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1. Abstract 

Curcumin is the major phenolic diarylheptane derivative in Curcuma longa and has 

been reported to possess pharmacological activities. Unfortunately this compound 

suffers from poor bioavailability and rapid neutral-alkaline degradation. Co-crystal of 

curcumin is one option under exploration, motivated by the fact that a number of 

active pharmaceutical ingredient (API) co-crystals with improved dissolution have 

recently been synthesized. Hence, co-crystallization technique highlights an 

alternative means to improve the performance of curcumin. 

Within our work evidences for a co-crystal was ascertained from DSC, Kofler hot 

stage screening and PXRD, and all confirmed a new crystal phase could have been 

formed between curcumin and a co-crystallizing agent, nicotinamide. We report that 

re-crystallization step essentially aids the purification of commercial curcumin, a 

herbal based actives. Otherwise the prevalence of a new crystal phase in 

solvent-mediated co-crystallization will be significantly reduced. 

Besides, phase diagram is an effective tool for the study of solubility behaviours in 

co-crystal system. In order to acquire related techniques, fenbufen, a poorly water 

soluble drug, was selected. The result showed the huge difference in solubility 

between fenbufen and nicotinamide lead to difficulty in the construction of phase 

diagram. 
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2. Introduction 

2.1 Aims and objectives 

Curcumin is a pharmacologically active herbal ingredient, which has limited use as a 

drug because of poor bioavailability and stability. Interest continues in this compound 

due to the reported beneficial effects in vitro and in vivo. The ongoing challenge is to 

find a way to formulate this compound. Co-crystallization is a dosage form option 

which may lead to modification of the physico-chemical properties of an active 

pharmaceutical ingredient. Since a hydrogen-bonding system is present within a 

curcumin crystal, it may be feasible to form a new co-crystal with other 

co-crystallizing agents (section 2.2.4). This project focused on the preparation of a 

curcumin-nicotinamide co-crystal by solvent crystallization and Kofler method. Any 

new crystal phases that are obtained will be initially determined by powder X-ray 

diffraction (PXRD), thermal gravimetric analysis (TGA), thermal microscopy and 

differential scanning calorimetry (DSC).  

 

The solubility behaviour in curcumin-nicotinamide system is of research interest. 

However, it may be difficult to construct a ternary phase diagram with herbal drug. 

Therefore, in solubility behaviour study, curcumin is replaced with fenbufen, which is 

also a poorly water-soluble drug. 
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2.2 Curcumin 

This section outlines the background information of curcumin, including its medicinal 

use, pharmacological activities, physico-chemical properties and attempts in 

formulating curcumin. 

 

2.2.1  Origin 

Curcumin is a naturally occurring polyphenol [1] commonly found in the rhizome of 

a plant genus Curcuma under Zingiberaceae family [2]. There are a number of 

Curcuma species, among which the rhizome of C. longa contains curcumin as the 

major compound with smaller amounts of bisdemethoxycurcumin and 

demethoxycurcumin [3]. These phenolic diarylheptane derivatives are collectively 

known as curcuminoids (Figure 2.1). 

 
Figure 2.1 Molecular structure of curcumin and its derivatives 
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2.2.1.1  Description of the Plant 

C. longa is a perennial plant which grows up to 1 m high with elliptic leaves, greenish 

yellow flowers and branched, bright yellow rhizomes, cultivated extensively in 

tropical and subtropical Asian countries [2, 4]. There are many synonyms for 

Curcuma such as ‘haldi’ in Hindi, turmeric or Indian saffron in English, and ukon in 

Japanese [4]. Being aromatic in odour, warm and slightly bitter in taste as well as 

distinctive in yellow colour, the dried ground rhizome powder is widely used as a 

spice and dye [4, 5]. 

 

2.2.1.2 Medical story 

Moreover, many medicinal properties of C. longa have been noticed since 2,000 BC 

[1]. In Ayurvedic medicine, it was used for treatment of gastro-intestinal and 

hepatobiliary ailments, wounds and cuts, rheumatism, inflammation and cough [1, 2, 

6]. From the perspective of modern medicine, the pharmacological activities of C. 

longa are attributed to its chemical constituents. Thus, hundreds of curcumin related 

articles have been published over the past 30 years, for instance, the anti-oxidant, 

anti-inflammatory, and cancer chemopreventive and potentially chemotherapeutic 

studies [1]. 
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2.2.2 Pharmacological activities 

2.2.2.1 Anti-cancer activity 

In vitro studies have shown curcumin can suppress proliferation of variety of cancer 

cell types, angiogenesis and expression of adhesion molecules for metastasis. It also 

activates pathways for promoting apoptosis. In animal studies, curcumin exhibits 

anticarcinogenic activity as a chemopreventive agent. However, it is ineffective 

against carcinogen-induced lung and breast cancer. This was linked to its poor 

bioavailability [7]. The diketone group (Figure 2.2) in curcumin and its derivatives 

can readily bind to metal ions. A number of metallocomplexes have been 

characterized for their anti-cancer activity (Table 2.1).  

 

Table 2.1 Summary of organometallic complexes of curcumin 

 

Metal Formula Ligand Pharmacological effects 
Gold Au(cur)2Cl Curcumin (cur) 30 mg kg-1 day-1 by injection 

reduced paw swelling in 
adjuvant-induced rat polyarthritis 
model [8] 

Manganese Mn(cur)2 
Mn(DAC)2 
Mn2(L) 

Curcumin (cur), 
Diacetylcurcumin 
(DAC), 
4-(4-hydroxy-3-meth
oxy-phenyl)-1-[7-(4-
hydroxy-3-methoxy-p
henyl)-[1,4]diazepan-
5-ylidene]but-3-en-2-
one (L) 

All three were also tested in vivo 
for their potential as 
neuroprotective agents in vascular 
dementia; Mn(curcumin)(OAc) 
showed significant protective 
effects in a transient 
ischemia/reperfusion mouse 
model of neuronal damage [9]. 
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Table 2.1 Summary of organometallic complexes of curcumin (cont’) 

 

2.2.2.2 Anti-inflammatory activity 

Curcumin is also reported to exert anti-inflammatory effect by modulating some of 

these reactions. For instance, 5 μM curcumin inhibited production of tumor necrosis 

factor-alpha (TNF-α) and interleukin-1 β (IL-1) in human monocytic macrophage cell 

line after exposure to lipopolysaccharide (LPS) [6]. It also inhibits signaling kinases 

for activation of nuclear transcription factor (NF-κB); which regulates gene 

transcription for inflammatory responses. Conversion of arachidonic acid into 

Copper (II) Cu(cur)2, 
Cu(L)2 

Curcumin (cur) and 
analogues (L) 

CuL2 complexes were most 
cytotoxic in cultured L929 cells, 
and also showed significant 
reduction in solid tumour volume 
in ascites tumourbearing mice [10, 
11]. 

