Tm 202 °C 
 

 Three weeks: 
 Tm 201 °C 
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XRPD CM Separately: 

 
 Zero weeks: 

Relatively sharp 
peaks represent 

both P and I, 
peak width 0.2° 

at 18°  
( peak position) 

  
 Three weeks: 

Peaks sharpness 

increase 
 

 
 

CM Together: 
 

 Zero weeks: 
Relatively broad 

peaks, peak 
width is 1° at 

18°  
( peak position) 

  
 

 Three weeks: 

peak width  0.5° 
at 18° ( peak 

position) 
 

 
 

 
 

* synergistic 
effect is 

produced with 
the CM together 

samples 

CM Separately: 

 
 Zero weeks: 

Relatively broad 
peaks represent 

both I and T, 
peak width 1° 

degrees at 27° ( 
peak position) 

 
 Three weeks: 

Peaks are 

intensely 
increased in 

sharpness 
  

CM Together: 
 

 Zero weeks: 
New and broad 

peaks are 
produced, peak 

width is 2° at 
27° 

( peak position) 
 

 Three weeks: 

Peaks remain 
smooth with the 

same measured 
width at the 

same position 
 

 
 

* synergistic 
effect is 

produced with 
the CM together 

samples 

CM Separately: 

 
 Zero weeks: 

Relatively sharp 
peaks represent 

both T and P, 
peak width is 

0.9° at 27° ( 
peak position) 

  
Three weeks: 

Peaks sharpness 

increase 
 

 
 

CM Together: 
 

 Zero weeks: 
 New and broad 

peaks are 
produced, peak 

width is 1° at 
26°  

( peak position) 
  

Three weeks: 

Peaks remain 
smooth with the 

same measured 
width at the 

same position 
 

 
 

* synergistic 
effect is 

produced with 
the CM together 

samples 

SEM Particle 
size 

CM Separately: 
 

~160 nm 
 

CM Together: 
 

~100 nm 

CM Separately: 
 

~140 nm 
 

CM Together: 
 

~110 nm 

CM Separately: 
 

~230 nm 
 

CM Together: 
 

~100 nm 
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Sherrer 

estimate of 
crystallite size 

 
(XRPD) 

CM Separately: 

  
 Zero weeks: 

~ 33 nm 
 Three weeks: 

~50 nm 
 

 
CM Together: 

 
  Zero weeks: 

~7 nm 

  Three weeks: 
~16 nm 

CM Separately: 

 
 Zero weeks: 

 ~6 nm 
 Three weeks: 

 ~25 nm 
  

 
CM Together: 

 
 Zero weeks: 

 ~3 nm 

 Three weeks: 
 ~3 nm 

CM Separately: 

 
 Zero weeks: 

 ~8 nm 
 Three weeks: 

 ~10 nm 
 

 
CM Together: 

 
 Zero weeks: 

 ~6 nm 

 Three weeks: 
 ~8 nm 

 

Table 11: Summary table of research work in Chapter 2. 
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2.5. Summary discussion 
 
 

 
The outcomes obtained from this Chapter have not been reported to date 

for molecular materials subjected to cryomilling, typically the expected end 

result (in addition to particle size reduction) would be: amorphisation; 

polymorphic transformation or no change observed (142-144), with the key 

parameter being thought by other researchers to be temperature of milling 

with respect to Tg, that would be discussed at a later stage (Chapter 3, 

section 3.5). However the samples introduced in this Chapter seemed to 

form nanocrystals and possibly solid solutions or cocrystals, and that this 

is not typical for such processing. Reasons for such behaviour are not 

obvious at this stage. When comparing cryomilling to other processing 

methods, for example, noting that techniques like freeze drying would have 

to use an alkali as solvent so would produce salts (145), hot-melt extrusion 

has not been reported but would presumably be difficult due to the high 

melting points of the materials used, and that solvent-based processing 

would be difficult due to low solubilities (146). Making these samples 

amorphous using another technique would be difficult due to high melting 

points if melt-processing was used (also risk of chemical degradation), and 

again the use of solvent would be complicated due to low solubility. In 

conclusion this Chapter has outlined how cryomilling can be used to make 

new solid forms (nanocrystals and/or amorphous) of these otherwise 

intractable materials. 
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2.6. Conclusion 
 
 

 
DSC, XRPD, FTIR and SEM have been used to study the formation of 

amorphous material by cryomilling in phthalic, isophthalic and tere-phthalic 

acid individual and pair mixtures. As far as single component system results 

were concerned, it has been found that all the subjected samples have 

experienced crystalline size reduction and amorphous transformation when 

in  gcharacterized immediately after milling due to the appearance of a T

case of phthalic acid and a recrystallization exotherm in both cases of 

isophthalic acid and terepthalic acid. According to the DSC measures, after 

three weeks recrystallization peaks was observed in cryomilled terephthalic 

acid samples. With regards to two- component systems results, DSC results 

were not conclusive. Unlike DSC, XRPD measures show a significant 

difference between the samples which were cryomilled separately and the 

ones cryomilled together after three weeks of storage, and the mixtures 

which where cryomilled together seem to recrystallize at a slower rate, 

especially the ones containing terephthalic acid. Moreover, the results 

obtained from the SEM images show that cryomilled materials would have 

very poor flow properties due to aggregates formed the small milled 

particles.                                                                                               
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Chapter 3 
 
 

3.1. Introduction 

 

In Chapter 2, the effect of cryomilling was studied on single and multiple 

component systems of three materials which are considered to be 

structurally similar and a new kind of nano-cocrystal material was noticed 

to be formed as a result of co-cryomilling of these materials together, 

therefore, in the current chapter, a more realistic types of drugs were 

selected to be the model compounds in order to investigate the effect of 

cryomilling on these materials individually and in the form of pair 

mixtures. Many brands of over-the-counter combination painkillers 

contain these three active ingredients, aspirin, paracetamol and caffeine. 

Anadin Extra tablets and soluble tablets, which are used for mild to 

moderate pain, for instance headache, migraine, toothache, sore throat, 

muscular and rheumatic pain, sprains and strains, nerve pain 

(neuralgia), sciatica, backache (lumbago) and period pain.  

 

Solid pharmaceuticals represent heterogeneous systems typically 

consisting of one or more active pharmaceutical ingredients (APIs) and a 

number of excipients (147, 148). The knowledge of the different drugs 

behaviour towards temperature is considered essential for the manufacture 

of various forms of medication, such as tablets and capsules (72). Tablets 

are well known to offer numerous advantages over other dosage forms, 

including increased patient compliance, ease of packaging, shipping, 

storage, high content uniformity, and reproducible dissolution kinetics (87, 

148). However, the three major factors leading to tablets being recalled by 
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manufacturers are failed content uniformity, dissolution and chemical 

stability. 

 

     

As a result of combining more than one API in the dosage form,  interactions 

may take place producing, for example, low-temperature eutectic melts 

which can make certain stages in tablet production more complicated (148, 

149), if it was produced accidentally, or stable chemical compounds 

(cocrystals) (72, 147) could be generated that would have an effect on the 

bioavailability of some drugs (150, 151) . Both cases are critical for drug 

development. 

 

It is possible that an obvious reduction in the melting points of APIs arose 

from presence of impurities forming a mixture of two components that are 

completely miscible in the liquid state but immiscible in the solid state (68) 

called an eutectic mixture (see Chapter 1, Section 1.3.4.1). Differential 

scanning calorimetry (DSC) is one of the appropriate techniques for the 

determination of equilibrium phase diagrams of binary systems comprising 

low-temperature melting organic substances (69, 73, 74).  

A lot of attention has been paid to the thermal stability and physicochemical 

properties of paracetamol (acetaminophen) (152-161), as it is considered 

one of the most frequently used antipyretic and analgesic drugs, as well as 

the binary systems comprising paracetamol using techniques other than 

cryomilling (148, 149, 159, 162, 163), mostly the solvent evaporation 

method (68, 147). Paracetamol was verified to be resistant to complete 

mechanical disordering and remained fully crystalline, even after 5 hours 

of cryomilling (4). Milling in general has received less attention in the 

literature compared to other amorphisation strategies. Therefore, the 

present work aims to study three binary systems, namely paracetamol-

aspirin (PCM-ASP), aspirin-caffeine (ASP-CAFF) and paracetamol-caffeine 
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(PCM-CAFF) using DSC, FTIR and hot stage microscope on cryomilled and 

ball milled samples. 

 
 

3.2. Materials and Methods 

 

3.2.1. Materials 

 
 

 

                                                                  
 

                       
 

 
 

 
 

Figure 27: Model compounds with range of physical properties (Table 12), used to study the 
effect of cryomilling on single component and binary mixtures. 

 

 

a. Paracetamol 

b. Aspirin 

   c. Caffeine 
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Material Molecular 

Mass 
(g/mol) 

Water 

Solubility 
(mg/mL) 

(20◦C) 

Melting Point 

(◦C) 

Tg (◦C) 

Paracetamol 

(form I) 

151.17 ~14 (164) 169 (156) 25 (165) 

Aspirin 180.16 ~3 (166, 
167) 

141 (4, 168) -29°C 
(4) 

Caffeine 194.19 ~16 (169) 235 (170) - 

 

Table 12: Key physical properties of model compounds. 

 
 

 
 

i. Paracetamol  

Paracetamol (A7085, batch no.-20k0168,>99%), molecular structure 

shown in Figure 27, was purchase from Sigma. The purity of it is confirmed 

by DSC and XRPD. The melting onset was ~169 °C by DSC, which 

corresponds to literature (156), (heating rate of 10 °C / minute) and the 

XRPD was very similar to pattern from the crystal structure from the 

Cambridge Structural database  and no extra peaks were detected (171).  

 

ii. Aspirin 

Acetylsalicylic acid (A5376, batch no.- 50782,>99%), molecular structure 

shown in Figure 27, was purchase from Sigma. The purity of this material 

was confirmed by XRPD and DSC. The melting point was by DSC is ~141 

°C, in agreement with literature (4, 167), (using heating rate of 10 °C / 

minute) and the XRPD pattern was very similar the crystal structure from 

Cambridge Structure data base no extra peaks were detected (171).  

 

 



Rehab Elfakhri 

 

 

83 
  

iii. Caffeine 

Caffeine (27600, batch no.- 1378801,>99%), molecular structure shown 

in Figure 27, was purchase from Fluka Analytical. The purity of this material 

was confirmed by XRPD and DSC. The melting point was by DSC is ~235 

°C as reported in literature (170), (using heating rate of 10 °C / minute) 

and the XRPD pattern was very similar the crystal structure from Cambridge 

Structure data base no extra peaks were detected (171).  

 

 

 
 

3.2.2. Methods 

 

3.2.2.1. Preparation Methods 

 
 

i. Cryomilling 

Cryomilling the materials was achieved by using SamplePrep 6870 

Freezer/Mill (SPEX, Metuchen, NJ, United States). 1 g was weighed for all 

the samples and placed in the vials. Cryomilling time was set to 60 minutes 

for all materials. Pre-cooling the instrument for 5 minutes then milling for 

2 minutes at frequency 15 cycles per second. Throughout the grinding 

process, there was a pause of 1 minute between cycles to prevent 

temperature rise. The cryomilled samples were then hermetically sealed 

inside a dry glove box in order to minimize moisture uptake, which was 

supplied with argon cylinder to achieve a relative humidity about ~7%. 
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ii. Room Temperature Milling (Ball Mill) 

A RETSCH Mixer Mill MM400 (Retsch GmbH, 42781 Haan, Rheinische 

Str.36, Germany), was used to mill the samples at room temperature. The 

grinding jars were filled with 200 mg of all the starting materials used, and 

sense the mixer mill is provided with two grinding stations, two samples 

were used at each run. 

 

 

3.2.2.2. Characterisation Methods 

 

i. DSC 

As in Chapter 2, Section 2.2.3, Pages 35-36. 

ii. XRPD 

As in Chapter 2, Section 2.2.3, Page 36. 

 

iii. FTIR 

As in Chapter 2, Section 2.2.3, Page 36. 

 

iv. HSM 

 

The thermoscopic behaviour of pharmaceutical samples under study was 

investigated using PriorLux Pol advanced polarised light microscope 

(PriorLux Pol, Prior Scientific, Fulbourn, Cambridge, UK). The samples were 

placed on a 360 degree rotational mechanical stage and focused through 

several focusing eyepieces of 10x magnification and 20 mm view field. 

PriorLux Pol is equipped with free objectives of either 4x, 10x, 20x, 40x and 

60x magnification. A halogen lamp was conducted with variable brightness 



Rehab Elfakhri 

 

 

85 
  

control to provide illumination to the subjected samples using 12 V and 30 

V. CCD camera was attached to the microscope for basic image capture, or 

for more advanced imaging mode for moving pictures. There is an image 

capture software build within Linksys32 package that could be invested into 

video generation using different pictures captured at desired time intervals. 

The PriorLux Pol is supported with a Linkam dsc600 heating-freezing stage, 

which is controlled by T95-Linksys temperature programmer and Linksys32 

software (Linkam Scientific Instruments Ltd., Tadworth, Surrey, UK). The 

latter is programmed to control the hot-stage temperature. 

