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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 fre e 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 tra nsformation 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 afte r cryomilling, and even after the cryomilled sample b een 

stored for three weeks DSC t hermogram 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, isopht halic 
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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 se parately 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 a cid are 

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

resulted  in th e 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 phthali c 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, F orm 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 show ed only the presence of F orm I.  On 

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

stage microscope images confirmed the eutectic formation with a 

compos ition 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 theoreti cal values resulted from Van Laa r equation.  

Solid pharmaceuticals represent heterogeneous system s 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  sucro se, 

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 t han 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 t herefore  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 it s t herapeutic effect, several routes  of drug administrati on are 

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

form s 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  
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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 dec ision -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 d ifferent categories that depend  on th eir 

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 de pending 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 fo rms and formulation strategies  
 

 

1.3.1.  Amorphous Vs Crystalline materials  

 

 
The m ajority 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. Stu dying 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, w hile 

on the othe r hand, amorphous materials can more readily accept impu rities 

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 i mproving 
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the bioavailability . The c rystalline state is characterised by long range 

translational order which mathematically corresponds to the crystalline 

lattice. The c rystalline lattice is defined as the arrangement of point s 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, mat erials can ado pt an amorphous state and this 

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

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

diagram comparing the structure of the crystalline and t he amorphous 

phase is shown in F igure 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 t heir 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 pharmacolo gically 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 st ability 

compared to the crystal  form (8, 11 ) . Moreover, difference s in  a morphous 

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 c ryomilling, 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 k ey characterisation points when dealing 

with amorphous materials  are that solid to liquid tr ansitions 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 T g.     

 

 

 
 

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 (T g) 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 cal orimetry (DSC) (15 ) . 

The g lass transition temperature is one  of the import ant parameters to 

understand the thermodynamic stability of a particular amorphous 

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

below T g 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



Rehab Elfakhri 

 

 

6 
  

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 T g value and the melting point of  the 

crystalline form of the initial material.      

 

 

1.3.3.  Stability against recrystalisation  

 
 

The  increase in the m olecular mobility can have a negative effect  on the 

physical and chemical stability of the amorphous material s. 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 patient s. Recrystallisation of 

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

more than one factor .  

 

Molecular mobility is identified a s 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 ȁ-lactam antibacterials occurred 

substan tially  faster  than for their crystalline form (20 ) . The chem ical 

degradation of many pharmaceutical materials was attributed to the 

molecular motions accompanying  the structural relaxation  (21 ) . The g lass 

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, t he 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 ) . Th e difference in the 
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recrysta llisation  behaviour of both drugs was assigned to a higher 

thermodynamic driving force for crystallisation in nifedipene while 

felodip ine 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 S ection 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 wit hout 

inducing crystallisation. D ifferences in the thermal history which is lo w in 

freeze drying and high in spr ay drying and a vari ation 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 method s for 

indomethacin was arranged according to the following  order quench cool > 

cryomill Ŭ form > spray drying > ball mill Ŭ form > ball mill Ȃ form = 

cryomill Ȃ form (12 ) .  

 

Addition of excipients, such as surfactant, antiplasticisers and 

crystallisa tion 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 s ilicate , can act as adsorbent that stabilise s the 

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

absorbent is magnesium aluminometasilicate (Neusilin) that stabilise s 

amorphous drugs during storage and minimise s 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 intra molecular 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 interaction s 

(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 p olyacrylic 

acid (PAA) which  has one strong donor H ïbond 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 relat ive 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 c ontribute 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 de creases. Furthe rmore, t he addition of polymer s 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 ann ealing 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, m olecular weight determines the possibility of cry stallisation 

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 

disadv antages 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 poor ly  water soluble drug s and the bioavailability of the 

liquid dosage form such as p arenteral drugs. However, the re version 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 

ef fect 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 for m should have specific physicochemical  

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

be the most challenging factor that limit s the applicability of  this strategy 

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

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

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

when cycoldextrin was combined with Ziprasodone mesylate (intramu scular 

dosage fo rm aqueous solubility 0.89 mg/mL ) that the aqueous solubility 

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

 

Prodrug formation is an important method used in elevating both of 

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

be defined as ña chemical with little or no pharmacological activity, 

undergoing biotransformation to therapeutic active metaboliteò (47 ) . 

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

physicochemical, toxicologi cal 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 show ed 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, s accharine was 

reported to enhance the dissolution rate when forming a cocrystal with 

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

form s a cocrystal with carbamazepine. Carbamazepine -saccharine 

cocrystals exhibited higher C max  (Maximum Plasma Concentration) and T max  

(Time to Maximum P lasma Concentration)  (55 ) .  