Vanadium VO(cur)2 Curcumin (cur) VO(cur)2 was more effective as an 
anti-cancer agent, compared to 
either individual moiety alone, 
was more than twice as effective 
as curcumin alone as an 
anti-arthritic agent, and was more 
than four times as effective as 
curcumin alone in inhibiting 
smooth muscle cell proliferation 
[12] 

Gallium 
and 
Indium 

Ga(cur)3, 
In(cur)3, 
Ga(DAC)3, 
In(DAC)3 

Curcumin (cur), 
Diacetylcurcumin 
(DAC) 

Gallium and indium tris 
complexes of curcumin had much 
lower IC50 values than did their 
diacetylcurcumin analogs in 
mouse lymphoma cells [12] 
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postaglandins and leukotrienes in vitro was shown to be inhibited by curcumin, which 

is an inhibitor of cyclo-oxygenases and lipoxygenases [6]. 

 

In in-vivo testing, curcumin showed a similar potency to phenylbutazone (reference 

drug) in acute test, but only half as potent in the chronic tests. It appeared as a safer 

drug, as no mortality was observed up to a dose of 2 g/kg [13]. 

 

2.2.2.3 Anti-oxidant activity 

Various in vitro studies have compared anti-oxidant activity of curcumin [15-17] with 

other common antioxidants. Curcumin was shown to be as effective as butylated 

hydroxyanisole (BHA) in inhibiting lipid peroxidation, and even more active than 

α-tocopherol (vitamin E) in protecting rat brain homogenates and rat liver 

microsomes [18]. However, it is less effective against hydrogen peroxide induced 

hemolysis and lipid peroxidation in mouse erythrocytes, when compared with vitamin 

E [19]. Both turmeric and curcumin can maintain activity of anti-oxidant enzymes at 

high levels for controlling iron-induced lipid peroxidation in rat livers [20]. 

 

 

 



 14 

2.2.2.4 Anti-microbial activity 

In the 1940’s, curcuma oil, at concentration 1:5,000, was shown to inhibit growth of 

Staphylococcus albus and Staphylococcus aureus [13]. Decades’ later, antibacterial 

activity of turmeric, its alcoholic extract and pure curcumin against some intestinal 

bacteria was studied in vitro. Alcoholic extract of turmeric was shown to be less 

effective than whole turmeric in inhibiting growth of lactobacilli. Curcumin could 

only inhibit S. aureus at 2.5-50 mg/ml [13]. Nevertheless, curcumin-based regimen 

was shown to be ineffective for eradication of Helicobacter pylori, a widespread 

bacterium related to gastric ulcer [21]. Interestingly, under visible light, low 

concentrations of curcumin was toxic to Salmonella typhimurium and Escherichia 

coli. Therefore, it may also be useful in phototherapy against certain skin diseases 

[22]. 

 

Curcumin and methylcurcumin (a non-phenolic curcuminoid) were reported having 

significant activity in vitro against Leishmania amazonensis promastigotes, an 

extracellular form of a protozoa parasite [23]. In addition, curcumin was active 

against some pathogenic fungi [24]. 
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2.2.2.5 Hypolipidemic activity and effects on the hepatobiliary system 

Curcumin can activate a hepatic regulatory enzyme cholesterol-7α-hydroyxlase, 

which facilitates the conversion of cholesterol into bile acid and therefore possess 

hypocholesterolemic effect in animal models. Moreover, it lowers the cholesterol 

content in bile and reduces the risk of gallstone formation [5]. Curcumin showed 

hepatoprotective effect in rats. Indicators for liver damage such as serum alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) were reduced when 

compared with rats treated by carbon tetrachloride [25]. 

 

2.2.2.6 Miscellaneous effects 

Curcumin was reported for anti-platelet activity, and protection against myocardial 

infarction-induced damage [6, 7]. Topical use may help treating psoriasis [26]. It may 

be beneficial for cystic fibrosis patients [7]. Currently, clinical trial for curcumin (as 

Curcumin C3 Complex ®) for Alzheimer’s disease (AD) has also been launched by 

the Food and Drug Administration (FDA) [27]. 

 

2.2.3 Pharmacokinetics 

Low oral bioavailability of curcumin has been noticed in rats and humans. This may 

be associated with the observation that most of the ingested drug is excreted in the 
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faeces with trace amounts of conjugation metabolites in the urine. Intravenous 

injection to rodents shows that curcumin undergoes rapid first-pass metabolism via 

reduction and conjugation. Within 5 hours, more than half of the drug has been 

excreted in the bile together with tetrahydro-curcumin and hexahydrocurcumin 

glucuronide. The metabolism rate is much faster using isolated human hepatocytes, 

liver or gut microsomes. In healthy human volunteers, the serum curcumin level is 

undetectable unless the intake of curcumin reaches 8 g daily. Nevertheless, 

consumption of 3.6 g of curcumin per day is sufficient to exert therapeutic effect in 

the colorectal area [1]. 