 

v. Solution NMR 

 
Solution proton NMR was carried out using Avance 400 MHz (Bruker, 

Billerica, MA, United States). Samples were prepared by dissolving aspirin 

(15 mg) in DMSO.  
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3.3. Results 
 
 
 

3.3.1. Single Component Systems 
 

3.3.1.1. Paracetamol 
 

 

Paracetamol, also known as acetaminophen or APAP, belongs to a group of 

medicines known as analgesics. It is classified according to the BCS as class 

III (low permeability, high solubility). Many brands of over-the-counter 

combination painkillers contain paracetamol, as do many cold and flu 

remedies. DSC thermogram for unmilled paracetamol, room temperature 

milled and after cryomilling for 60 minutes is shown in Figure 28. Both of 

the milled paracetamol samples used were noticed to be totally as white as 

the as received sample. Paracetamol DSC thermogram showed only 

endothermic peak for all three samples, neither a Tg nor an exothermic 

peak were detected. The melting onset value for paracetamol as received 

(form I) was observed at 169 °C with an enthalpy of fusion of 194 J/g. As 

a result of room temperature milling, the melting onset was observed at 

168 °C with an enthalpy of fusion of 177 J/g. Unlike quench cooled 

paracetamol which has been reported to show a glass transition Tg at  

25.2 °C, a single exothermic transition at 64.9 °C and an endotherm at 

165.7 °C on heating rate of 10 °C/min (165), after cryomilling, DSC 

thermogram displays only a melting peak with an onset of 167 °C with an 

enthalpy of fusion of 184 J/g. 

 

 



Rehab Elfakhri 

 

 

87 
  

 

Figure 28: DSC thermogram of unmilled paracetamol, room temperature milled and cryomilled 
paracetamol for 60 minutes. Data have been offset by 7 Wg-1 for presentational purposes. 

   

 

Paracetamol XRPD measurements are shown in Figure 29 for unmilled and 

cryomilled paracetamol. It was clear that both paracetamol samples display 

Bragg peaks, which suggests some level of crystallinity in both samples. It 

was noted that the peaks for cryomilled paracetamol are wider than those 

for the unmilled sample. One of the intense expected peaks for paracetamol 

at (~15°), which is detected in unmilled sample, was replaced by a broad 

peak in the cryomilled. That peak was used to estimate the crystallite size 

of paracetamol before and after milling using the scherrer equation as 

shown in Table 13. 
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Figure 29: XRPD pattern of unmilled and cryomilled paracetamol. The Data have been scaled and 

offset for clarity. 

 
 

 

 

Measured Peak 

Position 

(degrees) 

Measured 

Peak Width 

(degrees) 

Sherrer estimate 

of Crystallite Size 

(nm) 

Unmilled 

Paracetamol 

15.52 0.13 80 

Cryomilled 

Paracetamol 

15.43 0.27 33 

 

Table 13: XRPD data of paracetamol shows crystallite size reduction after cryomilling. 
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3.3.1.2. Aspirin 

 

 

Aspirin, also known as acetylsalicylic acid (ASA), is a BCS class III (low 

permeability, high solubility) pharmaceutical substance and is used to treat 

pain, fever, and inflammation. Aspirin is also used long-term to help 

prevent heart attacks, strokes, and blood clots in people at high risk. Aspirin 

was reported to resist complete mechanical disordering and retain its 

crystalline properties even after 5 hours milling (4). Two different milling 

techniques were used to address any difference in the milled product 

produced by milling at room temperature and the other resulted from 

cryomiling. 

 

DSC thermograms for aspirin before and immediately after room 

temperature milling and cryomilling are shown in Figure 30. From visual 

inspection it can clearly be seen that there is a difference between the 

unmilled, cryomilled and the room temperature milled thermograms in 

terms of the melting onsets. Unmilled aspirin DSC thermogram show an 

endotherm with an onset of 141 ◦C and an enthalpy of fusion of 167 J/g, 

these results are in complete agreement with previous literature (4). After 

cryomilling of aspirin for 60 minutes, there was clearly no Tg observed in 

the DSC thermogram only a melting peak with an onset of 142 °C and 

enthalpy of fusion of 160 J/g. On the other hand, the room temperature 

milled shows a melting onset at 132 °C, which is a reduction in melting 

point by 11 °C and an enthalpy of fusion of 165 J/g. In general, depression 

in melting point could possibly be caused by particle size reduction or 

decomposition, in aspirin case it was only observed as a result of milling at 

room temperature and not on the cryomilled sample this suggests that 
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some kind of sample decomposition have took place and it was most 

probably resulted from the heat generated from milling process. 

 

Figure 30: DSC thermogram of umilled, room temperature milled and cryomilled aspirin for 60 
minutes. Data have been offset by 7 Wg-1 for presentational purposes. 

 

 

The reduced melting point of the milled aspirin at room temperature might 

have resulted from several reasons, of which chemical degradation was the 

most reasonable cause. Solid-state IR was employed to investigate the 

possibility of sample chemical degradation caused by milling at room 

temperature. The FTIR spectra of aspirin as received, room temperature 

milled and cryomilled for 60 minutes are shown in Figure 31. From the FTIR 

spectra of the analysed samples it can be noticed that milled samples 

spectra are rather similar to the unmilled aspirin spectrum. The 
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characteristic bands of the C=O vibration from the vinyl ester group in the 

1750-1730 cm-1 region, C=O group of the aromatic acid appears around 

1690 cm-1 (172), can both be observed in all aspirin spectra. Solution proton 

NMR was employed to further investigate the possibility of sample 

degradation as a result of milling at room temperature. As shown in Figure 

32 all spectra are identical and no sign of sample decomposition was 

detected. 

 

 

 

 
Figure 31: FTIR spectra of aspirin as received, room temperature milled and cryomilled for 60 

minutes. The data have been scaled and offset for clarity. 
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Figure 32:  Solution proton NMR carried out in DMSO of unmilled, RT milled and cryomilled 

aspirin. 

 
 

XRPD measurements are presented in Figure 33 of unmilled and cryomilled 

aspirin for 60 minutes. Multiple Bragg peaks were noticed in both traces 

which show different shapes and widths. A marked change in the relative 

peak intensities was noticed. The peaks of the cryomilled sample appear 

broader compared with the unmilled aspirin which exhibit somewhat sharp 

peaks. One of the most noticeable peaks was detected at (~15°) which was 

chosen to estimate the crystallite size of aspirin before and after milling 

using the Scherrer equation as shown in Table 14. 

 

Unmilled 

RT milled 

Cryomilled 
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Figure 33: XRPD pattern of unmilled and cryomilled aspirin for 60 minutes. The Data have been 
scaled and offset for clarity 

 

 

 

Measured 

Peak Position 
(degrees) 

Measured 

Peak Width 
(degrees) 

 

Sherrer 

estimate of 
Crystallite Size 

(nm) 

Unmilled  
Aspirin 

15.6 0.18 50 

Cryomilled  

Aspirin 

15.5 0.28 39 

 

Table 14: XRPD data of aspirin shows crystallite size reduction after cryomilling. 
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3.3.1.3. Caffeine 

 

 

Caffeine is a central nervous system (CNS) stimulant of the methylxanthine 

class (173). It is the world's most widely consumed psychoactive drug with 

stimulant properties. Caffeine is an important ingredient of coffee and tea, 

which is produced in large quantities as a by-product of the technical 

decaffeination of raw coffee beans. Caffeine is also used as an ingredient in 

a variety of pharmaceutical drug preparations. Many painkillers contain 

caffeine because caffeine increases their effectiveness. It is also added to 

many medications that cause drowsiness in order to counteract this side 

effect. Both the thermodynamics and the phase behaviour of anhydrous 

caffeine are well studied (174). Anhydrous caffeine is a well-known model 

API for polymorphism studies (175). Anhydrous caffeine is acknowledged 

to have two polymorphic forms and called, Form II which is considered to 

be stable at room temperature until ~145 °C. Form I is stable from ~145 

°C to its melting point ~ 236 °C (176). 

 

 

DSC thermograms for unmilled, room temperature milled and cryomilled 

caffeine for 60 minutes is shown in Figure 34. Caffeine DSC theromgram 

for form II referred to the unmilled caffeine showed two melting peaks, the 

first one with an onset of 147 °C, while the second endothermic peak which 

represents form I was detected at 235 °C with an enthalpy of fusion of 110 

J/g. After milling at room temperature, the first melting peak was shifted 

to a lower region with an onset of 124 °C and an enthalpy of fusion of 8 J/g 

and the second peak was found on relatively the same region as the 

unmilled sample, with an onset of 234 °C and an enthalpy of fusion of 109 

J/g. On the other hand, as a result of cryomilling only one melting 

endotherm was noticed with an onset of 235 °C and an enthalpy of fusion 

of 102 J/g. Taken together, the data indicate that cryomilling produce a 

direct effect on the crystalline lattice of caffeine which is known as one of 
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the phase induced transformations (PITs) (177). These transformations are 

mainly produced as a result of stress or a modification of temperature and 

pressure (178). 

 

 

Figure 34: DSC thermogram of umilled, room temprature milled and cryomilled caffeine for 

60 minutes. Data have been offset by 7 Wg-1 for presentational purposes 

 

 

Caffeine polymorphic transformation was visually confirmed through 

capturing hot stage microscope images while the temperature was rising. 

Needle like shaped crystals was found to be formed at 147 °C suggesting 

the formation of a new polymorphic form of caffeine as a result of 

temperature increase as shown in Figure 35. 
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Figure 35: Hot stage microscope images of unmilled caffeine show transformation from form II to 
form I 

 

 

 

When dealing with polymorphic forms of the same solid material, X-ray 

diffraction is considered to be a practical technique to detect these kind of 

transformations (179). XRPD measurement was performed at room 

temperature for both unmilled and cryomilled caffeine, see Figure 36. There 

is an obvious difference in the XRPD pattern between the unmilled and the 

cryomilled samples in terms of peaks number and width. Unmilled caffeine 

exhibits relatively sharp Bragg peaks and two peaks were detected at the 

position of ~ 26◦ which are transformed into a single broad peak at the 

same position as a result of cryomilling. 
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Figure 36: XRPD pattern of unmilled and cryomilled caffeine for 60 minutes. The data have been 
scaled and offset for clarity. 

 
One of the most noticeable peaks appeared on the XRPD pattern was used 

to estimate the crystallite size of caffeine before (Form II) and after milling 

(Form I) using the Scherrer equation as shown in Table 15. 

 

 
 

Measured 
Peak Position 

(degrees) 

Measured 
Peak Width 

(degrees) 

Sherrer 
estimate of 

Crystallite Size 

(nm) 

Unmilled 

Caffeine 

11.85 0.30 29 

Cryomilled 
Caffeine 

11.80 0.41 21 

 

Table 15: XRPD data of caffeine shows crystallite size reduction after cryomilling. 
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3.3.2. Multi- Component Systems 

 

3.3.2.1. Paracetamol and Aspirin (DSC) 

 

 

All mixtures of cryomilled ASP and PCM containing 5–53% w/w ASP showed 

two endothermic events as shown in Figure 37. A single endothermic event 

was observed at 112.70 °C when the ASP concentration reached 55% w/w, 

above 55% w/w ASP, two endothermic events were again observed. 

Therefore, it can be concluded that the eutectic system was formed at a 

concentration ratio of 55:45% w/w of ASP and PCM, respectively. The 

results obtained were in fair agreement with previous reports, which 

confirmed an eutectic mixture formation was observed at 53:47% w/w (68, 

180). 

 

 
Figure 37: DSC overlays for screening the eutectic composition of different ratios 

of cryomilled (CM) aspirin : paracetamol (ASP:PCM %, w/w). 
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On the other hand, all mixtures milled at room temperature containing 50–

59% w/w ASP showed two endothermic events as shown in Figure 38.  A 

single endothermic event was noticed at a higher aspirin concentration 

when compared with the cryomilled samples, a single melt was observed 

at 120.73 °C when the ASP concentration reached 65% w/w. 

 

     
Figure 38: DSC overlays for screening the eutectic composition of different ratios 

of room temperature milled (RT) aspirin : paracetamol (ASP:PCM %, w/w). 
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3.3.2.2. Aspirin and Caffeine (DSC) 

 
 

The DSC results for ASP and CAFF cryomilled pair mixtures are shown in 

Figure 39. More than one endothermic event was observed in all mixtures 

containing 5-37 % w/w CAFF. A single melting endotherm was detected at 

105.67 °C when the concentration of CAFF reached 49% w/w. At higher 

caffeine concentrations, two endothermic peaks were starting to reappear 

representing ASP and caffeine. Therefore, it can be concluded that the 

eutectic system was formed at a concentration ratio of 51:49% w/w of ASP 

and PCM, respectively.      
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Figure 39: DSC overlays for screening the eutectic composition of different ratios 

of cryomilled (CM) aspirin : caffeine (ASP:CAFF %, w/w). 
 

 

 

Furthermore, as a result of milling at room temperature of all ASP and CAFF 

mixtures, a single melting endotherm was noticed at lower region 

containing 45% w/w CAFF as shown in Figure 40.   
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        Figure 40: DSC overlays for screening the eutectic composition of different ratios 

  of room temperature milled (RT) aspirin : caffeine (ASP:CAFF %, w/w). 
 

 

 
 

 

 
 

3.3.2.3. Paracetamol and Caffeine (DSC) 
 

 

DSC thermograms of the binary system of PCM with CAFF at different ratios 

are given in Figure 41. The major endotherms at 167.3 °C and 236.2 °C 

represent the melting point of pure PCM and CAFF, respectively. The 
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eutectic melting point was found to be noticed at 123.8 °C with the system 

containing 50:50% w/w of PCM and CAFF respectively.  

 

 
Figure 41: DSC overlays for screening the eutectic composition of different ratios 

of cryomilled (CM) paracetamol : caffeine (PCM:CAFF %, w/w). 
 
 

With the mixture being milled at room temperature, the eutectic melting 

point lied at 133.68 °C with a single sharp endothermic peak of a mixture 

containing 55:45% w/w of PCM and CAFF respectively. DSC thermogram 

for RT milled paracetamol-caffeine mixtures are shown in Figure 42. 
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Figure 42: DSC overlays for screening the eutectic composition of different ratios 

of room temperature milled (RT) paracetamol: caffeine (PCM:CAFF %, w/w) 
 
 

 

 

3.3.2.4. Hot stage microscopy results 

 

Hot stage images were captured for all three systems after cryomilling and 

milling at room temperature was performed at different ratios in order to 

visually detect the solidus to liquidus transformation and to confirm the 

DSC results. All images are displayed in Figure 43. 
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Paracetamol-caffeine mixtures 

 

 
 

 
 

 
 
 

 

3.4. Summary table 
 

25 °C 70 °C 112 °C 113 °C 114 °C 

25 °C 90 °C 120 °C 121 °C 122 °C 

25 °C 60 °C 106 °C 107 °C 109 °C 

25 °C 70 °C 110 °C 111 °C 112 °C 

25 °C 100 °C 123 °C 124 °C 125 °C 

25 °C 90 °C 133 °C 134 °C 135 °C 

Temperature / °C 

Figure 43: Hot stage microscope images for three binary mixtures of cryomilled (CM)  
and room temperature milled (RT) ASP-PCM, ASP-CAFF and PCM-CAFF at different molar ratios. 