 

Accord ing to the Noyes -Whitney equation (E quation 2),  explain ed in more 

detail in S ection 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 br eaking up large particles to smaller 

size particles, which enhance s 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 di fferent 

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 drug s withdrawal f rom the market (59 ) . Durin g 

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 ) . 

Spironolacton e was reported to exhibit an increase in dissolution rate by 12 

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

polymor phic 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 

pha rmaceutical applications such as EMLA Cream, an emul sion in which the 

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

examples of pharmaceutical application of eutectic mixtures  are going to 

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

materials which have the potential of  form ing  eutectic mixture s 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 th e 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 phas e 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 indi vidual material) . The final melting 

Ὅὲ ὼ  
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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) . T he 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 T E, 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 help ful information regarding 

the  expectation of possible physical inco mpatibility 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 abi lity 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 o ral drug ingestion. S olubility 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 conditi ons (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, a ddition 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 ) . A s a result, dissolution rate can be modified chemically or 

through formulation techniques.   
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The dissolution rate is expressed by the Noyes ïWhitney equa tion or the 

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

 

 

 Ὠά

Ὠὸ

Ὀὃὅ ὅ

Ὤ
 (2)  

 

Where  is rate of the drug dissolution, Ὀ is the diffusion coefficient, ὃ 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 

Ὤ is the thickness of the bou ndary layer.  From E quation 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 s even classes as shown in T able 2  (90 ) .   These categories are 

rangin g from very soluble (>1000 mg/mL ; class I and III BCS) to p ractically 

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

form to produce the therapeutic effect after administrat ion, it is important 

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

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

problem of poor solubility deve lops (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  Ó1000 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  

Ó10000 <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 mo st highlighted reasons which le d 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 candidate s 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 tha t 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 ) . 

 

Lipin skiôs 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 coe fficient 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 drugôs 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 ñdrug-likeò molecules which successfully pass the Lipinskiôs Rule of Five 

screening are twenty times less soluble than the ñreal drugsò. 

 

 

 

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 candidate s 

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 fact ors 

such as food , age, disease  and drug interaction.  

 

 

This system divides drugs from C lass II into dissolution rate limited and 

solubil ity limited as shown in F igure 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 o f the drug 

itself. C lass IV is the permeability limited classification in which excipient s 

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 s olid dispersion s 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 r ecrystallization tendency which 

reduce s 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 S ection (1.9.1). Excessive mechanical milling can 

cause changes  in the structure of the grinded particle s 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 result s in particle size reduction of the subjected 

sample without the formati on of the amorphous form, therefore, this 

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

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

different amorphisa tion methods are summaris ed in T able 3.  
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Many of t hese above tabled methods are routinely used in industry but 

crystal to amorphous transformation is not always guaranteed. Regular  

m illing process is considered diff icult 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  occur s 

Low compaction of the material  

 

 

Spr ay drying  

 

One step process  

Relatively low temperature  

 

Difficulty for drug with low T g   to form 

stable amorphous product  

Product is too stick y 

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 tempe rature  

 

Recrystallisation might take place 

depending on the cooling rate  

 

Dehydration of 

crystalline hydrate  

 

Simple method  

 

Low physicochemical stability  

Rarely  applicable.  

 

Milling  

 

Simple  

Chang e 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. Furth ermore, 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 

strategie s in terms of, solubility, dissolution rate, heat and moisture.  

 

 

Technique  Solubility  Dissolution 

rate  

Heat  Moisture  

Spray 

Drying  

ã (108 , 

109 )  

ã (108 , 109 )  X (108 )  X (110 , 111 )  

Freeze 

Drying  

ã (112 )  ã (112 , 113 )  ã (87 )  X (114 )  

Solvent 

evaporation  

ã (86 )  x X (115 )  X (115 )  

Dehydration  ã x ã X (116 )  

Melt 

extrusion  

ã x X (117 )  ã (117 )  

Milling  ã ã (118 )  X ã 

Cryomilling  ã ã(107 , 119 )  ã (120 )  ã (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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outlin ing the potential of the implant ation 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 pol ymorphic 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 T g (123 ) . Grinding of various types of crystal line 

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 classif ied 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 facilitate s 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 particlesô size reduction (136 ) . Cryomilling has 

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

wh ich 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  protect ing  the chemical structure and prevent ing  any 

chemical decomposition. However, decomposition of furosemide when co -

cryomilled  with other materials was observed. T herefore, 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 ïWhitney 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 .  I t 

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 fo rmulations 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 w ill  then 

be performed to address the recrystallization behaviour of all 

mixtures.  