 

2.2.4 Physico-chemical properties 

Curcumin is also known as 1,7-bis(4-hydroxy-3-methoxy-phenyl)-1,6-heptadien-3,5- 

dione or diferuloylmethane. Its molecular formula is C21H20O6, with molecular weight 

of 368.37 g/mol and melting point of 183℃. Two identical substituted phenol rings 

are linked by an unsaturated carbon chain with a diketone group. This compound is 

soluble in acetone, dimethyl sulfoxide and ethanol, but poorly soluble in water. In 

solution, pH dependent equilibrium is established between the diketo form and its 

tautomer, enol form (Fig 2.2). The former predominates at acidic-neutral pH, while 

the enol form predominate in alkaline pH and is more energetically stable [28]. 
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Figure 2.2 Tautomerism of curcumin. Diketo form (top) and enol form (bottom) 

ΔE of diketo form from enol form (from computational study) = ca. +20 kJ.mol-1 

 

 

The enol tautomer is capable of forming intramolecular hydrogen bonds between the 

two oxygen atoms on the carbon chain backbone. The crystal structure data shows the 

hydrogen atom is bonded to either oxygen, because differences between the O-H 

bonds lengths is observed. The oxygen atoms on the enol-ring links with the phenolic 

hydrogens from neighboring molecules by intermolecular hydrogen bonds. The 

molecules in linkage are stacked along the b-axis direction and the stacks are bonded 

by hydrogen bonds as well (Fig 2.3) [29]. 
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Figure 2.3 Molecule stacking in curcumin crystal (Cambridge Structural Database) 
Red = oxygen, grey = carbon, white = hydrogen 

 
 

Table 2.2 Crystal Data of curcumin [29] 

Curcumin (C21H20O6)  
Molecular weight 368.37 
Type of symmetry monoclinic 
Melting point  183 ℃ [28] 
a 20.028(3) Å 
b 7.073(1) Å 
c 12.609(2) Å 
β 94.94 (1)° 
Space group P2/n 
R-factor 0.055 

The average stability of curcumin has also drawn researchers’ attention since its 

characteristic colour is lost upon storage. Different hydrolytic degradation profiles of 

curcumin have been observed [30]. Tonnesen et al reported apparent second order 

degradation at 31.5℃ from pH 1 to 11. The rate constants increased significantly with 

pH > 7, and formed a small trough between pH 8.2 to 8.5, and then reached a plateau 
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at high pH. The pHs at the three inflection points (7.8, 8.5 and 9.0) indicate the pKa 

values of the dissociated protons (Fig. 2.4). The major degradation products are 

ferulic acid and feruloylmethane [31].  

 

Figure 2.4 Second order degradation rate constant of curcumin against pH at 31.5°C 
by Tonnesen et al. (1), (2) and (3) indicate the three proton dissociation pKa values 
7.8, 8.5 and 9.0 respectively [31] 

 

On the other hand, Wang et al showed first order degradation at 37℃ from pH 3 to 10, 

with rate constant peaked at pH 8. The major degradation product is predicted as 

trans-6-(4'-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexenal with vanillin, ferulic 

acid and feruloylmethane as minor degradation products. Nevertheless, both authors 

ruled out the effect of the buffer concentration on rate constants at certain pH’s (Fig. 

2.5) [32]. Both studies concluded curcumin is prone to hydrolytic degradation at 

neutral-alkaline pH, and therefore it may be unstable at physiological pH. 
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Figure 2.5 First order degradation rate constant of curcumin against pH at 37°C by 
Wang et al [32] 
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2.2.5 Solid dispersion in polymer 

Solid dispersion is a technology for improving the performance of poor water soluble 

drugs, in terms of dissolution rate and the bioavailability. Curcumin-polyvinyl 

pyrrolidone, a solid dispersion method prepared by spray drying, successfully 

improves the dissolution profile of the lipophilic compound [33]. The basic principle 

is to disperse the drug in an inert carrier matrix at solid state. Such technique was first 

explored in the early 1960’s. Traditionally, the drug was either melted in the carrier 

followed by cooling and pulverization (melting method), or co-dissolved with carrier 

in a common solvent followed by evaporation (solvent evaporation method). To date, 
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many preparation methods have been available including hot stage extrusion, 

spray-drying, freeze-drying and co-precipitation [34]. The use of a carrier has been 

extended from hydrophilic polymers like polyethylene glycol (PEG) or polyvinyl 

pyrrolidine (PVP) to water insoluble matrices like Gelucires and Eudragits [35]. Even 

supercritical fluids are employed in solvent evaporation methods [34].  

 

Solid dispersion possesses a number of advantages over other strategies. For instance, 

chemical modification such as salt formations and pro-drug synthesis may not be 

feasible to certain drug entities. Neutral compounds may fail to form salts with 

another chemical moiety. Besides, solid dispersions more effectively reduces 

particle-size below 2-5 μm which is the lowest limit prepared by milling or 

micronization. Powders of such size may not have sufficient impact on bioavailability, 

and will be difficult to manipulate due to low flow and high adhesion [34]. 

 

However, in spite of approximately 500 research papers on solid dispersions, this 

approach is not widely used in commercial products. As the main concern is the solid 

state chemistry during preparations is not fully understood, uncertainty on solid form 

properties results. The mechanism for improved dissolution is still under investigation. 

In some examples, the process was found to be either drug-controlled or 
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carrier-controlled. It is important from the view of manufacturers because they only 

require optimizing process parameters for either drug or for its counterpart [35]. 

Another issue is the stability of solid dispersions on storage. Mechanical stress, 

temperature, and most importantly, moisture may promote crystallization of 

amorphous content, conversion of metastable crystalline form into a more stable 

crystalline form or phase separation [34]. This may severely lower the dissolution 

rate. 

 

2.2.6 Complexation of curcumin with cyclodextrins 

Cyclodextrins (CDs) have been used for improving water solubility and stabilizing 

curcumin from hydrolytic reactions. Generally, CDs possess a less polar cavity with 

polar groups located outside. Theoretically lipophilic compounds can be included 

inside and such inclusion complex is more resistant to degradation. Curcumin has a 

higher affinity to certain CDs. At pH 5, its solubility is significantly increased in the 

presence of 11% of randomly methylated β-cyclodextrin (RMβCD) solution. The 

degradation half-time was lengthened. However, complexation with these 

macromolecules (also including gelatin, polysaccharides and protein) has limited 

application in pharmaceutical industry due to slow complexation process and the pH  

of medium [36]. 
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2.3 Co-crystallization 

Another emerging option is the use of co-crystal. This section will cover a debate 

over the definition of ‘co-crystal’, the serendipity and rational strategy for its 

synthesis, and its impact on some pharmaceutical ingredients. 