Aspirin-paracetamol mixtures 

CM 
51:49% w/w 

 

CM 
55:45% w/w 

RT 
65:35% w/w 

CM 
50:50% w/w 

 

RT 
55:45% w/w 

 

 

RT 
55:45% w/w 

 

Aspirin-paracetamol mixtures 
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Single component 

systems 

Aspirin Paracetamol Caffeine 

 

Unmilled 

 

 DSC 
 

 
 XRPD 

 
 

 
 Scherrer 

estimate of 
Crystallite 

Size (nm) 
 

 
 HSM 

 

 
 

 

 
 

Tm  141°C 
 
 
Sharp peaks 
 
 
 
50 nm 
 
 
 
 
 

  / 

 

 
 

Tm  169 °C 
 
 
Sharp peaks 
 
 
 
80 nm 
 
 
 
 
 

/ 

 
 
Tm 147 ◦C 
Tm  235 ◦C 
 
 
Sharp peaks 
Two peaks 
detected at  26° 
 
29 nm 
 
 
 
 
Needle like 
shaped formed at 
147 °C 
(form II) 

 

RT 
 

 DSC 

 
 

 
Tm  132°C 

 

 
 
 

Tm  168°C 

 
 
 
Tm 124 ◦C 
Tm  234 ◦C 

 
CM 

 
 

 DSC 
 

 
 

 XRPD 
 

 
 

 

 Scherrer 
estimate of 

Crystallite 
Size (nm) 

 
 

 
 

Tm  142°C 
 

 
 

Relatively 
sharp peaks 

 
 

 

39 nm 

 
 

 
 

Tm  165°C 
 

 
 

Relatively 
sharp peaks 

 
 

 

33 nm 

 
 
 
 
Tm  235 ◦C 

 
 
Sharp peaks 
one peak 
detected at ~ 26° 

 

 
 

21 nm 
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Multi-component 
systems 

Aspirin-

paracetamol 

Paracetamol-

caffeine 

Aspirin-

caffeine 

 
RT 

 
 DSC 

 
 

 
 

 HSM 

 
 

Single melting 
peak at:  

120.73 °C 
65:35% w/w 

 
 

Miscible liquids 
at  

~ 110 °C 
 

 
 

Single melting 
peak at:  

120.89 °C 
45:55% w/w 

 
 

Miscible liquids 
at  

~ 110 °C 
 

 
 

Single melting 
peak at:  

133.68  °C 
55:45% w/w 

 
 

Miscible 
liquids at  

~ 110 °C 
 

 

 
CM 

 
 

 DSC 
 

 
 

 HSM 

 

 
 

 
Single melting 

peak at:  
112.70 °C 

55:45% w/w 
 

 
Miscible liquids 

at  
~ 110 °C 

 

 

 
 

 
Single melting 

peak at:  
105.67 °C 

51:49% w/w 
 

 
Miscible liquids 

at  
~ 100 °C 

 

 

 
 

 
Single melting 

peak at:  
123.8 °C 

50:50% w/w 
 

 
Miscible 

liquids at  ~ 
115 °C 

 

 
 

Table 16: Summary table of research work in Chapter 3. 
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3.5. Discussion 

3.5.1. Milling temperature 

The temperature at which milling is performed is considered to be a 

significant parameter that has a substantial effect on the outcome of the 

milling process. All the experiments reported in this chapter were carried 

out in two extremely different conditions; the first under liquid nitrogen  

(-196 °C) and the second at room temperature. Cryogenic milling has an 

advantage over milling at room temperature in terms of minimizing the 

sample degradation especially when dealing with thermolabile APIs. 

Aspirin, for instance, showed a significant reduction in the melting point as 

a result of milling at room temperature. This reduction was suspected to be 

due to chemical degradation of the sample rather than just particle size 

reduction because it was only detected in the sample milled at room 

temperature while the cryomilled sample shows a single sharp melting 

endotherm similar to the unmilled aspirin sample. However, FTIR and NMR 

showed no evidence of degradation. The potential reason for the reduction 

of melting point of the aspirin sample milled at room temperate is discussed 

in Section 3.5.2. 

 

Researchers have reported that the temperature of milling with respect of 

the Tg value of the subjected sample is a key element in the crystal to 

amorphous transformation (181). In general, milling below the Tg results 

in the formation of amorphous material, whereas milling above the Tg can 

lead to a reduction in the particle size or polymorphic conversion from one 

form to another. Throughout the cryomilling process presented in this 

thesis all the samples were certainly being milled at a temperature lower 

than their actual Tg values. However, amorphous formation was not 

observed in all materials used in this chapter. Unlike aspirin and 

paracetamol, there are no reports revealing the Tg value of caffeine. 
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Caffeine exhibited polymorphic transformation from Form II to Form I, this 

transformation was observed with the unmilled sample and when caffeine 

was milled at room temperature. This lead to the assumption that the Tg 

value of caffeine might be quite low that an amorphous material is possibly 

formed inside the cryomilling vial but as a result of taking the vial out of 

the cryomill in order for the analysing process to take place at the room 

temperature a recrystallization might have took place. The same 

phenomenon might have happened in case of aspirin and paracetamol since 

their reported Tg values are -29 °C and 25 °C respectively. Kinetically 

trapping the amorphous phase of the studied materials is possible by using 

another component in the mixture which will hinder the process of 

nucleation and thus recrystallisation. This will be studied in more detail in 

the next chapter. 

 

 

 

3.5.2. Melting point reduction 

 
 

A reduction in the melting point of aspirin was observed as result of milling 

at room temperature. Chemical decomposition of the material was the first 

option considered, since this depression in the melting point was not 

detected with the cryomilled samples. However, the NMR results for the all 

aspirin samples, as received, room temperature milled and the cryomilled 

samples were identical.  Other reasons that might have caused the 

reduction in the melting point are crystal defect and particle size reduction. 

Figure 44 shows the Gibbs energy and the chemical potential curve of a 

melting system.  
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Figure 44: Gibbs energy and chemical potential of a melting system (182). 

 
 

At the melting temperature of pure molecular crystals (Tm), the solid and 

liquid states have the same Gibbs energies. A liquid with impurities exhibits 

a lower Gibbs energy and a respective lower melting temperature of the 

crystals (Ti
m) (melting point depression). Crystals with defects have a 

higher Gibbs energy than “ideal” crystals, and their melting can occur at a 

lower temperature (Td
m). In a dynamic heating process, crystals with 

impurities and defects melt at a lower temperature, and they may also 

show chemical degradation with a consequent increase in impurities and 

defects (182). 

 

As per the multi-component systems studied in this chapter, significant 

reduction in the melting points was observed by DSC and confirmed by hot 

stage microscopy for all the multi-component mixtures. Single sharp 

endothermic events were detected at specific ratios indicating eutectic 
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mixture formation. The theoretical maximum reduction prediction in the 

melting point for each material was predicted using the Schroeder-van Laar 

equation (Equation 1) mentioned previously in chapter 1 Section 3.4.1. 

Figures 45-47 show the calculated binary phase diagrams of all three 

systems. 

 

 

Figure 45: Calculated binary phase diagram of the system aspirin (ASP) - paracetamol (PCM) 
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Figure 46: Calculated binary phase diagram of the system aspirin (ASP) - caffeine (CAFF). 

 

 

 

Figure 47: Calculated binary phase diagram of the system paracetamol (PCM) - caffeine (CAFF). 
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The reduction in melting points is explained as the colligative properties of 

melted solid substance (material 1) preferably depend on changes in the 

entropy of the solution as a result of dissolving a solute (material 2), which 

is determined by the concentration of the solute molecules or ions but does 

not depend on their structure. The motivation for these colligative 

properties is the increase in entropy on mixing solutes with the already 

melted material causing melting to occur at a lower temperature (183).  

 

 

3.5.3. Summary discussion  

 

 

With the main benefit of cryomilling compared to other processing methods 

is likely to be particle size reduction, but that this was not the main aim of 

this Chapter. The preparation of aspirin with crystal defects was interesting, 

and that further work outside the scope of this thesis could involve 

determining whether this wold enhance the solubility of the drug (although 

the solubility of aspirin is already high enough so there is no pressing need 

to investigate this). It is interesting that room temperature milling and 

cryomilling produce different outcomes in terms of DSC traces, and that 

this suggests that cryomilling may offer better mixing of components than 

conventional milling. Other potential co-processing methods might include 

freeze-drying and hot-melt extrusion (as noted in the previous Chapter, 

Section 2.5), and that these would not be universally applicable here as 

aspirin is prone to hydrolysis in freeze-drying (184), and caffeine does not 

melt but sublimes instead so hot-melt extrusion would not be suitable 

(174). Cryo-milling therefore seems to offer some unique capabilities for 

processing these pharmaceutical materials. 
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The appearance of eutectics is unexpected when compared with the results 

obtained in the previous Chapter given the reasons for the chemical nature 

of the materials but is not unreasonable as reported in literature reports of 

room temperature milling producing eutectics (68, 185). At this stage it 

appears that there is no clear way to predict cryo-milling outcomes, with 

the di-carboxylic acids undergoing some reduction in crystallinity, but these 

more drug-like samples showing formation of eutectics. Both of these 

outcomes again do not seem to be represented in the literature as noted in 

the previous Chapter. 
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3.5. Conclusion 
 

 
 

In conclusion, DSC and XRPD studies for single component systems have 

shown that one hour cryomilling run was not enough to achieve crystal-to- 

amorphous transformation for all three materials. Low Tg values for 

paracetamol and aspirin could have caused materials to become amorphous 

inside the mill then to recrystallize immediately once taken out of the 

cryomill for the analysis. Milling of aspirin at room temperature caused a 

reduction in the melting point which was attributed to particle size reduction 

and crystal defect.  

 

DSC and hot-stage microscope studies for cryomilled and ball milled ASP-

PCM, ASP-CAFF and PCM-CAFF systems have shown that all materials are 

immiscible in the solid state. The phase diagrams of the three systems 

simply a eutectic type one. The addition of a second material in each system 

caused a significant reduction of the melting temperature of aspirin, 

paracetamol and caffeine until reaching to the eutectic temperature at 

which single endothermic event was noticed at lower temperature than the 

usual melting temperature off all three materials.  
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Chapter 4 
 
 

 

4.1. Introduction 
 

 
In Chapter 3, the effect of both cryomilling and milling at room temperature 

was studied on single and multiple component systems of three chosen 

APIs. As a result of pair mixing different ratios of aspirin-paracetamol, 

paracetamol-caffeine and aspirin-caffeine, a significant reduction in the 

melting points were detected. Since all the pharmaceutical formulations are 

usually formed by mixing one pharmaceutical ingredient or more with 

excipients, therefore, here, the effect of cryomilling of the previously used 

APIs with selected and widely used excipients will be investigated. Xylitol is 

a sweetening agent used in pharmaceutical and food production. It is a 

sugar alcohol just like sorbitol and mannitol. Xylitol may be found in throat 

lozenges, cough syrups, children's chewable multivitamins, toothpastes 

and mouthwashes. In the United States, xylitol is approved to be used as 

a food additive to suit special dietary requirements, such as diabetes (186). 

Lactose is a disaccharide composed of one galactose and one glucose 

molecule. In the pharmaceutical industry, lactose is used to help form 

tablets because it has excellent compressibility properties. It is also used 

to form a diluent powder for dry-powder inhalations. Lactose may be listed 

as lactose hydrous, lactose anhydrous, lactose monohydrate, or lactose 

spray-dried (187). Sucrose is often referred to as table sugar or saccharose. 

Sucrose has been used as a sweetener for decades. It is frequently used in 

pharmaceutical formulations to add a more acceptable taste to often 
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unpleasant drugs. Sucrose can be found in many medical dosage forms 

such as chewable tablets, syrups, lozenges, or gums. While sugar is 

basically non-toxic, it can be associated with several health problems such 

as, dental caries, exacerbation of diabetes, and weight gain (188). Finally, 

trehalose is a non-reducing disaccharide consisting of two glucose 

molecules linked by an α,α-1,1 bond. Trehalose can mask unpleasant tastes 

and odors, thus improving the quality and acceptability of finished 

pharmaceuticals such as, dry syrups, liquid preparations, tablets and 

chewables. Trehalose enhances the stability of minerals mostly magnesium 

and calcium, and increases their solubility. Trehalose stability is mainly 

attributed to its non-reducing end, which prevent its reaction with amino 

acids. 

 

Most formulations (~70%-80%) contain excipients at a higher 

concentration than the active drug (189). Subsequently, the excipients can 

significantly have an impact on the formulation’s performance and 

processability (190). Excipients are generally added to protect, support or 

enhance the stability of the formulation, to mask any unacceptable taste of 

some APIs, thus, improving the patience compliance, to enhance the 

bulkiness of the formulation in case of potent drug and to improve the 

bioavailability of certain active drugs (191). Milling different excipients with 

APIs allows us to determine drug excipients interactions which can be either 

prevented or can be adjusted to operate in an efficient way which helps in 

reducing the risk combined with the excipients. Generally drug excipient 

interactions are further categorised as, physical, chemical and 

biopharmaceutical interactions. Cryomilling excipients with several types of 

APIs have received less attention in the literature. However, milling of the 

individual excipients was reported before with sucrose (192), lactose 

monohydrate and trehalose dihydrate  

The present chapter aims to study four binary systems of paracetamol, 

aspirin and caffeine with sucrose, lactose monohydrate, xylitol and 
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trehalose dihydrate respectively using DSC and XRPD and hot-stage 

microscope on the cryomilled samples. 