 

¶ Chapter 3 :  More realistic medicinal substances w ill  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 physic al stability b etween 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, st ructural 

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 molecu lar mobility plays a significant role in the 

recrystallization process (139 ) . 

 

Milling is one of the most common mechanical processes which h as been 

used regularly in the pharmaceutical industry in order to bring powders 

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

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

appearance of other sever al 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 a t  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 th ermal 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 sam ple.  

 

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 wel l known as crystalline isomers ( that means have the 

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

phthalic, isophthalic and terephthalic acids were  subjected to cryomilling 

and then characterised using DSC to detect their therm odynamic 

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 calcula te the particle size using the S cherrer equation with the 

use of silicon di oxide 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.  

 

 
 

 
 

 
 



Rehab Elfakhri 

 

 

32  
  

2 .2. Materials and Methods  

 

2 .2.1. Materials  

 
 

The materials which were chosen in this current study are crystalline 

organic compounds classified as aro matic dicarboxylic acid with a chemical 

formula C 6H4(CO2H) 2. They are isomer s to each other with a molecular 

mass below 500 g/mol (around 166.14 g/mol ) , containing a be nzene 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 analys is 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 characteris ed 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/min ute.  

 

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 purchase d 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 u sing 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 sam ple vial in order to be grinded against the end cap. The liquid 

nitrogen submerges the coil and vial to ke ep 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 m illing  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 i n ord er to minimize moisture uptake, i t 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 ther mal 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 -40ÁC to specific temperatures above each componentôs 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 XôPert 

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

Cu KŬ1 (Ȉ = 1.54 ¡) operating in Bragg-Brentano geometry. 0.0260 2 ȅ /Á 

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

voltage of the generator was se t 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, 

Uni ted States. A round 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 result ant  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 ï 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 poten tial of 10  kV.  

 

2 .2 .4 . S t ability 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 

environme nt 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 regul arly 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, immediate ly after 

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

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

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

thermo gram displayed  a T g at 189.0° C which can be seen clearly in F igure 

7, this indicates the fo rmation 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 phthal ic acid bef ore milling. 

After the cryomill ed 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 on set 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 d isplay s 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 sa me peak width started  to 

decrease as shown in T able 5 . Fityk software w as 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 



Rehab Elfakhri 

 

 

41  
  

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  note d tha t there is no clear 

indication  of amorphous material (e.g. XRPD ñhaloò) 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 up on cryomilling as presented in 

Figu re 7 . It  therefore  appears  that cryomilling of phthalic acid leads to an 
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obvious reduction in its crystallinity and reduce s the c rystallite size by half 

to ~ 20  nm. C ryomilling 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 mic roscope 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 eq uation 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 relat ively 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.  

 

I n general this region for t he 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 F igur e 11 . In 

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

onset at 34 4.1°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 obtaine d 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 meas urements are presented in F igure 13  of 

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

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

received and the cryomilled isophthalic a cid sample, the Bragg peaks  of the 

cryomilled sample appear broader and slightly shifted to a lowe r angle 

compared with the unmilled isophthalic acid which exhibit somewhat sharp 

peaks. The two most intense expected p eaks 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 

peak s are separated back in to 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 cryomill ed isophthalic 
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acid are broad, which  indicate s 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 aci d leads to an obvious reduction in its crystallinity and the 

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

cryomilling of isop hthalic 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 isophth alic 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 ac id 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 experience d a  shift to a lower region by 4 cm -1, it was 

detected before m illing 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 f or 60 

minutes. Terephthalic acid thermogram shows a recrystallization with a 

peak maximum at 137.9°C. Terephth alic 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 recei ved 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 b road 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 siz e 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 sam e time it is 

considered to be very small when compared with terephthalic acidôs 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 milli ng for 60 minutes are 

shown in F igur e 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 it s flow properties.  

 

 

 

 

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

indicate no significant  chan ge in the C=O stretch ing peak position in all 

tereph thalic acid samples. They were detected at 1673 cm -1.The car bon -

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 thre e we eks are shown in Figure 20 . A recrystallis ation  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 isopht halic acid cryomilled 

together  mi xture immediately after milling, w hile after the sample been 

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

an onset of 207.3°C.  