 

2.3.1 Definition of ‘co-crystal’ 

Co-crystallization is the synthesis of a multi-component molecular crystal/complex 

and is part of crystal engineering field, but interestingly, the definition of co-crystal 

remains controversial. Von Hippel laid the foundations of crystal engineering when 

introducing the term ‘molecular engineering’ in early 1960’s [37]. Schmidt appeared 

to be the first researcher [38] using a ‘co-crystal complex’ [39] to depict 

multi-component crystals, which contained pyrimidine and purine. On the other hand, 

crystallographers had been using the term ‘molecular complex’ since 1940’s [38]. A 

debate over the terminology of a ‘co-crystal’ ensued since its ambiguity fails to 

describe the difference in crystal lattice between product and reactants [40]. However, 

the ‘molecular complex’ may not solely and precisely refer to crystalline substances 

[41]. Some researchers have tried to define a ‘co-crystal’ as a ‘multi-component 

crystal in which each component is solid under ambient conditions’ [42], but 
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controversy continues because it will be difficult to narrow down its definition within 

the context of a ‘multi-component molecular crystal’ [43]. 

 

2.3.2 Serendipity of formation of co-crystals 

Traditionally, re-crystallization from solvent serves as a means of purification. 

Molecules of interest are crystallized through homomeric intermolecular forces and 

therefore separated from impurities. On the contrary, co-crystallization targets for 

construction of crystal lattice comprising of two or more molecules through 

heteromeric intermolecular forces. As a result, the two processes compete [44]. From 

the prevalence of various supramolecular interactions (i.e. synthons) in existing 

molecular co-crystals, certain heteromeric forces may have higher probability to 

outweigh homomeric forces and achieve some degrees of molecular recognition 

which could be used with a synthetic strategy [44]. 

 

Currently, co-crystallization focused on pair wise contact between molecules. If there 

is only one synthon between the components, either a dimer new phase or a 1:1 

co-crystal will be formed (Figure 2.6a). In case there is more than one potential 

synthon site, different combinations may be possible (Figure 2.6b) [45]. 
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Figure 2.6a Schematic diagram showing a single synthon forming a pure phase and 
1:1 co-crystal [45] 

 

 

Figure 2.6b Schematic diagram showing a system with two synthons forming 1:1 and 
2:1 co-crystal [45] 

 

 

Although hydrogen bonding with its anisotropic nature is regarded as the ‘master key’ 

for molecular recognition, prediction of co-crystal formation remains difficult 

because a dominant interaction may not exist in the system [46] or sometimes 

apparently weak interactions may alter the structure by strong interactions [47]. 

 



 26 

2.3.3 Hydrogen-bonding in co-crystals 

When a hydrogen atom is covalently bonded to an electronegative atom, it may form 

an intermolecular interaction with another electronegative atom on neighbouring 

molecule. Such interaction may also be formed between a hydrogen atom with a 

carbon double or a triple bond. Strong (or conventional) hydrogen bond energy is 

around 20 to 40 kJ/mol where weak (or non-conventional) hydrogen bond energy lies 

between 2 to 20 kJ/mol. [46]. According to Pauling’s definition, “a hydrogen bond is 

an interaction that directs the association of a covalently bound hydrogen atom with 

one or more other atoms, groups of atoms, or molecules into an aggregate structure 

that is sufficiently stable to make it convenient for the chemist to consider it as an 

independent chemical species.” This operational definition again emphasizes on its 

“organizational consequences” other than “geometrical characteristics” [48, 49]. 

 

In order to study the hydrogen bond pattern within crystals (or co-crystals), there is a 

need to develop a description to depict various packing sequences and this has been 

done through graph set descriptor approach [47, 48]. In fact, all hydrogen-bonded 

crystal structures can be summarized into 4 simple patterns of assembly, including 

chain (C), ring (R), self (S) and discrete (D). Then it can be expressed by graph set 

descriptor: Ga
d(n), where  
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G is pattern designator (i.e. C, R, S, D),  

a is the number of hydrogen acceptors, 

d is the number of hydrogen donors, and 

n is the number of atoms, including hydrogen, in the pattern [48, 49]. 

 

Figure 2.7 Illustration of different hydrogen bonding patterns [50] 

 

 

For instance, researchers can apply graph set notations to compare the patterns among 

39 sulfonamides and gain insight of preferences of hydrogen connectivity [50]. 

 

Figure 2.8a Sulfamerazine and b sulfamethazine, differing by a methyl group [50] 
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In reasonably strong hydrogen-bonded systems, a set of useful trends with partial 

predictive power has been laid down by Margaret Etter [49]: 

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

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

intermolecular hydrogen bonds. 

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

bond formation formed intermolecular hydrogen bonds to one another. 

 

The number of hydrogen-bonded co-crystals has been increasing since the 1990’s. 

Some supramolecular synthons including carboxylic acid-pyridine, carboxylic 

acid-amide and alcohol-pyridine tends to favor co-crystal formation. CSD surveys 

show that carboxylic acid-pyridine synthon (II) is more favoured than carboxylic acid 

homosynthon (I) whereas calculation shows carboxylic acid-amide synthon (IV) is 

more stable than acid or amide homosynthon (I or III) (Figure 2.9) [51]. Some 

co-crystal structures derived from acid-amide and acid-pyridine are shown below 

(Figure 2.10 and 2.11) [42]. 

Figure 2.9 Some supramolecular synthons [51] 
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Figure 2.10a succinic acid:benzamide (1:2); b glutaric acid:urea (1:1) 

 

 

Figure 2.11a maleic acid:4,4’-bipyridine (2:1); b succinic acid:4,4’-bipyridine (1:1) 

 

 

2.3.4 Different methods of preparing co-crystals 

A number of technical procedures are selected for co-crystal synthesis. Solvent 

crystallization is an efficient and effective way in preparing co-crystals. The 

components in stoichiometric ratio are usually dissolved in a common solvent, 

followed by slow evaporation [51]. Grinding and milling is another means to prepare 

co-crystals [52] and able to generate co-crystals which are not readily obtained from 

solvent co-crystallization [53]. Wet grinding (i.e. addition of drops of solvent) may 

help control [54] or transform polymorphs [55], and improve the kinetics of 
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co-crystal conversion [56]. Alternatively, co-crystal phases can be grown upon crystal 

templates from one of the component [57]. 