 

 

4.2. Materials and Methods 

 

4.2.1. Materials 

 

4.2.1.1. Active Pharmaceutical ingredients APIs 

 

The APIs which were used in the current chapter were listed in the 

previous chapter (Chapter 3, Section 2.1). 

 

4.2.1.2. Excipients  

The chemical structures of all excipients used in this study are shown in 

Figure 48. 
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 d. Trehalose dihydrate 

Figure 48: Model compounds with range of physical properties (Table 17), used to study 

the effect of cryomilling on binary mixtures of excipients and APIs 

 

 
 

 
 

 
 

a. Sucrose 

c. Xylitol 

b. Lactose monohydrate 
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Material Molecular 

Mass 

(g/mol) 

Melting Point 

(°C) 

Tg (°C) 

Sucrose 342.29 186 (193) 71 (4) 

Lactose 

monohydrate 

342.30 210 (194) 

 

50 (195) 

Xylitol 152.15 92 (196) -26 (196) 

-29 (197) 

Trehalose 

dehydrate 

378.32 110 (198) 20 (195) 

 

Table 17: Key physical properties of the selected excipients 

 

i. Sucrose 

 

Sucrose (S9378, ≥99.5%) was purchased from Sigma and used as 

received. The melting point onset was detected by DSC with a heating rate 

of 10 °C / minute and it was 189.3 °C. The XRPD was very similar to the 

pattern from the crystal structure from the Cambridge Structural Database 

(171), with no extra peaks were detected, which confirms the purity of 

the material within the instrument detection limits. 

 

ii. Lactose 

 

Lactose (17814, lot no.-BCBH2071V) was purchased from Sigma and used 

as received. A confirmation of the starting material purity was carried out 
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using DSC (heating rate 10 °C /minutes) and XRPD. DSC thermogram 

shows a melting onset of 210 °C while the XRPD was very similar to the 

pattern from the crystal structure presented at the Cambridge Structural 

Database (171), with no extra peaks were detected, which confirms the 

purity of the material within the instrument detection limits. 

  

 

 

iii. Xylitol 

 

Xylitol (X3375, ≥99%) was purchased from Sigma and used as received. 

The melting point was measured using DSC with an onset of 93.4 °C. The 

XRPD was very similar to the pattern from the crystal structure from the 

Cambridge Structural Database (171), with no extra peaks were detected, 

which confirms the purity of the material within the instrument detection 

limits. 

 

iv. D-(+)-Trehalose dihydrate 

 

D-(+)-Trehalose dihydrate (T9531, ≥99%) was purchased from Sigma 

and used as received. a confirmation of the starting material purity was 

carried out using DSC (heating rate 10 °C /minutes) and XRPD. DSC 

thermogram shows a melting onset of 96.3 °C while the XRPD was very 

similar to the pattern from the crystal structure presented at the 

Cambridge Structural Database (171), with no extra peaks were detected, 

which confirms the purity of the material within the instrument detection 

limits. 
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4.2.2. Methods 

 

4.2.2.1. Preparation method 

 

i. Cryomilling:  

                                       As in Chapter 3, Section 3.2.2.1, Pages 83-84. 

 
 

4.2.2.2. Characterisation methods 

 

i. DSC:  

                                        As in Chapter 2, Section 2.2.3, Pages 35-36. 
 

ii. XRPD:  

                                        As in Chapter 2, Section 2.2.3, Page 36. 
 

iii. HSM:  

                                       As in Chapter 3, Section 3.2.2.2, Pages 84-85. 
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4.3. Results 

 

4.3.1. Xylitol 

 

 

4.3.1.1. Xylitol and aspirin 

 

DSC thermogram shown in Figure 49 represents aspirin and xylitol before 

and immediately after cryomilling along with 50:50% w/w mixture of 

aspirin and xylitol cryomilled together for 60 minutes. DSC results for 

aspirin were previously discussed in Chapter 3 (Section 3.1.2) which 

showed only a melting endotherm with an onset of 141 °C and an enthalpy 

of fusion of 167 J/g for the unmilled sample and after cryomilling the 

melting onset was detected at 142 °C with an enthalpy of fusion of 160 J/g. 

With regards to the xylitol sample, the unmilled sample shows a single 

endothermic peak with a melting onset at 93 °C and an enthalpy of fusion 

of 235 J/g. As a result of cryomilling a slight reduction in melting onset was 

noticed by 4 °C, which could probably be caused by particle size reduction. 

The cryomilled xylitol showed a melting onset at 89 °C with an enthalpy of 

fusion of 222 J/g. Co-cryomilling of aspirin and xylitol for 60 minutes with 

50:50% w/w mixing ratio was displayed on the DSC data. The DSC 

thermogram shows two melting peaks, with the first corresponding to 

xylitol with an onset of 89 °C and an enthalpy of fusion of 121 J/g. 
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Figure 49: DSC thermograms of aspirin and xylitol before and immediately after cryomilling and a 
50:50% w/w mixture of aspirin and xylitol cryomilled together for 60 minutes. Data have been 

offset by 10 Wg-1 for presentational purposes. 
 

 

On the other hand, the second peak which supposed to represent the 

aspirin part of the mixture was detected in a lower region as compared with 

the pure cryomilled aspirin, the melting onset was 125 °C with an enthalpy 

of fusion of 84 J/g. Xylitol was reported to act as a carrier to many 

pharmaceutical dispersions for poorly water soluble compounds (199) such 

as systems containing ibuprofen (IB) and xylitol (XYL) in varying 

proportions (200). Xylitol can be used as a carrier in tablets for solid 

dispersions, when a fast drug release is desired, this was achieved when 

griseofulvin was used as a model drug (201). Co-cryomilling xylitol with 

aspirin might have produced dispersion with xylitol acting as a solubilizing 

media for aspirin leading to the reduction in aspirin’s melting point when 
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50:50% w/w ratio was applied. Or the obvious reduction in the melting 

reduction of aspirin could be attributed to that the two substances are 

physically separate as solids after cryomilling, but when xylitol melts an 

eutectic mixture of aspirin/xylitol plus un-melted aspirin. Therefore, hot-

stage microscope images were captured for the cryomilled mixture shown 

in Figure 50 which confirms that this pair mixture is considered to be co-

soluble as liquids. 

 

 

Figure 50: Hot-stage microscope images of cryomilled 50:50% w/w mixture of aspirin and xylitol. 
 

 

The XRPD patterns collected at room temperature for aspirin, xylitol before 

and after cryomilling and a cryomilled 50:50% w/w mixture of aspirin and 

xylitol are shown in Figure 51.  It is immediately apparent that all samples 

exhibit Bragg peaks, albeit which vary somewhat in width between 

samples, which suggests some level of crystallinity is present in all 

materials. The XRPD trace for unmilled and cryomilled aspirin was shown 

earlier in Chapter 3 (Section 3.1.2). Bragg peaks for aspirin and xylitol 

cryomilled separately show different shapes and widths when compared to 

the unmilled and the cryomilled samples. A marked change in the relative 

peak intensities was noticed especially in the case of xylitol is resulted from 

the static fluctuation of atomic positions along the normal of xylitol layers 

which is reported to have a strong influence on the peak intensities (202). 

This fluctuation factor may cause the large and regular crystals of the 

unmilled sample to be in the most preferred orientation. The peaks of the 

25 °C 86 °C 120 °C 130 °C
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cryomilled sample appear broader compared with the unmilled samples 

which exhibit somewhat sharp peaks.  

.  

 

Figure 51: XRPD patterns collected at room temperature for aspirin, xylitol before and after 
cryomilling and a cryomilled 50:50% w/w mixture of aspirin and xylitol. The data have been scaled 

and offset for clarity. 

 

 

The aspirin and xylitol cryomilled together patterns show the presence of 

somewhat sharp peaks corresponding to aspirin and xylitol. Taken 

together, the data indicate that cryomilling aspirin and xylitol together does 

not show any synergistic effect and no clear indications of amorphous 

material formation in our XRPD data. It therefore appears that co-

cryomilling aspirin and xylitol producing a XRPD trace that can be easily 
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described in terms of a linear combination of both materials, albeit with an 

increase in peak widths compared to the un-milled materials which likely 

arises from crystallite size reduction upon milling. 

 

4.3.1.2.  Xylitol and paracetamol 

 

Figure 52 shows the DSC thermogram of paracetamol and xylitol before 

and immediately after cryomilling along with 50:50% w/w mixture of 

paracetamol and xylitol cryomilled together for 60 minutes. DSC data 

resulted from individually cryomilling paracetamol were previously 

discussed in Chapter 3 (Section 3.1.1) with no significant difference 

between the unmilled and the cryomilled sample shown in the DSC data. 

Moreover, xylitol DSC theromogram was covered in the previous section 

with xylitol showing a slight decrease of the melting onset as a result of 

milling. DSC data for both materials were added in order to make the 

comparison process more clear. Co-cryomilling of paracetamol and xylitol 

for 60 minutes with 50:50% w/w ratio displayed two melting endotherms, 

with the first peak which represents xylitol with an onset of 86 °C and an 

enthalpy of fusion of 113 J/g. However, the second peak which was 

assumed to signify the paracetamol portion of the mixture was significantly 

noticed at a lower region as compared with the pure cryomilled paracetamol 

sample. The melting onset for paracetamol in the paracetamol-xylitol 

mixture was 146 °C with an enthalpy of fusion of 95 J/g, while with pure 

paracetamol a melting peak with an onset of 167 °C and an enthalpy of 

fusion of 184 J/g, which makes a reduction in melting point by 21 °C.  

 

Taken together, the DSC data indicated that as a result of co-cryomilling 

xylitol with paracetamol with 50:50% w/w mixing ratio might have been 

the start of some form of solid dispersion which leads to the reduction of 

the melting point of paracetamol as the binary systems comprising 

paracetamol using techniques other than cryomiling were reported (148, 
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149, 159, 162, 163). The solvent evaporation technique was stated to being 

the most frequently used strategy (68, 147). 

 

 

Figure 52: DSC thermograms of paracetamol and xylitol before and immediately after cryomilling 
and a 50:50% w/w mixture of paracetamol and xylitol cryomilled together for 60 minutes. Data 

have been offset by 10 Wg-1 for presentational purposes. 
 

It was evident that all samples exhibit Bragg peaks which indicate some 

degree of crystallinity is present in all materials. The XRPD trace for 

unmilled and cryomilled paracetamol was presented earlier in Chapter 3 

(Section 4.3.1.1) as well as the XRPD trace for unmilled and cryomilled 

xylitol, which were shown in the previous section. Bragg peaks for 

paracetamol and xylitol cryomilled together does not show any clear 

difference in shapes and widths when compared with the cryomilled pure 
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separate materials as shown in Figure 53. The data showed that co-

cryomilling paracetamol and xylitol together would produce a XRPD trace 

of the same two materials combined, no exact evidence was shown leading 

to co-crystal formation resulting from cryomilling paracetamol and xylitol 

together. Furthermore, there is no significant indications of amorphous 

material are apparent in the XRPD data. 

 

 

Figure 53: XRPD patterns collected at room temperature for paracetamol, xylitol before and after 
cryomilling and a cryomilled 50:50% w/w mixture of paracetamol and xylitol. The data have been 

scaled and offset for clarity. 
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It therefore appears that co-cryomilling paracetamol and xylitol leads to an 

obvious reduction in crystallinity for both reagents by producing a trace 

with broader peaks compared with the unmilled samples rustling from the 

reduction in crystallite size. However, co-cryomilling produces a XRPD trace 

that can be described in terms of a linear combination of the individual pure 

materials. 

 

4.3.1.3. Xylitol and caffeine 

 

The DSC thermogram results for xylitol and caffeine co-cryomilled mixture 

are seen in Figure 54. The data show no difference from the data resulted 

from co-cryomilling xylitol with aspirin and paracetamol respectively for 60 

minutes. It was highlighted in the previous chapter (Chapter 3, Section 

3.1.3) that caffeine is subjected to polymorphic change as a result of 

cryomilling.  Only a single melting endotherm was detected after 

cryomilling with an onset of 235 °C and an enthalpy of fusion of 102 J/g 

which is reported to present Form I (176). 

  

As result of co-cryomilling caffeine and xylitol together, xylitol melting peak 

was clearly detected with an onset of 84 °C with an enthalpy of fusion of 

95 J/g. However, as was noticed in case of aspirin and paracetamol a 

significant reduction in the melting point was seen with caffeine as well. 

Moreover, the endothermic peak was not as sharp as the peaks resulted 

from melting purely cryomilled sample. The melting onset was 179 °C with 

an enthalpy of fusion of 20 J/g. As a result of milling a material, a change 

in the melting peak is often expected as a result of particle size reduction. 

In case of caffeine there is not enough literature available discussing this 

area, and the current work thought to be novel in terms of cryomilling 

caffeine with xylitol.  
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Figure 54: DSC thermograms of caffeine and xylitol before and immediately after cryomilling and 
a 50:50% w/w mixture of caffeine and xylitol cryomilled together for 60 minutes. The data have 

been offset by 10 Wg-1 for presentational purposes. 

 

 

The XRPD trace of caffeine and xylitol cryomilled together presented in 

Figure 55 show merged Bragg peaks of both xylitol and caffeine Form I. 

The peaks appear to be broader when compared with the unmilled samples. 

However, co-cryomilling of both materials together produces a XRPD trace 

that can be described in terms of a linear combination of the individual pure 

materials. 
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Figure 55: XRPD patterns collected at room temperature for caffeine, xylitol before and after 
cryomilling and a cryomilled 50:50% w/w mixture of caffeine and xylitol. The data have been 

scaled and offset for clarity. 