 

Moreover, t he samples which were cryomilled  separately  at zero weeks 

exhibited a melting peak with an onset of 2 01.9°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 afte r 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 app arent that all samples exhibit Bragg peaks, albeit which 

vary somewhat i n width between samples, which suggests some level of 

crystallinity is pres ent in all materials. As noted earlier in s ection 2.3 .1.2, 

the peaks for cryomilled isophthalic acid  are broader than those for 

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

separately cryomilled phthalic acid and isophthalic acid, in which phthalic 

acid exhibits mode rately sharp peaks compared to isophthalic.  

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

significant change after three weeks, isophthalic immediately noted sharp 

peaks reappear s back . However , for the phthalic acid and isophthalic acid 

cryomilled together samples, phthalic acid sharp peaks  not s hown. Instead, 

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

sepa rate samples. For example, the two m ost intense expected peaks for 

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

are observed in the cry omilled  separate samples, are replaced by a single 

broad peak in the phthalic acid and isophthalic acid  

cryomilled  together samples. The position of this p eak  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 da ta indicate that cryomilling phthalic acid and 

isophthalic acid  together produces a synergistic effect  in wh ich the Bragg 

peaks of isophthalic acid are suppressed  especially when characterized 

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

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

DSC data measures was conc erned, 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 ter ms 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 sig nificant effec t on the crystal structure 

of phthalic  acid  and isophthalic acid mixture that cannot be achi eved  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 ac id  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 wee ks, 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 

m ixtures are shown in Figure 22 . The separately cryomill ed sample at zero 

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

after a total period of 3 weeks a melting peak w as 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 m easures presente d 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 ac id are not shown. Moreover, peak shift has 

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

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

together lead s to the production of a synergistic effect and this ef fect 

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 isophthali c 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 aci d 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 

I T 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 F igure 

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 T g or 

recry stallization 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 306.1 6°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 app arent that all samples exhibit Bragg peaks, albeit which 

vary somewhat in width b etween samples, which suggests some level of 

crystallinity is pres ent in all materials. As noted earlier in S ection 2.3.1.3 , 

the peaks for cryomilled terephthalic acid are bro ader 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 rela tively sharp peaks compared to terephthalic acid .  

The terephtha lic 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 cryomill ed together samples, 

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

broad peaks are seen,  fewer in number than for the cryomille d sepa rate 

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

acid and terephtha lic 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 da ta indicate that cryomilling phthalic acid and 

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

of amorphous material (e.g. XRPD ñhaloò) 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 amorph ous 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 an d terephthalic, acid see T able 10 . A new material appears to have 

bee n 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 ne w 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 

det ection 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 t he 

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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E  
P / I  C M  T o g e t h

e r  

P / I  C M  S e p a r a t e l y  

P / T  C M  
S e p a r a t e l y  

P / T  C M  T o g e t h e r  

Figure 26 : SEM images of different  pair mixtures of phthaic acid, 
isophthalic acid and terephthalic acid . 

 

P/I CM Separately  

 

P/I CM Together  

I/T  CM Separately  I/T  CM Together  

P/T CM Separately  P/T  CM Together  
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2.4.  Summa ry 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  

 
 

DS C 

 
 

 
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  

 



Rehab Elfakhri 

 

 

75  
  

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, pe ak 

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 :  Summa ry tab le of research work in C hapter 2 . 
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2.5.  Summa ry 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 ch ange observed (142 -144 ) , with the key  

parameter being thought by other  researchers to be temperature of milling 

with respect to T g, 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 subje cted 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 containin g 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 C hapter 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 -cocry stal material was noticed 

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

therefore, in the current chapter, a more rea listic 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 ac tive ingredients, as pirin, paracetamol and caffeine. 

Anadin E xtra tablets and s oluble 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 medic ation, 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 kinet ics (87 , 

148 ) . However, the three m ajor 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 obvio us 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, S ection 1.3.4.1). Differential 

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

determination of equilibrium phase diagrams o f 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 

cryomil ling (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 crystall ine, even after 5 hours 

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

literature  compared to other amorphisation strateg ies . 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.  Mat erials and Methods  

 

3 .2.1. Materials  

 
 

 

                                                                  
 

                       
 

 
 

 
 

Figure 27 : Model compounds with range of physical properties (Table 1 2), used to study the 
effect of cryomilling on single component and binary mixtures . 