 

2.3.5 Co-crystals of active pharmaceutical ingredients (APIs) 

Recently, crystal engineering of novel co-crystals of pharmaceutical solids has drawn 

researchers’ interest. Crystalline materials exhibit a better stability profile over 

amorphous substances, though the latter possesses better dissolution rate and 

absorption [58]. Through supramolecular engineering, co-crystals prepared by 

non-covalent synthesis are expected to balance product stability, bioavailability and 

provide intellectual property protection.  

 

For instance, carbamazepine (CBZ) is a well-studied active pharmaceutical ingredient 

(API) for co-crystallization [59-61]. According to supramolecular synthon selection, 

two strategies have been employed: (1) CBZ dimer formed via carboxamide 

homosynthon and each carboxamide group serves as either hydrogen bond donor or 

acceptor to a co-crystallizing agent (Figure 2.12a); (2) each CBZ molecule forms 

heterosynthon with a carboxylic acid moiety (Figure 2.12b) [62]. 

 

 



 31 

Figure 2.12a Strategy 1: carboxamide homosynthon (left); CBZ:saccharin (1:1) (right) 
[62] 

 
 
Figure 2.12b Strategy 2: carboxamide-carboxylic acid heterosynthon (left); 
CBZ:trimesic acid (1:1) (right) [62] 

 

 

Apart from carbamazepine (CBZ) and caffeine, a number of API co-crystals have 

also been discovered, including aspirin, ibuprofen, flurbiprofen [58] and sildenafil 

[63]. Itraconazole-dicarboxylic acid co-crystals have better dissolution profiles over 

pure API itself. Solubility and dissolution properties of itraconazole:maleic acid (2:1) 

co-crystals have been shown to be similar to those of the amorphous compound [64]. 
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Figure 2.13 Trimer unit of cis-itraconazole:succinic acid (2:1) [64] 

 

Fluoxetine hydrochloride is reported to form a co-crystal with benzoic acid, succinic 

and fumaric acid via an exceptional amine hydrochloride-carboxylic acid synthon. 

From the dissolution study, the equilibrium concentration of the active 

pharmaceutical ingredient (API) in one of the co-crystal forms was approximately up 

to 30% above that of the crystalline API [65]. 

 

Figure 2.14 Molecular diagram (left) and ORTEP drawing (right) of the asymmetric 
unit of fluoxetine hydrochloride with (a) benzoic acid, (b) fumaric acid and (c) 
succinic acid [65] 

a)  

b)  
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c)  

 

2.4 Phase diagram 

Another aspect of the API co-crystal project is solution behaviours. This section will 

discuss the concepts of the phase rule and ternary phase diagram, its application to 

explain a co-crystal system, and the reason of choosing fenbufen as a candidate 

compound for constructing phase diagram to provide skill balances. 

 

2.4.1 Ternary phase diagram 

A phase can be defined as “a portion of matter which is chemically and physically 

homogenous”. A distinct boundary surface will be formed when two or more phases 

co-exist. Gaseous state is always considered as one single phase because gases form a 

homogenous mixture. Miscible liquids such as ethanol and water can form a single 

phase while immiscible liquids cannot. 
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A phase is different from a component which is defined as “the smallest number of 

atomic or molecular species needed to specify all the phases in the system” [66] or “a 

species whose concentration can undergo independent variation in the different 

phases” [67]. The two definitions are not contradictory, and in fact, the latter gives a 

detailed description of “molecular species”. If considering the phase diagram of water 

(vapor, liquid and solid), hydrogen atoms and oxygen atoms are not “components” 

because they are combined at a fixed stoichiometric ratio and their concentration 

cannot be varied independently. Therefore, only water itself is considered as a 

component, and such a phase diagram is called an one-component phase diagram. 

 

The phase rule proposed by J. W. Gibbs in 1876 [66] correlates the degree of freedom 

(or variance) with the number of phases and components in a system. 

P + F = C + 2 

where P = number of phases 

  F = number of degree of freedom 

  C = number of components 

 

Here, number of degree of freedom refers to the number of variable factors allowed 

without altering the number of phases in the system. These factors include 
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temperature, pressure, and component concentrations. From the above equation, the 

more phases in the system, the lower degree of freedom. The number of components 

has an opposite effect on the degree of freedom. For instance, if 1:1 and 2:1 co-crystal 

phases co-exist, the degree of freedom will drop by one, compared to a system 

containing one pure crystal phase. 

 

A ternary phase diagram consists of three components and can be presented on an 

equilateral triangle. Each apex represents 100% of each component and points within 

the triangle represent various compositions. The ratio of individual component in the 

system can be determined from the perpendicular distance from its own apex. In 

figure 2.15, the black dot represents 60% A, 20% B and 20% C. The rhombus 

represents 40% A, 50% B and 10% C. The square represents 30% A, 20% B and 50% 

C. 

Figure 2.15 Equilateral triangular phase diagram in mole percentage 
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2.4.2 Phase diagram for a co-crystal system 

Solvent co-crystallization usually involves three species, i.e. the target compound, 

co-crystallizing agent and a solvent. In a simple case, the co-crystal zone can be 

located in the phase diagram. A piece of important information from phase diagrams 

is the difference in solubilities between the target compound and the co-crystallizing 

agent may affect the location of the co-crystal. For example, in trans-cinnamic acid 

and nicotinamide system, the solubility of trans-cinnamic acid and nicotinamide is 

quite similar in methanol. But the latter is much more soluble in water. From the 

phase diagrams (figure 2.16a), 1:1 mixture of trans-cinnamic acid and nicotinamide 

can yield co-crystal in methanol. But the co-crystal zone in water is skewed towards 

the nicotinamide side (figure 2.16b). In other word, pure co-crystal may not be 

obtained from a 1:1 mixture of trans-cinnamic acid and nicotinamide from water [68]. 