 

 
 

4.3.2. Lactose monohydrate 

 

4.3.2.1. Lactose monohydrate and aspirin 

 

DSC measurements of unmilled and cryomilled aspirin, lactose 

monohydrate and a cryomilled mixture of both materials are presented in 

Figure 56. The DSC diagram of unmilled lactose monohydrate has an 

endothermic event at 138 °C, which represents the loss of crystalline water, 
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followed by two melts of 𝛼 and β forms combined at 217 °C 241 °C. DSC 

curve for the cryomilled sample show the amorphous form of the lactose, it 

was identified by the presence of an exothermic peak at 122°C, which 

represents the transformation of amorphous to crystalline form. Two 

endothermic peaks were seen one at 210 and the other at 237°C.  

 

 

Figure 56: DSC thermograms of aspirin and lactose before and immediately after cryomilling and 
a 50:50% w/w mixture of aspirin and lactose cryomilled together for 60 minutes. Data have been 

offset by 7 Wg-1 for presentational purposes. 

 

 

 These melting peaks belong to -and β-lactose respectively, confirming the 

transformation of the amorphous form of lactose to the two types of 

crystalline form as a result of heating, agreeing with the previously reported 
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values (203).  The transitions noticed in the as received lactose are slightly 

higher than the reported  values (194). For the amorphous lactose obtained 

by milling at room temperature, a Tg was detected at 40 °C. Co-cryomilled 

aspirin and lactose sample showed an exotherm with a small shoulder peak 

at 80 °C, which might be resulting from that different parts of the sample 

recrystallizes at different temperatures, followed by two endothermic 

events representing aspirin and lactose at 127 °C and 195 °C respectively. 

 

 

Figure 57: XRPD patterns collected at room temperature for aspirin, lactose before and after 
cryomilling and a cryomilled 50:50% w/w mixture of aspirin and lactose. The data have been 

scaled and offset for clarity. 

 

XRPD experiment was conducted to confirm the crystal to amorphous 

transformation of lactose as a result of cryogenic milling, see Figure 57. 

The pattern collected show a broad amorphous halo assigned for 
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amorphous lactose. Several Bragg peaks seen in the XRPD trace for the 

cryomilled mixture, which are broader than the individually cryomilled 

reagents. The obtained peaks could easily be visually detected as a 

combination of lactose and aspirin peaks with no extra peaks detected.  

 

4.3.2.2. Lactose and paracetamol 

 

In Chapter 4 the cryomilling of paracetamol was studied. It was seen in 

agreement with literature (4), that paracetamol retains its crystalline 

properties on cryomilling. DSC data of paracetamol and lactose are shown 

in Figure 58. There is apparent difference in the physical form of 

paracetamol when comparing between the cryomilled alone and the co-

cryomilled sample with lactose. DSC thermogram for paracetamol alone 

shows an endothermic peak at 168 °C. After cryomilling, there were no 

obvious events until the melting point at 167 °C, suggesting the presence 

of a crystalline material even on milling. Cryomilled mixture of paracetamol 

and lactose displayed two exothermic events one at 48 °C and the second 

at 92 °C and followed by two melts at 159 °C and 204 °C. The first observed 

recrystallization peak agrees with the reported value for quench cooled 

paracetamol (165). And since lactose has no thermal events in this region, 

we can define the observed crystallisation peak is due to the presence of 

amorphous paracetamol.  
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Figure 58: DSC thermograms of paracetamol and lactose before and immediately after 
cryomilling and a 50:50% w/w mixture of paracetamol and lactose cryomilled together for 60 

minutes. Data have been offset by 7 Wg-1 for presentational purposes. 

 

 

Hot-stage microscope images shown in figure 59 were in agreement with 

the results obtained from the DSC thermogram. The paracetamol/lactose 

co-cryomilled mixture had went through three melting events started at 

160 °C, at 180 °C the image clearly showed liquid and un-melted solid part 

of the mixture. As the temperature increases co-soluble liquids are formed.   
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Figure 59: Hot-stage microscope images of cryomilled 50:50% w/w mixture of paracetamol and 
lactose. 

 

XRPD patterns for unmilled and cryomilled paracetamol, lactose and 

cryomilled mixture of paracetamol and lactose are shown in Figure 60. It 

can be seen that unmilled paracetamol contains multiple sharp Bragg peaks 

indicating pure crystalline material. After cryomilling with lactose there was 

a broad halo detected, with few peaks indicating partially crystalline 

paracetamol and also some peaks of lactose seem to reappear after co-

cryomilling with paracetamol. It looks as if paracetamol has destabilised 

the amorphous lactose and caused it to recrystallize.   

25 °C 160 °C 180 °C 205 °C 220 °C 
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Figure 60: XRPD patterns collected at room temperature for paracetamol, lactose before and after 
cryomilling and a cryomilled 50:50% w/w mixture of paracetamol and lactose. The data have been 

scaled and offset for clarity. 

 
 

4.3.2.3. Lactose monohydrate and caffeine 

 

 

Cryomilling of caffeine and lactose monohydrate produced a DSC 

thermogram which was difficult to interpret, see Figure 61. As investigated 

in chapter 4 the polymorphic transformation of caffeine as a result of heat 

and this kind of transformation is not accomplished as a result of cryomilling. 

Cryomilling of caffeine with lactose produced a new DSC thermogram, which 
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display three endothermic events at 75 °C 147 °C and 219 °C.  The region 

around 147 °C is the area in which unmilled caffeine transforms from Form 

II to Form I and in which lactose loses its crystalline water content. 

Cryomilling of these two materials individually displays no endothermic 

events in this region. Mechanical mixing of the substances might result in 

homogeneous mixture formation, which tends to behave as eutectic mixture. 

These melting DSC peaks observed with the first one seen at a lower 

temperature, could be attributed to the melting of eutectic, while the second, 

at a higher temperature, corresponded to the melting of the mixture which 

was not included in the eutectic mixture formation process. 
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Figure 61:  DSC thermograms of caffeine and lactose before and immediately after cryomilling 
and a 50:50% w/w mixture of caffeine and lactose cryomilled together for 60 minutes. Data have 

been offset by 7 Wg-1 for presentational purposes. 

 
 

 

Figure 62: Hot-stage microscope images of cryomilled 50:50% w/w mixture of caffeine and 
lactose. 

25 °C 150 °C 160 °C 220 °C 230 °C
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XRPD pattern of caffeine and lactose seen in Figure 63 shows a reasonably 

wider Bragg peaks than the ones noticed for the cryomilled pure caffeine 

sample. New additional peaks were identified in the region between 15°-

25° indicating that co-cryomilling of caffeine and lactose together produces 

a synergistic effect. It therefore shows that cryogenic milling of both 

materials leads to a reduction in crystallinity for both reagents, as well as 

producing a new XRPD trace that cannot be justified in terms of a linear 

mixture of lactose and caffeine. A new material appears to have been 

formed which might be nano-sized co-crystal of lactose and caffeine. As a 

result, co-cryomilling has produced a very significant effect on the crystal 

structure of lactose and caffeine mixture that has not been reported before. 
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Figure 63: XRPD patterns collected at room temperature for caffeine, lactose before and after 
cryomilling and a cryomilled 50:50% w/w mixture of caffeine and lactose. The data have been 

scaled and offset for clarity. 

 

 

4.3.3. Sucrose 

 

4.3.3.1. Sucrose and aspirin 

 

DSC thermograms for sucrose and aspirin before and immediately after 

cryomilling, along with the cryomilled mixture of both materials are shown 

in Figure 64. It is clearly apparent from a visual review that milling of 

sucrose under cryogenic conditions changes the solid state of the material.  
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Unmilled sucrose shows a melting onset of 188 °C and an enthalpy of fusion 

of 109 J/g which is considered to be higher by only by 2 °C than the onset 

values reported by Hurtta and co-workers (186 °C) (193), who used the 

same heating rate used in the current work. As a result of cryomilling, a Tg 

was observed at 71°C followed by a significantly sharp recrystallization 

exotherm at 98 °C and a broad melting points divided in to two steps with 

peak maxima at 111 °C and 130 °C. Cryomilling of sucrose has been 

reported to produce a Tg on the DSC thermogram at 71 °C (4, 204).  

Furthermore, the obvious reduction in sucrose melting point is possibly 

attributed to either particle size reduction or decomposition. It has been 

reported that losing the crystal structure of sucrose leads to its 

decomposition even before its melting point (205). In a previous study, the 

difference between the melted and cryomilled sucrose was investigated and 

it was concluded that amorphous sucrose produced by cryomilling did not 

go through a melting step and a direct crystal to amorphous transformation 

was presented (204).  
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Figure 64: DSC thermograms of aspirin and sucrose before and immediately after cryomilling and 
a 50:50% w/w mixture of aspirin and sucrose cryomilled together for 60 minutes. Data have been 

offset by 10 Wg-1 for presentational purposes. 

 

As per the cryomilled mixture of aspirin and sucrose, recrystallization was 

noticed with peak maxima at 57 °C followed by a melting peak with an 

onset of 131 °C and an enthalpy of fusion of 130 J/g. another small melting 

peak was detected at 179 °C. The appearance of a recrystallization peak 

indicates amorphous transformation which the data in Figure 64 presents. 

 

XRPD patterns for unmilled, cryomilled aspirin, sucrose, recrystallised 

cryomilled sucrose, and 50:50 w/w mixture of aspirin and sucrose 

cryomilled together for 60 minutes are shown in Figure 65. The as received 

material was found to match the recrystallized sample which confirmed that 
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cryomilling does not cause any decomposition to the sample. Co-cryomilling 

of aspirin and sucrose produced relatively broad Bragg peaks multiple 

peaks which represent the individually cryomilled aspirin and sucrose and 

a couple of small new peaks which might suggest that co-cryomilling of 

aspirin with sucrose would generate some kind of nano-sized co-crystals 

that is presented in this current work for the first time.   

 

 

Figure 65: XRPD patterns collected at room temperature for aspirin, sucrose before and after 
cryomilling and a cryomilled 50:50% w/w mixture of aspirin and sucrose. The data have been 

scaled and offset for clarity. 
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FTIR was employed to investigate the possibility of sample sucrose 

degradation as a result of cryomilling. Spectra for unmilled and cryomilled 

sucrose are shown in Figure 66. It can clearly be seen that the spectra of 

the as received material and the cryomilled material are relatively identical 

it terms of peak positions. The reduction in the peaks sharpness indicates 

the amorphous transformation (206). The FTIR spectra suggest that 

sucrose went through crystal to amorphous transformation and no chemical 

decomposition took place. 

 

  

 

Figure 66: The FTIR spectra of sucrose as received and immediately after cryomilling for 60 

minutes. 
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Furthermore, it can be seen from a visual inspection of the images shown 

in Figure 67, that melting of sucrose leads to a noticeable and clear colour 

change which is not detected on the cryomilled sample. On melting and 

cooling, sucrose changes from white solid to a brown solid. 

 

 

Figure 67: Images of unmilled sucrose, after cryomilling and after melt-quenching. 

 

4.3.3.2. Sucrose and paracetamol 

 

The DSC thermogram resulted from co-cryomilling paracetamol with 

sucrose is shown in Figure 68, along with individually milled and unmilled 

sucrose and paracetamol samples. As mentioned earlier, cryomilling of 

sucrose results in changing the solid state of the material and causes an 

amorphous transformation which is confirmed by the appearance of a Tg 

and a recrystallisation peak. On the other hand, cryomilling of paracetamol 

produced only a melting peak with an onset of 167 °C and an enthalpy of 

fusion of 184 J/g. Co-cryomilling both materials together leads to two sharp 

crystallisation peaks with maxima at 46 °C and 74 °C followed by a single 

melting peak with a melting onset of 159 °C and an enthalpy of fusion of 

142 J/g. 

 

Unmilled
sucrose

Cryomilled
sucrose

Melt-quenched
sucrose
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Figure 68: DSC thermograms of paracetamol and sucrose before and immediately after 
cryomilling and a 50:50% w/w mixture of paracetamol and sucrose cryomilled together for 60 

minutes. Data have been offset by 10 Wg-1 for presentational purposes. 

 

 

 

XRPD trace of paracetamol and sucrose is shown in Figure 69. Multiple 

Bragg peaks were obtained suggesting some degree of crystallinity. Peaks 

noticed in the mixture trace are considered to be lower in intensity when 

compared with the individually cryomilled paracetamol. New peaks were 

detected signifying the synergistic effect as a result of co-cryomilling both 

materials together and the formation of a new material. 

 



Rehab Elfakhri 

 

 

149 
  

 

Figure 69: XRPD patterns collected at room temperature for paracetamol, sucrose before and 
after cryomilling and a cryomilled 50:50% w/w mixture of paracetamol and sucrose. The data have 

been scaled and offset for clarity. 

 

 

 

4.3.3.3. Sucrose and caffeine 

 

DSC overlays of unmilled and cryomilled caffeine, sucrose and a cryomilled 

mixture containing 50:50% w/w of caffeine and sucrose are shown in Figure 

70. All unmilled and individually cryomilled samples showed a single 

endothermic event except for unmilled caffeine which went through a 
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polymorphic transformation from Form II to Form I as a result of an 

increase in temperature. The co-cryomilled mixture showed two 

endothermic events that were detected at a lower temperature than the 

pure sucrose and caffeine. This observation suggests that 50:50% w/w 

mixing ratio could be considered as starting step toward an eutectic mixture 

formation.   

 

 

Figure 70: DSC thermograms of caffeine and sucrose before and immediately after cryomilling 
and a 50:50% w/w mixture of caffeine and sucrose cryomilled together for 60 minutes. Data have 

been offset by 10 Wg-1 for presentational purposes. 