 

 

a.  Paracetamol  

b. Aspirin  

   c. Caffeine  



Rehab Elfakhri 

 

 

82  
  

Material  Molecular 

Mass 
(g/mol)  

Water 

Solubility 
(mg/mL ) 

(20ƁC) 

Melting Point 

(ƁC) 

Tg (ƁC) 

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 F igure 2 7, 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 F igure 2 7, 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 struc ture from 

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

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

in F igure 2 7, 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 d etected (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 instrum ent for 5 minutes then milling for 

2 minutes at frequency 15 cycles per second. Throughou t the grinding 

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

temperature rise . The cryomilled samples were then hermetically sealed 

inside a dry glo ve 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 t o 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.  Characteris ation Methods  

 

i.  DSC  

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

ii.  XRPD  

As in C hapter 2, Section 2.2.3, Page 36 . 

 

iii.  FTIR  

As in C hapter 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 mechanica l stage and focused through 

several focusing eyepieces of 10x mag nification 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 
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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 packa ge 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 kno wn 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 s how ed only 

endothermic peak for all three samples, neither a T g 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 enthalp y of fusion of 177 J/g. Unlike q uench cooled 

paracetamol which has been reported to show a glass transition T g at  

25.2 °C, a single  exothermic transition at 64.9 °C and an endotherm at 

16 5.7 °C on heating rate of 10 °C/min (165 ) , a fter cryomilling, DSC 

thermo gram displays only a melting peak with an onset of 167 °C with an 

enthalpy of fusion of 184 J/g.  
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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 me asurements are shown in F igure 29  for unmilled and  

cryomilled paracetamol. It was  clear that both paracetamol samples display 

Bragg peaks, which suggests some level of crys tallinity 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 s cher rer equa tion as 

shown in T able 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 c ryomilling are shown in F igure 30 . From visual 

inspection it can clearly be seen that there is a dif ference 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 ƁC and an enthalpy of fusion of 167 J/g, 

these results are in comple te agreement with previous literature (4) . After 

cryomilling of aspirin for 60 minutes, there was clearly no T g 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 t emperature 

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 thermo gram 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 degrada tion caused by milling at room 

temperature. The FTIR spectra of aspirin as received, room temperature 

milled and cryomilled for 60 minutes are shown in F igure 31 . From the FTIR 

spectra of the analysed samples it can be noticed that milled samples 

spectra a re 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 ob served in all aspirin spectra. Solution proton 

NMR was employed to further investigate the possibility of sample 

degradation as a result of milling at room te mperature. 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 d ata have been scaled and offset for clarit y. 
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Figure 32 :  Solution proton NMR carr ied out in DMSO of unmilled, RT milled and cryomilled 

aspirin . 

 
 

XRPD measur ements are presented in F igure 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 com pared 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 befo re and after milling 

using the Sc her rer equation as shown in T able 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 co nsumed 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 fo rms and called, F orm 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 F igure 34 . Caffeine DSC theromgram 

for form II referred to the u nm illed caffeine show ed two melting peaks, the 

first one with an onset of 147 °C, while the second endothermic peak which 

repres ent s form I was detected at 235 °C with an enthalpy of fusion of 110 

J/g. After milling at room temperature , the firs t melting peak was  shifted 

to a lower regi on 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 on ly one melting 

endotherm wa s 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 f ormation of a new polymorphic form of caffeine as a result of 

temperature increase as shown in F igure 35 . 
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Figure 35 :  Hot stage microscope images of unmilled caf feine 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 cr yomilled caffeine, see F igure 36 . There 

is an obvious differenc e 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 ~ 26Ɓ which are transformed into a single broad peak at the 

same position a s a  result of cryomilling.  
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Figure 36 : XRPD pattern of unmilled and cryomilled caffeine for  60 minutes. The d ata have been 
scaled and offset for clarity .  

 
One of the most noticeable peaks appeared on the XRPD pattern was used 

to estimate the crysta llite size of caffeine before (F orm II) and af ter milling 

(Form I) using the Sc her rer equation as shown in T able 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 ï53% w/w ASP showed 

two endother mic events as shown in F igure 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 ï

59% w/w ASP showed two endother mic events as sho wn in F igure 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 concentration s, 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 n oticed at lower region  

containing 45 % w/w CAFF as shown in F igure 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 differ ent ratio s 

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 F igure 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 micro scopy results  

 

Hot stage images w ere  captured for all three systems after cryomilli ng and 

milling at room temperature was performed at different ratios in order to 

visually detect the soli dus to liquidus transformation and to confirm the 

DSC results. All i mages are displayed in F igure 43 . 
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Paracetamol -caffeine mixtures  

 

 
 

 
 

 
 
 

 

3.4.  Summa ry 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  












































































































































































