Sometimes, a co-crystal zone may be too narrow even to grow a pure crystal phase 

(Figure 2.16c) [45]. 

 

In current project, the fenbufen and nicotinamide system will be used as a model for 

preparation of phase diagram. After acquiring the techniques, phase diagram of 

curcumin and nicotinamide will be prepared. 
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Figure 2.16a Ternary phase diagram of methanol, cinnamic acid and nicotinamide 

 
 
 
Figure 2.16b Ternary phase diagram of water, cinnamic acid and nicotinamide [68] 

 

 (C = cinnamic acid; N = nicotinamide, zone 1 = unsaturated solution, zone 2 = stable 
solid phase of α-cinnamic acid, zone 3 = stable 1:1 co-crystal phase, zone 4 = stable 
solid phase of nicotinamide form I, zone 5 = mixture of co-crystal and α-cinnamic 
acid, zone 6 = mixture of co-crystal and nicotinamide form I) 
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Figure 2.16c Ternary phase diagram of isonicotinamide, benzoic acid, and ethanol. 
2:1 benzoic acid:isonicotinamide co-crystal zone is too narrow to obtain a pure phase. 

 

 

2.4.3 Fenbufen and nicotinamide 

Fenbufen is chemically related to propionic acid and is a non-steroidal 

anti-inflammatory drug. It is given orally for pain treatment and inflammation arisen 

from musculoskeletal and joint disorder [69]. 

 

Figure 2.17 Chemical structure of fenbufen 
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Nicotinamide belongs to the vitamin B family (B3), which is considered to be safe in 

human. The amide group and nitrogen atom on the pyridine ring allow it to form 

hydrogen bonds and thus co-crystals with some APIs [70]. 

 
Figure 2.18 Chemical structure of nicotinamide 

 

 

Figure 2.19 Microscopic image of fenbufen-nicotinamide at 149.8℃ [70]; 
nicotinamide melted, A = new phase, B= fenbufen 

 
 

Recently, a new crystal phase between fenbufen and nicotinamide was discovered by 

Kofler hot stage microscopy [70]. However, the phase diagram of the co-crystal 

system is not fully understood. Experience in constructing a fenbufen-nicotinamide 

diagram will help unravel curcumin system in the future. 
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2.5 Analytical techniques 

This section will outline the various analytical techniques used in this project 

including Kofler hot stage microscopy, differential scanning calorimetry, thermal 

gravimetric analysis, powder X-Ray diffraction and ultraviolet-visible spectrometry. 

 

2.5.1 Thermal analysis 

2.5.1.1 Kofler hot stage microscopy 

Microscopical analysis for crystal was first proposed by Lehmann and later refined by 

Kofler [69]. When observed between crossed polaroids, anisotropic crystals possess 

certain optical properties like interference or polarization [71]. Thermal behavior of 

two components mixture can be used as a screening test for new crystal (or co-crystal) 

phase. The microscopic slide is prepared from recrystallization of the two 

components from their melts. Both ends contain 100% of either component where the 

area between forms a concentration gradient. When the slide is reheated and observed 

under the microscope, any new phase formed can be observed. 

Figure 2.20 A slide prepared by mixed fusion [70] 
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Figure 2.21 A phase diagram showing formation of co-crystal 

 

 

 

Figure 2.22 Microscopic image of crystal phase separation [70] 
(A: salicylic acid, B: salicylic acid : nicotinamide co-crystal, C: nicotinamide) 
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2.5.1.2 Differential scanning calorimetry (DSC) 

The International Confederation for Thermal Analysis (ICTA) nomenclature 

committee has defined DSC as “a technique for recording the energy necessary to 

establish a zero temperature difference between a substance and a reference material 

against either time or temperature, as the two specimens are subjected to identical 

temperature regimes in an environment heated or cooled at a controlled rate’ [72]. 

 

In some differential scanning calorimeters, separate heat source and temperature 

detecting devices are applied to the sample and reference materials. During a thermal 

process, any temperature difference arising between the sample and reference 

materials will be reconciled by differential thermal power supplied to heater. The 

differential thermal power is recorded as instrument signal, and therefore, this type of 

calorimeters belongs to “power-compensation” calorimeter [73]. 

 

Another type of calorimeter is “heat-flux” type in which the sample and reference 

materials share the same furnace. The instrumental signal is originated from the 

temperature difference between the sample and reference. Additional software is 

incorporated in the instrument to convert the temperature difference into differential 

thermal power [73]. 
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DSC is a universal and versatile technique which can give useful insights on thermal 

reaction of the sample. Literally, it can be used to measure the heat capacity of the 

sample because the DSC curve reflects the rate of energy absorption by the test 

sample. Purity of the sample can also be determined from any additional endothermic 

peaks or melting point depression. Moreover, a relationship between DSC profile and 

two-component phase diagram can be established, so that it may provide some clues 

of the formation of co-crystal [72]. 

 

2.5.1.3 Thermal gravimetric analysis (TGA) 

TGA is to evaluate and interpret the results from an experimental technique called 

thermogravimetry (TG). According to the definition by the International 

Confederation for Thermal Analysis and Calorimetry (ICTAC), TG is “a technique in 

which the mass change of a substance is measured as a function of temperature whilst 

the substance is subjected to a controlled temperature programme” [73]. 

 

The instrument consists of several important parts, such as the microbalance, furnace, 

and thermocouples. Modern microbalance design tends to use an electronic zero 

detection device, with an electromagnetic system to restore the balance. The new 

design can reduce the amount of sample loaded from one gram or more to 10-100 mg 
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so that a more uniform temperature can be attained throughout the sample. Maximum 

temperature generated by the furnace depends on the type of alloy wire used. If 

connected with liquid nitrogen, it can be programmed to control sample temperature 

from -160℃ to 1600℃. During heating, an inert purge gas such as nitrogen or argon 

is used to prevent air-mediated oxidation or combustion. There are two separated sets 

of thermocouples. One is for measurement of sample temperature, and usually located 

very close to the sample. Another couple measures the furnace temperature to 

facilitate steady and linear heating rate [73]. 