 
 

XRPD trace of caffeine and sucrose seen in Figure 71 showed relatively 

wider Bragg peaks than the ones detected for the cryomilled pure caffeine 
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sample. Extra peaks were detected in the region between 18° to 24° 

suggesting that cryomilling of caffeine and sucrose together produces a 

synergistic effect. It therefore appears that co-cryomilling of both materials 

led to an obvious reduction in crystallinity for both reagents, as well as 

producing a new XRPD trace that cannot be described in terms of a linear 

combination of sucrose and caffeine. A new material appears to have been 

produced. This material could be sucrose and caffeine nano-sized co-

crystal. As a result, co-cryomilling produced a very significant effect on the 

crystal structure of sucrose and caffeine mixture that has not been reported 

before. 

 

 
 

 

Figure 71: XRPD patterns collected at room temperature for caffeine, sucrose before and after 
cryomilling and a cryomilled 50:50% w/w mixture of caffeine and sucrose. The data have been 

scaled and offset for clarity. 
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4.3.4. D-(+)-Trehalose dihydrate 

 

4.3.4.1. D-(+)-Trehalose dihydrate and aspirin 

 

DSC thermograms for unmilled and cryomilled trehalose dihydrate, aspirin 

and a mixture of both materials are shown in Figure 72. It is clearly obvious 

from visual examination of these data that cryomilling transformed the solid 

state of trehalose dihydrate. Before cryomilling, the thermogram for the 

crystalline material showed a single endothermic peak at 96 °C, which 

agrees with the reported values (198). Other researches have reported a 

second endothermic event before the actual melting point (93 °C), which 

was attributed to water loss (198). After cryomilling of the pure trehalose 

dihydrate for 60 minutes, the DSC thermogram showed a Tg with mid-point 

at 26 °C, an exothermic peak which was attributed to recrystallization of 

liquid trehalose dihydrate at 53 °C followed by an endotherm with an onset 

at 89 °C. The position of the Tg was slightly higher than the value reported 

with a Tg detected at 20 °C achieved by quench-cooling the crystalline 

material (195). The detection of a single Tg is a clear sign of amorphous 

transformation.  

 



Rehab Elfakhri 

 

 

153 
  

 

Figure 72: DSC thermograms of aspirin and trehalose dihydrate before and immediately after 

cryomilling and a 50:50% w/w mixture of aspirin and trehalose dihydrate cryomilled together for 
60 minutes. Data have been offset by 5 Wg-1 for presentational purposes. 

 

 

DSC data resulted from co-cryomilling aspirin and trehalose dihydrate 

showed two endothermic events with the absence of Tg and recrystallization 

peak. The two melting peaks represent trahalose dihydrate and aspirin, 

suggesting that cryomilling of aspirin with trehalose would hinder 

amorphous transformation of the latter reagent. A reduction in the melting 

point of aspirin by 15 °C was also noticed. 
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The XRPD data collected for trehalose dihydrate, aspirin and cryomilled 

mixture of both materials are shown in Figure 73. Concerning the unmilled 

trehalose dihydrate sample, the XRPD pattern showed multiple sharp Bragg 

peaks confirming the crystalline nature of the material.  

 

 

Figure 73: XRPD patterns collected at room temperature for aspirin, trehalose dihydrate before 

and after cryomilling and a cryomilled 50:50% w/w mixture of aspirin and trehalose dihydrate. The 
data have been scaled and offset for clarity. 

 
 

After cryomilling for 60 minutes, the XRPD diffuses to an amorphous halo, 

confirming a crystalline to amorphous transformation as a result of 

cryogenic grinding. Furthermore, the mixture of aspirin with trehalose 
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dihydrate XRPD trace showed multiple Bragg peaks which differ in 

sharpness and width suggesting that crystalline aspirin along with 

crystalline trehalose dehydrate were detected. This agrees with the results 

obtained from DSC data of the same mixture suggesting that aspirin 

suppressed the crystal to amorphous transformation of trehalose dihydrate 

leading to the production of XRPD trace which closely matched the unmilled 

materials.  

 

4.3.4.2. D-(+)-Trehalose dihydrate and paracetamol 

 

 

DSC thermograms for unmilled and cryomilled trehalose dihydrate, 

paracetamol and a mixture of both materials are shown in Figure 74. 

Focusing directly on the cryomilled mixture, the absence of Tg was noticed 

with the appearance of three endothermic peaks with melting onsets of  

81 °C, 143 °C, and 169 °C. However, a wide exothermic event was noticed 

around the region at 63 °C signifying amorphous material in the mixture. It 

has been reported that trehalose dihydrate can be crystallized to the 

anhydrate as a result of heating (198). Crystallization behaviour is primarily 

dependent on the particle size of the crystals. 
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Figure 74:  DSC thermograms of paracetamol and trehalose dihydrate before and immediately 
after cryomilling and a 50:50% w/w mixture of paracetamol and trehalose dihydrate cryomilled 

together for 60 minutes. Data have been offset by 5 Wg-1 for presentational purposes. 

 

 

As a result of co-cryomilling paracetamol and trehalose dihydrate for 60 

minutes the XRPD data seen in Figure 75 showed multiple Bragg peaks 

which were somewhat broad and less sharp when compared with the 

unmilled individual materials. The most intense detectable peaks matched 

the pure cryomilled paracetamol while trehalose dihydrate remained 

amorphous. It therefore, unlike aspirin, co-cryomilling paracetamol with 

trehalose dihydrate seems to retain the amorphous properties of the latter 

material. 
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Figure 75: XRPD patterns collected at room temperature for paracetamol, trehalose dihydrate 
before and after cryomilling and a cryomilled 50:50% w/w mixture of paracetamol and trehalose 

dihydrate. The data have been scaled and offset for clarity. 

 

 

4.3.4.3. D-(+)-Trehalose dihydrate and caffeine 

 

DSC thermograms for unmilled and cryomilled trehalose dihydrate, caffeine 

and a mixture of both materials are shown in Figure 76. Focusing directly on 

the cryomilled mixture, Tg was not detected and just like with paracetamol, 

three endothermic peaks with melting onsets of 83 °C 160 °C 209 °C. A small 

exothermic event is noticed around the region at 63 °C which could be 

attributed to amorphous material presence in the mixture. 
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Figure 76: DSC thermograms of caffeine and trehalose dihydrate before and immediately after 
cryomilling and a 50:50% w/w mixture of caffeine and trehalose dihydrate cryomilled together for 

60 minutes. Data have been offset by 5 Wg-1 for presentational purposes. 
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Figure 77: XRPD patterns collected at room temperature for caffeine, trehalose dihydrate before 
and after cryomilling and a cryomilled 50:50% w/w mixture of caffeine and trehalose dihydrate. 

The data have been scaled and offset for clarity. 

 

 

As noticed in the XRPD trace shown in Figure 77 resulted from co-

cryomilling trehalose dihydrate with paracetamol. Cryomilling with caffeine 

produces a trace showing two caffeine peaks with one small peak 

representing trehalose. The sharp peaks which represented the unmilled 

excipient are clearly absent from the XRPD trace. All peaks ere considered 

to be quite broad and few in number. Caffeine seems to not suppress the 

amorphous transformation of trehalose dihydrate. 
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4.4. Summary table 

 

 Xylitol Lactose 

monohydrate 

Sucrose Trehalose 

dehydrate 

Unmilled 

 

 DSC 

 

 

 

 

 

 

 XRPD 

 

 

 

 

 

Tm   93 °C  

 

 

 

 

 

 

Small sharp 

peaks 

 

 

Water loss at:  

138 °C 

Tm of and β 

at: 

217 °C  

241 °C 

 

Sharp peaks 

 

 

Tm  188 °C 

 

 

 

 

 

 

Sharp peaks 

 

 

Tm    96 °C 

 

 

 

 

 

 

Sharp peaks 

Cryomilled 

 

 DSC 

 

 

 

 

Tm   89 °C  

 

 

 

Tc  167°C 

Tm of and β 

at: 210 °C 

     237 °C 

 

Tg   71°C 

Tc    98 °C 

Tm  111 °C  

     130 °C  

 

Tg   26°C 

Tc    53 °C 

Tm   89 °C  
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 XRPD 

 

 

 

Intense sharp 

peaks 

 

 

Amorphous 

halo 

 

 

Amorphous 

halo 

 

 

Amorphous 

halo 

Aspirin 

 

 DSC 

 

 

 

 XRPD 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two melting 

peaks: 

Tm  89 °C  

Tm  125 °C  

 

 No 

synergistic 

effect 

observed 

 Sharp peaks 

of xylitol 

and aspirin 

 No new 

peaks 

detected 

 

 

 

 

 

Tc  80 °C 

Tm  127 °C  

Tm  195 °C 

 

 No 

synergistic 

effect 

observed 

 Sharp 

peaks of 

lactose and 

aspirin 

 No new 

peaks 

detected 

 

 

 

 

Tc  57 °C 

Tm 131 °C 

Tm 179 °C 

 

 synergistic 

effect 

observed 

 Broad peaks 

of sucrose 

and aspirin 

 New peaks 

detected at 

~ 18°-25° 

 

 

 

 

 

 

Tm 88 °C 

Tm 125 °C 

 

 

 No 

synergistic 

effect 

observed 

 Sharp peaks 

of trehalose 

dihydrate 

and aspirin 

 No new 

peaks 

detected 
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 HSM 

 

 

 

 

 

Eutectic 

mixture 

formation 

 

 

 

/ 

 

 

 

/ 

 

 

 

/ 

Paracetamol 

 

 DSC 

 

 

 

 

 

 XRPD 

 

 

 

 

 

 

 

 

 

Two melting 

peaks: 

Tm  86 °C 

Tm  146 °C  

 

 

 

 No 

synergistic 

effect 

observed 

 Relatively 

sharp peaks 

of xylitol 

and 

paracetamol 

 

Tc 48 °C  

Tc 92 °C 

Tm 159 °C  

Tm 204 °C 

 

 

 

 Broad halo, 

with few 

peaks 

indicating 

partially 

crystalline 

 paracetamol 

 

 

 

Tc  46 °C  

Tc  74 °C 

Tm 159 °C 

 

 

 

 

 synergistic 

effect 

observed 

 Broad 

peaks of 

sucrose and 

paracetamol 

 New peaks 

detected at 

 

Tm  81 °C  

Tm  143 °C  

Tm  169 °C 

 

 

 

 

 No 

synergistic 

effect 

observed 

 Broad peaks 

of only 

paracetamol, 

trehalose 

dihydrate 
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 HSM 

 

 

 

 No new 

peaks 

detected 

 

 

 

 

          / 

 

 

 

 

 

 

 

co-soluble 

liquids are 

formed at  

~ 220 °C  

 

~ 12°-18°-

19° 

 

 

 

 

 

          / 

remains 

amorphous 

 No new peaks 

seen 

 

        

    

      / 

Caffeine 

 

 DSC 

 

 

 

 

 

 

 

 

 

 

Two melting 

peaks: 

Tm  84 °C  

 

Tm  179 °C  

 

 

 

 

 

Tm  75 °C 

Tm  147 °C  

Tm  219 °C 

 

 

 

 

 

 

 

Tm  176 °C 

Tm   205 °C  

 

 

 

 

 

 

 

 

Tc   63 °C 

Tm  83 °C  

Tm  160 °C  

Tm  209 °C 
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 XRPD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 HSM 

 

 

 No 

synergistic 

effect 

observed 

 

 Broad 

peaks of 

xylitol and 

caffeine 

 

 No new 

peaks 

detected 

 

 

 

 

 

           / 

 synergistic 

effect 

observed 

 

 Broad 

peaks of 

lactose and 

caffeine 

 

 

 New peaks 

detected at 

~ 15°-25° 

 

 

 

 

co-soluble 

liquids are 

formed at  

~ 230 °C 

 synergistic 

effect 

observed 

 

 Broad 

peaks of 

sucrose and 

caffeine 

 

 

 New peaks 

detected at 

~ 18°-24° 

 

 

 

 

 

/ 

 

 No 

synergistic 

effect 

observed 

 Broad peaks 

of caffeine, 

trehalose 

dihydrate 

remains 

amorphous 

 No new 

peaks 

detected 

 

 

 

 

 

/ 

 

Table 18: Summary table of research work in Chapter 4. 
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4.5. Discussion 

 

 

4.5.1. Milling temperature 

 

 

Dehydration is one of the possible strategies adopted in order to produce 

an amorphous material. In this chapter, two forms of hydrates were 

studied, trehalose dihydrate and lactose monohydrate. A rapid removal of 

water from trehalose dihydrate has been shown to produce a glassy 

amorphous anhydrous phase (207). In the current work, amorphous 

trehalose dihydrate was successfully produced as a result of particle size 

reduction induced by cryomilling. Furthermore, Tg detected was in good 

agreement was previous literature indicating the presence of pure trehalose 

dihydrate (195), since the Tg value for anhydrated form is 116.9 °C (208), 

and if the sample went through a dehydration process, than the Tg value is 

probably expected to be detected at an intermediate region between both 

forms. Similarly, amorphous material was formed when alpha lactose 

monohydrate was milled at room temperature. This transformation was 

achieved in the current work as well when lactose was cryomilled for 60 

minutes. The common factor between trehalose dihydrate and lactose 

monohydrate is in the position of Tg. Researchers have reported that the 

temperature of milling relative to the Tg is critical to the crystal to 

amorphous transformation process (200). Therefore, The Tg values for both 

materials are higher than room temperature which makes it possible to 

form an amorphous material on room temperature milling.  

In the current work, all the experiments were conducted under extremely 

low temperature during cryogenic milling to establish the suitable 
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atmosphere for crystal to amorphous transformation. All materials were 

milled at a temperature lower than their actual Tg values (Tg range -26 °C, 

20 °C,50 °C ,71 °C). Amorphous material was observed with sucrose, 

trehalose dehydrate and lactose. Xylitol is believed to have fairly low Tg 

Value (-26 °C) which make it possible to form an amorphous material inside 

the vial during the cryomilling process, and because the sample 

characterisations usually are carried out at room temperature, allowing the 

sample to recrystallize rapidly.   

 

A reduction in melting points was observed in this chapter as well and it 

has been discussed in the previous chapter by studying the binary mixtures 

of aspirin-paracetamol, paracetamol-caffeine and aspirin-caffeine. One of 

the most crucial reasons for melting point reduction, especially with 

thermolabile substances is chemical decomposition. From the list of the four 

excipients investigated in this chapter, sucrose is considered to be the most 

thermally sensitive substance. According to the XRPD and FTIR results, 

sucrose did not undergo any degradation resulting from cryomilling 

process.  

   

4.5.2. Melting point reduction 

 

 
 

A noticeable reduction in the melting points of aspirin, paracetamol and 

caffeine as a result of co-cryomilling with xylitol, lactose monohydrate, 

sucrose and trehalose dihydrate. In general, the reduction in the melting 

points was possibly attributed to several reasons such as, chemical 

decomposition, polymorphism, impurities, lattice defects, particle size 

reduction or even could potentially was caused by a mix of both particle 

size reduction and defects. No evidence of chemical decomposition or 

polymorphism was observed in the XRPD traces for all mixtures, so both 

reasons can be certainly ruled out. 
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The Shroeder-van Laar equation (Equation 1), introduced in Chapter 1 and 

discussed in Chapter 3, can be employed to predict the melting point of 

these mixtures. As the hot-stage microscope images for few of the mixtures 

confirmed that all components are completely miscible in the liquid state 

and immiscible in the solid state, a phase diagrams of all mixtures 

calculated using the Shroeder-van Laar equation are shown in figures 78-

81. 
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Figure 78: Phase diagrams of xylitol with a. aspirin, b. paracetamol and c. caffeine. 

 

a.  

b.  

c.  
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Figure 79: Phase diagrams of lactose monohydrate with a. aspirin, b. paracetamol and c. caffeine. 

 
 

 

 

a.  

b.  

c.  
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Figure 80: Phase diagrams of sucrose with a. aspirin, b. paracetamol and c. caffeine. 

a. 

b. 

c. 
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Figure 81: Phase diagrams of trehalose dihydrate with a. aspirin, b. paracetamol and c. caffeine. 

 

a. 

b. 

c. 
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The predicted eutectic points of all mixtures at which the two components 

are forming miscible liquids are found to be estimated at a composition 

either higher or lower than 50:50% w/w that was used in the current study.  

 

 

 

 
 

 

4.6. Conclusion 
 

 

The preparation of single and multi-component systems by cryomilling has 

been studied by DSC, XRPD, hot-stage microscope and FTIR. It was found 

that for the single component systems, a Tg was observed with sucrose, 

trehalose dihydrate and a recrystallization peak was found in the DSC 

thermograms for sucrose, lactose and trehalose dehydrate, indicating 

crystal to amorphous transformation was achieved as a result of 

cryomilling. As per the multi-component systems recrystallization peaks 

was only observed when milling sucrose and lactose with the three different 

APIs under investigation. Surprisingly, co-cryomilling of paracetamol with 

sucrose and lactose respectively lead to the formation of amorphous or 

partially amorphous lactose, sucrose and paracetamol. These results 

suggest that due to an increase in the molecular mobility when the sample 

was brought at room temperature to be analysed, causing recrystallization 

to be occurred giving the reason for crystalline to partially crystalline nature 

of these mixtures. 
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Chapter 5  

Conclusions and future prospects 
 

 

5.1. Conclusions 

 
 

In Chapter 2 a range of analytical techniques was used to study the crystal- 

to-amorphous transformation and a potential recrystallisation of crystalline 

dicarboxylic acids which has not been investigated before. It was 

demonstrated that phthalic acid, isophthalic acid and terephthalic acid all 

undergo crystal to amorphous transformation, with the terephthalic acid 

remains amorphous even after storing the cryomilled samples for three 

weeks. The XRPD results for the pair mixtures prepared by physically 

mixing the individually cryomilled materials or by co-cryomilling together 

confirms that the mixtures which were prepared by co-cryomilling the 

components seem to recrystallize at a slower rate, especially the ones 

containing terephthalic acid. These mixtures show a potential signs of 

forming a new material with the suggestion of being some kind of nano-

sized co-crystal.      

 

In Chapter 3 the effect of milling at room temperature and cryomilling was 

investigated on single and multi-component systems of more realistic 

crystalline medicinal substances. As per the single component systems, 

amorphous material was not observed for aspirin, paracetamol and 

caffeine. The significance of milling temperature relative to Tg and the 

temperature at which the samples analysis takes place relative to the Tg 

value has been highlighted. Reduction in melting points has been observed 

for aspirin milled at room temperature and has been attributed to crystal 

defects. The multi-component systems of aspirin-paracetamol, aspirin-

caffeine and paracetamol-caffeine were studied at different ratios and 
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theoretical eutectic points of each system were calculated using the 

Shroeder-van Laar equation and a first attempt of comparing the results 

with the experimental results obtained from ball milling and cryomiling was 

reported.  

 

The observation that can be extracted from Chapters 2 and 3 that materials 

of different chemical nature when milled together showed a significant 

reduction in the melting points than that attained by each separately. 

However, materials of similar chemical nature did not show such behaviour. 

This finding is a unique one that has never been addressed for cryomilled 

materials before. Certainly it is worth further investigation to find out any 

useful implementation.   

 

In Chapter 4 the preparation of a selected number of APIs co-cryomilled 

with different widely used excipients was studied. It was confirmed that 

sucrose, lactose monohydrate and trehalose dihydrate all undergo a crystal 

to amorphous transformation when each material was cryomilled 

individually. Cryomilling of sucrose and lactose monohydrate gave the first 

instance of amorphous or partially amorphous paracetamol. Aspirin has 

been observed to suppress the amorphous transformation of trehalose 

dihydrate, and it has been assigned to the significantly low Tg value of 

aspirin compared to paracetamol and caffeine. The XRPD traces for the 

systems containing aspirin-sucrose, paracetamol-sucrose, caffeine-sucrose 

and caffeine-lactose has been reported for the first time to produce new 

peaks indicating that the components were mixed on a molecular level. 

Melting points depression has been observed on cryomilling of all systems 

and the results were compared with the theoretical reduction in melting 

points values obtained from the Shroeder-van Laar equation. 

 

In fact co-cryomilling does not appear to be as predictable as milling single 

components. Cryomilling of multi-component systems have been showed 
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to either produce eutectic, amorphous, sometimes simple physical mixtures 

or co-crystals. 

 

In general, cryomilling is a technique which has the potential of producing 

an amorphous material without the use of heat or solvents. This is 

specifically considered to be an appealing strategy for pharmaceutical 

formulations. Cryomilling offers a number of advantages over other 

formulation strategies, reducing the risk of chemical instability of 

amorphous materials produced and offering an access to new amorphous 

materials. The preparation of single and multi-component systems of 

amorphous materials without the use of solvents and heat would definitely 

reduce the risks of chemical instability and provides the opportunity of 

producing formulations with increased solubility and dissolution rate and 

consequently bioavailability.       
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5.2. Future prospects 

 

 

5.2.1. In situ-XRPD  

 

In situ-XRPD provides an extra information in terms of changes in the 

crystal structure, crystal phase transformations, transitions from 

amorphous to crystalline state and vice versa as well as crystallite growth. 

The work described in this thesis involved milling, followed by ex-situ 

characterisation of the samples. A recent work by Decamps (209) on beta-

trehalose employed an elegant combination of ex-situ and in-situ X-ray 

diffraction and PDF analysis using a synchroton source, which allowed 

development of a core/shell model to describe the milling-induced 

amorphisation. It would be interesting to apply the same approach to the 

systems studied in Chapter 2 to help determine whether the new materials 

formed are structurally related to the unmilled materials, along with the 

mechanism by which the new ,materials are created during the milling 

process (e.g. two-phase process similar to that observed by Descamps). 

 

5.2.2. Solid-State NMR 

 

Applying NMR to all cryomilled samples would possibly give an extended 

idea about the mechanism by which amorphisation occurs. It was reported 

that when crystalline lactose was subjected to various forms of 

pharmaceutical processing including cryogrinding, solid-state NMR 

relaxation times become shorter (210). Shorter relaxation times is often 

detected for the high-energy mixtures indicating the formation of 

amorphous material.  In agreement with our finding cryogrinding often 

produces mixtures of crystalline and amorphous material, with the amount 

of amorphous material increasing as the grinding time increases. 

Furthermore, sixty minutes of grinding time produced mostly amorphous 

material, with some crystalline material remaining. This led to the 
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assumption that relaxation measurements when performed on dosage 

forms could potentially predict the stability of pharmaceutical formulations. 

Therefore, it would be interesting to apply this technique to the systems 

studied in Chapters 3 and 4 in order to investigate the stability of 

amorphous materials formed by cryomilling. It would be interesting to 

compare relaxation times for cryomilled vs melt-quenched samples which 

would provide a new knowledge to the field. 

 

5.2.3. Accelerated stability studies 

 

The standard stability performance of drug formulations is a basic 

requirement for pharmaceutical development and commercialization. The 

stability of co-milled mixture of polyvinyl pyrrolidone (PVP) and salbutamol 

sulphate (SS) using a planetary ball mill was studied before and after 

storage under ambient and elevated humidity conditions (211). The 

obtained results showed stability against re-crystallization was achieved on 

storing the co-milled mixtures with a minimum PVP content of 80 wt%. 

Therefore accelerated stability studies on some of the multi-component 

systems reported in Chapter 4 would provide a valuable information 

regarding the mechanism by which crystallisation takes place in order to 

assess cryomilling as a potential formulation strategy. 

 

5.2.4. Implementation to real-world formulations 

 

It would be valuable to study the effect of cryomilling on samples of 

molecular alloys involving more than two components that mimic real 

pharmaceutical formulations. The significant reduction in the materials 

melting points that was observed in the systems investigated in Chapter 3 

and Chapter 4 could be implemented in pharmaceutical formulations that 

are aimed to possess a rapid dissolution rate to enhance their 
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bioavailability, such the case of oro-dispersible tablets and local anaesthetic 

preparations.  

 

 

Future studies, therefore, could usefully aim at: 

  

 In-situ work to probe the milling process and also the recrystallisation 

processes for organic small-molecule materials. 

 

 SS-NMR and stability studies to clarify the mechanism by which 

amorphisation occurs.  

 

 

 Developing a model to predict milling outcomes in mixed systems 

(e.g. amorphisation, nano-crystal formation, eutectic formation or no 

real change)  
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Appendix I 
 
 

Experimental 
  

 
 

Preparation Methods 

 
 

Cryomilling 
 

 

As mentioned in Chapter 1, cryomilling was carried out in this study as it 

will offer a suitable atmosphere to pharmaceuticals without the downsides 

accompanying the subjection to heat and solvents adopted in other 

amorphisation strategies.  The aim of milling is typically reducing the 

particle size of a material by mechanochemical activation (118). According 

to the Nernst-Brunner equation reducing the surface area may theoretically 

have a significant effect on the dissolution rate since surface area is 

dependent on particle size. This is considered to be an essentially important 

step in pharmaceutical industry to improve the dissolution rate of poorly 

water soluble active pharmaceutical ingredients. On the other hand a 

crystalline to amorphous transformation has been reported upon milling 

several APIs (13). During the past few decades the importance of the 

amorphous state was widely accepted by the pharmaceutical community 

(10). Formulation with their API in the amorphous state shows a great 

potential to overcome the limited bioavailability problems (212). 

Cryomilling was considered to offer an environment for potentially facilitate 

direct crystalline to amorphous transformation (169), which is referred to 

the high milling intensity subjected to the materials under study at low 

temperature.  

 

A detailed description of several milling strategies was provided by 

Suryanarayana who has carried out an extensive review on mechanical 
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alloying and milling (132). The cryomill used in this thesis is a SamplePrep 

6870 Freezer/Mill (SPEX, Metuchen, NJ, United States) shown in Figure 82. 

It is supplied with an electromagnetic coil which can shuttle the impactor 

back and forward inside the sample vial in order to be grinded against the 

end cap (Figure 83).  

 

 

Figure 82: SamplePrep 6870 Freezer/Mill (SPEX, Metuchen, NJ, United States). 
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The liquid nitrogen submerges the coil and vial to keep sample temperature 

to a minimum throughout the milling process. Liquid nitrogen boiling point 

is  ~-196 °C which should maintain most APIs below their Tg, supporting 

the crystalline to amorphous transformation reported and shown by the 

Martin and Bellon equation (169). 1 g of each sample was weighed and 

placed in the vial. The vials holder in the cryomill has the capacity of 

cryomilling four samples each run. Cryomilling time was 60 minutes for all 

samples, with pre-cooling the instrument for 5 minutes then milling for 2 

minutes at frequency 15 cycles per second. Throughout the grinding 

process, there is a pause of 1 minute between cycles to prevent the 

temperature rising. In order to avoid condensation of atmospheric moisture 

on the sample vial and probably on the sample, cryomilling vials were 

transferred immediately into an argon purged dry-box in which the sample 

was sealed and protected against the exposure to water before the physical 

characterisation. 

 

 
Figure 83: Schematic diagram of electromagnetic impactor back, sample vial and end cap. 
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Room Temperature Milling (Ball Mill) 
 

A RETSCH Mixer Mill MM400 (Retsch GmbH, 42781 Haan, Rheinische 

Str.36, Germany) shown in Figure 84, was used to mill the samples at room 

temperature. The grinding jars, within the mixer mill, perform oscillations 

in a horizontal position and the inactive surface of the grinding balls causes 

them to impact with high energy on the sample at the rounded ends of the 

grinding jars and crushes it. Also, the movement of the grinding jars 

combined with the movement of the balls result in the intensive mixing of 

the sample. The degree of mixing can be controlled by the size of the 

grinding balls. 

 

The grinding jars were filled with 200 mg of the starting materials used, 

and sense the mixer mill is provided with two grinding stations, two 

samples were used at each run. All the samples were milled for 60 minutes.  