 

Therefore, TG is sensitive many thermal events such as decomposition, sublimation, 

reduction, desorption, absorption and vaporization, which lead to any mass change 

[74]. In case a solvate crystal is obtained from solvent co-crystallization. TG can be 

used to detect any loss of a volatile component from the sample. Such a reaction can 

be picked by the allied technique like Differential Scanning Calorimetry (DSC). 

 

2.5.2 X-Ray diffraction 

X-Ray diffraction is a useful technique to determine the shape and type of crystal unit 

cell, and the arrangement of atoms within the unit cell. When an X-Ray is directed 

onto an atom, the electrons of the atom will absorb the incoming X-Ray, and then 
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re-emit it. If the atoms are located on a crystallographic plane, the scattering of X-Ray 

will be mathematically equivalent to the reflection by the plane. Since the 

crystallographic planes are parallel to and equally spaced with each other, there will 

be a path difference between the X-Ray diffracted by the two planes (Figure 2.23) 

[75]. 

 

Figure 2.23 X-Ray diffracted by two crystallographic planes 

 

 

Path difference = AB + BC = 2dhkl sinθ 

For scattering-in-phase, the path difference must be equal to an integral number of 

wavelengths such that, 

nλ = 2dhkl sinθ 
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where n is an integer, and λ is the wavelength of impinging X-Ray. This condition is 

known as Bragg’s law [75]. To date, there are sensors which can detect the intensity 

of diffracted X-Ray at different positions and angles from the crystal sample. The data 

were processed by software called “eva”. 

 

2.5.3 Ultraviolet and visible light spectrometry 

Electrons of organic compounds may absorb ultra-violet or visible light energy and 

undergo transition to other energy levels. Chromophore refers to certain functional 

groups which contain electrons for absorption. At a specific wavelength, electrons in 

p- and d-orbitals, π-orbitals and π-conjugated orbitals are readily excited above 200 

nm. Absorption below 200 nm (e.g. by electrons in σ-bonds) must be carried out in 

vacuum, leading to technical difficulty and less meaningful results [76]. 

 

Lambert’s law and Beer’s law have been applied to describe the absorption behaviors 

under ultraviolet and visible light. The former states “the fraction of incident light 

absorbed is independent of the intensity of the source”, where the latter states “the 

absorption is proportional to the number of absorbing molecules”. Hence, an 

equation can be deduced to correlate concentration of compound and change in 

incident light intensity : 
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log10(I0/I) = ε.l.c 

 

where 

I0  =  intensity of incident light 

I = intensity of transmitted light 

ε = molar extinction coefficient 

l = path length of absorbing solution (cm) 

c = concentration of solution (mol dm-3) 

When the solution is scanned throughout ultraviolet or visible light region, the 

wavelength of peak absorption (λmax) and the intensity of absorption peak (εmax) can 

be obtained. For convenience, both values are used in daily UV assay though they do 

not truly reflect the intensity of absorption. [75] 

 

 

 

 

 

 

 



 48 

3. Materials and experimental procedures 

3.1 Materials 

Curcumin, fenbufen and nicotinamide were purchased from Sigma-Aldrich. The raw 

curcumin is of ~70% (HPLC) purity and the other two chemicals have a minimum 

98% purity. Water was obtained from purelab™ in the laboratory and all other 

solvents were of HPLC grade and purchased from Sigma-Aldrich. 

 

3.2 Experimental procedures 

3.2.1 Empirical solubility tests for raw curcumin powder and nicotinamide 

The solubilities of raw curcumin and nicotinamide in ethanol, propan-1-ol, acetone, 

ethyl acetate, dichloromethane, tetrahydrofuran and nitromethane were examined. 

Raw curcumin powder was weighed into a 20 cm3 glass vial and to this solvent was 

added. After solvent addition, the content was sonicated for 5 seconds. The minimum 

amount of solvent that dissolved all the powder was recorded. The solubility of raw 

curcumin powder was calculated by dividing the weight of powder with the volume 

of solvent added. The same procedure was repeated on nicotinamide. 
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3.2.2 Re-crystallization of curcumin from raw curcumin powder 

This serves as a purification step for curcumin. The method was adopted from HH 

Tonnesen et al with some modifications [29]. Around 2.0-2.5 g raw curcumin powder 

was dissolved in around 150-200 cm3 boiling ethanol. The hot solution was then 

incubated at 20℃ until the volume of solvent was halved. Crystals were filtered, 

dried in an ambient environment, and examined by DSC and PXRD. The filtrate 

solution was again incubated at 20℃ until quarter of the solvent remained. Crystals 

were harvested and examined in the same manner. For estimation of the 

re-crystallization yield, the dry weight of the crystals collected each time was 

recorded. 

 

3.2.3 Preparation of slides for Kofler hot stage microscopy 

Curcumin and nicotinamide was mixed by fusion method. The region of mixing 

should have contained pure curcumin at one end and pure nicotinamide at the other 

end. In between the two ends, the proportion of curcumin decreased towards the 

nicotinamide end. Upon heating, the formation of any new phase could be observed 

under the polarized light microscope.  
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The specimens were prepared in three different ways: (1) Curcumin crystal of ca. 3 

mm long was placed on the glass slide, which was then heated on a hot plate until the 

crystal melted. After the curcumin melt was cooled, nicotinamide powder was placed 

beside it. The glass slide was heated again on a hot plate until the nicotinamide melt 

was in contact with the curcumin melt. After cooling to room temperature, the glass 

slide was examined with a polarised hot stage microscope. (2) Nicotinamide powder 

was placed on the glass slide, and heated on a hot plate until it melted. After cooling 

to room temperature, curcumin crystals of ca. 3 mm long was placed ca. 1 cm from 

nicotinamide melt. A drop of acetone was added vertically onto the curcumin crystal, 

spread in a radial direction, and carried part of dissolved curcumin towards 

nicotinamide melt. This was allowed to dry for 1 min. The solvent was then added 

repeatedly until a thin strip of orange mass deposited along the nicotinamide melt. 