 

 
 

Figure 84: A. Stainless steel jars with two balls B. RETSCH ball mill (Mixer Mill MM400). 
 

 

 



Rehab Elfakhri 

 

 

183 
  

 

 
 

Characterisation Techniques 
 

 
Differential Scanning Calorimetry (DSC) 

 
 

In definition (213), DSC “means the measurement of the change of the 

difference in the heat flow rate to the sample and to a reference sample 

while they are subjected to a controlled temperature program’’ . Depending 

on mechanism of operation DSC can be classified into two types: 

 
 

Heat Flux DSC 
 

 
In heat flux DSC, both the sample and reference material are heated 

together by the same heating source. The heat is then transferred to both 

sample and reference pans via a thermoelectric disk. The existent 

difference in temperature detected between the sample and the reference 

is attributed to the difference in heat capacity between both pans. 

 
Power Compensated DSC 

 

 
In power compensated DSC, the sample and reference pan are heated by 

separate heaters. Both the sample and reference are maintained at the 

same temperature and the difference in thermal energy required to 

maintain them at the same temperature is measured and plotted as a 

function of temperature or time. A sketched diagram showing the working 

principle of power compensated DSC is shown in Figure 85. 

 

This kind of measurement would be significant in order to study the thermal 

transition of samples under study (213). It is typically used in the analysis 



Rehab Elfakhri 

 

 

184 
  

of amorphous pharmaceutical solids (30). Heat flow is simply the amount 

of heat supplied (q) to the sample at given time (t) (Equation 3). 

 

 ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 =
𝑞

𝑡
 

 

               (3) 

 

In order to maintain the sample and the reference pan at the same 

temperature, more heat will be supplied to the sample during an 

endothermic transition and less heat during an exothermic transition. Heat 

capacity (Cp) is identified as the amount of heat required to increase the 

temperature of a sample by a given amount. It can be calculated as shown 

in Equation 4: 

 

 

 𝐶𝑝 =
𝑞

∆𝑇
=

𝑞

𝛼𝑡
 

 

                   (4) 

 

Where Cp is the heat capacity, q is the heat supplied, ΔT is the change in 

temperature, 𝛼 is the heating rate and t is the time. 

 

 
 

Figure 85: Sketched diagram showing the principle of power compensated DSC. 

 

 

H

10 °C/min

Sample Blank (reference)
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A typical thermogram of a material subjected to heat could reveal its 

melting temperature, crystallisation temperature and glass transition 

temperature; this makes DSC an ideal strategy for the detection of 

amorphous solids. DSC provides a convenient and moderately accurate 

method of measuring enthalpy changes. The area under a curve between 

any two temperature limits yields an enthalpy change and can be calculated 

using equation 5: 

 

 
𝛥𝐻 = ∫ 𝐶𝑝𝑑𝑇

𝑇2

𝑇1

 
  (5) 

 
 

 
 

Where ΔH is the change in enthalpy, T1 is the temperature at the beginning 

of the transition, T2 is the temperature at the end of the transition, Cp is 

the heat capacity and dT is the change in temperature. The DSC 

thermogram could be useful in providing information on the amount of the 

amorphous and crystalline content of the sample, which could be quantified 

using the equation 6 proposed by Lefort et al (214). 

 

 

 
𝜏𝐷𝑆𝐶 =

Δ𝐻𝑐𝑟

Δ𝐻𝑚
∗

1

1 − 𝛼𝑓𝑟𝑎𝑐
 

             (6) 

 
 

 
 

 
Where 𝜏𝐷𝑆𝐶 represent the samples’ amorphous fraction,  Δ𝐻𝑐𝑟 is the enthalpy 

of the samples’ crystallisation at specific temperature known as the 

crystallisation temperature, Δ𝐻𝑚
∗  is the enthalpy of fusion of the crystalline 

material and 𝛼𝑓𝑟𝑎𝑐 is the fraction of amorphous material which on heating 
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does not undergo recrystallization. This has been applied in the study of 

the structural disorder in milled indomethacin by Planins ̄ek et al (215). The 

shapes and the number of peaks on the DSC thermogram can be useful to 

identify the presence of impurities and particle size reduction (216). It has 

been reported that heating rate can have an effect on the sample stability 

(217), DSC was utilised to determine the stability of acetylsalicylic acid ASA 

, both as pure samples and in ASA-containing pharmaceuticals. Two broad 

endothermic peaks were detected to be attributed to the two decomposition 

steps of ASA. This phenomenon was found to be prominent as the heating 

rate was increased. 
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Figure 86: TA Q2000 Differential Scanning Calorimeter (TA Instruments, NewCastle, DE, USA). 

 

The type of DSC used in this investigation is a TA Q2000 Differential 

Scanning Calorimeter (TA Instruments, NewCastle, DE, USA) shown in 

Figure 86. Supplied by constant purge of nitrogen gas of 50ml per minute. 

Tzero (TA Instruments, New Castle, DE, USA) aluminium hermetic pans and 

lids were used to contain the samples with a sample size range of ~5 mg. 

These pans were sealed in an argon purged dry-box and tapped lightly to 

spread out the sample evenly within the pans. The instrument was 

calibrated for temperature and enthalpy using indium. The standard or 
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conventional DSC mode was adopted to measure Tg, melting points, 

recrystallization and enthalpy. Measurements were run from -40°C to 

specific temperatures above each component’s melting temperature with 

heating rates of 10°C/min. Analysis is carried out through the Universal 

Analysis Software (TA Analysis) to estimate the enthalpy, onset and peak 

of thermal events such as the glass transition, melting and recrystallization. 

Experiments were carried out in triplicate (n=3). 

 

 
Hot Stage Polarised Microscopy 

 
 

 
Hot-stage polarised microscopy is considered to be one of the several 

techniques that can be used to characterise the physical properties of 

pharmaceutical solids (218). Microscopic observation offers a rapid, 

adaptable and often non-destructive method for investigating samples. This 

characterisation provides information regarding the physicochemical 

properties (219), such as crystal morphology, crystal optics, crystallisation 

and thermal behaviour when microscopy is connected to a hot stage 

compartment (220).  

 

A detailed description of the basics of hot-stage polarising microscopy is 

described in Figure 87. During this work the thermoscopic behaviour of 

pharmaceutical samples under study was investigated using PriorLux Pol 

advanced polarised light microscope (PriorLux Pol, Prior Scientific, 

Fulbourn, Cambridge, UK) (Figure 88).  
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Figure 87: Sketched diagram showing the principle of polarised thermoscopy. 
 

 

The samples are placed on a 360 degree rotational mechanical stage and 

focused through several focusing eyepieces of 10x magnification and 20 
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mm view field, and PriorLux Pol is equipped with free objectives of either 

4x, 10x, 20x, 40x and 60x magnification. A halogen lamp is conducted with 

variable brightness control to provide illumination to the subjected samples 

by a 12 V and 30 V. 

 

 

 
 

Figure 88: PriorLux Pol advanced polarised light microscope (PriorLux Pol, Prior Scientific, 

Fulbourn, Cambridge, UK). 

 

 

 
CCD camera is attached to the microscope that can be either used in its 

still mode for basic image capture, or for more advanced imaging mode for 

moving pictures. There is an image capturing software build within 

Linksys32 package that could be into video generation using different 

pictures captured at desired time intervals. The PriorLux Pol is supported 

with a Linkam dsc600 heating-freezing stage, which is controlled by T95-

Linksys temperature programmer and Linksys32 software (Linkam 

Scientific Instruments Ltd., Tadworth, Surry, UK). The latter is programmed 

to control the hot-stage temperature.  
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X-Ray Powder Diffraction (XRPD) 

  

X-ray crystallographic techniques have been regarded as the most definitive 

methods for quantifying molecular order (8), characterising the structural 

conformation of materials (221) and they are frequently employed in 

pharmaceutical analysis (222). As a result of  the fingerprint-like features 

of diffractograms of each distinctive material whether it is to be confirmed 

for being identified or to be determined in the case of new solid forms, can 

be characterised using XRPD (223). X-ray diffraction (Bragg diffraction) 

occurs when radiation with wavelength comparable to atomic spacings is 

scattered in a specular fashion by the atoms of a crystalline system, and 

undergoes constructive interference (224). When an interaction between 

the x-ray and the sample is achieved, each atom in its unit cell interacts 

with the incident beam resulted in x-ray diffraction (225). Moreover, an 

interference similar to that detected between electrons occurred between 

scattered x-rays. The x-ray diffraction does not occur until Bragg`s law is 

satisfied. Bragg diffraction from a set of crystal planes separated by a 

distance d is shown in Figure 89. 

 

https://en.wikipedia.org/wiki/Specular_reflection


Rehab Elfakhri 

 

 

192 
  

 

Figure 89: Diagram of Bragg diffraction from a set of crystal planes with a spacing of d. 

 

 

Bragg’s Law was introduced by Sir W.H. Bragg and his son Sir W.L. Bragg. 

The law states that when the x-ray is incident onto a crystal surface, its 

angle of incidence θ will reflect back with a same angle of scattering θ. 

When the path difference d is equal to a whole number n of wavelength. 

Bragg expressed this in Equation 7. 

 

 

 𝑛λ = 2 d sin  (ɵ)              (7) 

 

 

Where λ is the wave length of the rays, θ is the between the incident rays 

and the surface of the crystal, d is the spacing between layers of atoms 

when n is an integer (1, 2, 3 etc.). XRPD can clearly distinguish amorphous 

from crystalline material (13). The long-range translational order which 
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molecules exhibit in their crystalline state but not in the amorphous state. 

As a result, amorphous solids fail to diffract X-rays constructively (8). 

Therefore, characteristic patterns of amorphous materials produce broad, 

diffused haloes without distinctive sharp peaks (226). The XRPD was 

measured in this work by using flat-plate diffractometer, the X’Pert 

PRO(PANalytical, Almelo, Netherlands) shown in Figure 90. Reflection mode 

was set up using Cu Kα1 (λ = 1.54 Å) operating in Bragg-Brentano 

geometry.  

 

0.0260 2 θ /° was used as a step size with a total collection time of 5 

minutes. The Voltage of the generator was sat to 40 kV and the current to 

40 mA. Brass was used as a holder for the samples. The XRPD could be 

utilised into determining the crystallinity of nanocrystalline samples with 

the limit of detection been approximated around 5% (222). There is a 

number of milled APIs has been characterised using XRPD, such as 

indomethacin (227), griseofulvin (228), paracetamol and sucrose (4). 

 



Rehab Elfakhri 

 

 

194 
  

 

Figure 90: the X’Pert PRO(PANalytical, Almelo, Netherlands). 

 

 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

 
 

Infrared spectroscopy has been considered as a significant procedure for 

materials examination in the research facility and it has been gaining 

acceptance as a reliable analytical tool for over seventy years (229). An 

infrared spectrum represents a fingerprint of a sample with absorption 

peaks which correspond to the frequencies of vibrations between the bonds 

of the atoms making up the material (230). Because each different material 

is a unique combination of atoms, no two compounds produce the exact 

same infrared spectrum. Therefore, infrared spectroscopy can result in a 

positive identification (qualitative analysis) of every different kind of 
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material. In addition, the size of the peaks in the spectrum is a direct 

indication of the amount of material present. With modern software 

algorithms, infrared is an excellent tool for quantitative analysis. 

 

FTIR spectrometers are further more effective than the original dispersive 

techniques which were used in the past with grating-type or prism 

instruments (231) because all the IR radiation reaches the detector at the 

same time after passing through the sample (232). Measurement of a 

single spectrum is faster for the FTIR technique because the information at 

all frequencies is collected simultaneously. This allows multiple samples to 

be collected and averaged together resulting in an improvement in 

sensitivity. 

 

 

 

Figure 91: Sketched diagram showing the principle of FTIR 
 

 

In an FT-IR instrument, a Michelson interferometer replaces the 

monochromator of a conventional infrared spectrometer which splits the 

infrared beam using a semi-permeable beamsplitter (233). The infrared 

beam is taken from the source by the interferometer to a beam splitter 
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which is designed to transmit part of the light towards a fixed mirror, and 

the other part is reflected towards a moving mirror (234). When the two 

lights is reflected back from the mirrors, they return to the beam splitter 

where they are recombined, and directed to a sample holder (234). As the 

infrared light interacts with the sample, a fraction of the radiation is 

absorbed while the rest passes through towards a detector (234).  

 

The intensity of the signal from the detector, as a function of the change in 

optical pathlength corrected by a constant component, is called an 

interferogram (229). This interferogram showing intensity versus 

pathlength is converted by a mathematical algorithm, called a Fourier 

transform, into an IR spectrum giving absorbance versus frequency (235). 

Figure 91 shows a simple diagram of fourier transform spectrometer 

working mechanism. 

 

 

Figure 92: Agilent/Cary630/FTIR, United States. 

 

 

 

 

The IR spectra of all the samples in this study were collected using Agilent 

/ Cary630 / FTIR, United States shown in Figure 92. The attenuated total 
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reflectance (ATR) is widely used to obtain spectra of solids, liquid, 

semisolids and thin films. Samples were applied to the plate of Diamond 

ATR type II crystal which is considered to be the most common sample 

interface used in spectroscopy, because diamond provides high-quality 

spectra with no sample preparation required.  

 

The diamond`s extreme strength which enables it to withstand the applied 

pressure for proper contact especially with solid samples and it is highly 

resistant to the chemical changes. The signal-reflection diamond has a 1 

mm diameter sampling surface with 200 µm active area and provides 

approximately 2 µm depth of penetration for infrared energy at 1700 cm-1. 

The samples were analysed by Agilent MicroLab PC software. The spectral 

range was taken between 4000-500 cm-1. Figure 93 shows the working 

principle of attenuated total reflectance (ATR). 

 

 

 

 

Figure 93: Sketched diagram showing the principle of attenuated total reflectance (ATR). 
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