The glass slide was examined with a polarised hot stage microscope. (3) A piece of 

curcumin crystal was placed on the glass slide. Nicotinamide was then placed on the 

left of the curcumin crystal. The glass slide was heated on the hot stage at 130℃ 

until all nicotinamide was melted. The nicotinamide melt solubilized the curcumin 

crystal without melting it. After cooling to room temperature, the glass slide was 

examined with a polarised hot stage microscope. 
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In this study, the hot stage was purchased from Linkam. A heating profile from room 

temperature to 130℃ at a rate of 1℃ per minute was controlled by the Linkam 

controller interface. Images were captured at 5 time’s magnification at 30 seconds 

intervals, using Zeiss microscope with axioplan imaging software. 

 

3.2.4 Co-crystallization of curcumin and nicotinamide 

3.2.4.1 Preparation of co-crystals from raw curcumin and nicotinamide 

Raw curcumin powder and nicotinamide in various mass ratios were dissolved in 

different solvents or solvent mixtures as summarized in Table 3.1. Starting materials 

were heated in each single boiling solvent for less than 5 min. For the 

acetone-propan-1-ol mixture, raw curcumin powder and nicotinamide powder was 

dissolved in single boiling solvent respectively prior to mixing. In 

tetrahydrofuran-ethanol mixtures, only sonication at room temperature was applied 

for dissolution. All solutions were incubated at 20℃ and solvent was allowed to 

evaporate. Crystals were collected and examined by PXRD. 
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Table 3.1 Solvent systems and various mass ratios of raw curcumin to nicotinamide 
for preparation of co-crystal 

Solvent 
Mass ratio of raw 
curcumin to 
nicotinamide 

Number of 
preparation 

Acetone 3:1 1 

Acetone-Propan-1-ol mixture 
3:1 1 
3:2 1 
1:1 1 

Dichloromethane 3:1 1 

Ethanol 
3:1 2 
3:2 2 

Ethyl acetate 3:2 1 

Nitromethane 
3:1 3 
3:2 3 

Propan-1-ol 
3:1 3 
3:2 2 

Tetrahydrofuran 
3:1 1 
3:2 1 
1:1 1 

THF-EtOH 1:1 v/v 
3:1 2 
3:2 2 
6:1 2 

THF-EtOH 1:2 v/v 
3:1 1 
6:1 1 

THF-EtOH 1:3 v/v 
3:1 2 
3:2 2 
6:1 2 

 

3.2.4.2 Preparation of co-crystals from curcumin and nicotinamide crystals 

Curcumin (ca.294.72 mg equivalent to 0.8 mmol) re-crystallized from raw curcumin 

powder and nicotinamide (ca. 97.68 mg equivalent to 0.8 mmol) was (1) dissolved in 

ca.10 cm3 boiling acetone, (2) ca. 20 cm3 acetone at room temperature and (3) ca. 15 
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cm3 boiling nitromethane. All solutions were incubated at 20℃ and solvent was 

allowed to evaporate. In nitromethane system, crystals of two different morphologies 

were observed and collected separately. The pale orange crystals grew on the wall of 

the sample container whereas the orange ‘needle’ shape crystals deposited at the 

bottom of the sample tube. The crystals collected were examined by DSC, TGA, and 

PXRD. 

 

3.2.5 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) thermograms were obtained using a TA 

instruments Q2000. The temperature axis and cell constant of the DSC cell were 

calibrated with indium (10 mg, 99.999% pure, melting point 156.60°C, heat of fusion 

28.40 J/g). The DSC machine used is. 2-5 mg of crystals from solvent 

co-crystallization and purification of curcumin, and physical mixture of raw curcumin 

(or purified curcumin) and nicotinamide were loaded in aluminium pan, crimped with 

aluminium lids. All samples were heated from 25℃ to 190℃ at 10℃min-1. 

 

3.2.6 Thermal Gravimetric Analysis (TGA) 

2-5 mg of crystals from solvent co-crystallization and purification of curcumin were 

heated from 25℃ to 300℃ at 10℃min-1. 
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3.2.7 Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction was recorded with a Bruker D8 diffractometer (wavelength 

of X-rays 0.154 nm Cu source, Voltage 40kV, filament emission 30 mA). Samples 

were scanned from 2-50° (2θ) using a 0.01° step width and a 1 second time count. 

The receiving slit was 1° and the scatter slit 0.2°.  

 

3.2.8 Phase diagram of fenbufen and nicotinamide 

3.2.8.1 Aqueous solubility of fenbufen at different temperatures 

Excess amount of fenbufen was placed in 20 cm3 of water in a glass vial. The vial 

was capped and immersed in a water bath at constant temperature (20, 30, 35, 40, 45, 

50, 55, 60 ℃) and with shaking (130 s-1). After at least 24 hours, 2 cm3 of solution 

was drawn and passed through a 0.2 μm filter. The filtrate collected was dried in an 

oven. The residue of samples was reconstituted with appropriate amount of ethanol. 

(20-40℃ with 10 cm3, 45-50℃ with 15 cm3 and 55, 60 ℃ with 20 cm3 of ethanol) 

The absorbance of the ethanol solution was measured at 285 nm.  

 

3.2.8.2 UV spectroscopy 

Assays were carried out by JASCO V-530 UV/VIS spectrophotometer. A calibration 

curve with r2 > 0.999 was obtained after an appropriate dilution of the fenbufen 
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standard solution. The concentrations of fenbufen in section 3.2.8.1 were calculated 

from the calibration curve obtained. 

 

3.2.8.3 Locating co-crystal zones in phase diagram 

Mixtures of fenbufen and nicotinamide at various molar ratios but fixed molar content 

were prepared. A fixed amount of water was added to each vial. The vials were then 

capped and incubated at 20℃ for at least 7 days. The solid in each vial was collected 

by buchner filtration and examined by powder X-Ray diffraction for new crystal 

phases. The procedure was repeated except that a different amount of water was 

added to each vial. 

 

3.2.8.4 Powder X-ray Diffraction (PXRD) 

All conditions were the same as those depicted in section 3.2.7, except that the 

scanning range was from 2-12° (2θ). 
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4. Results 

4.1  Empirical solubility tests for raw curcumin and nicotinamide 

In order to estimate the solubility of raw curcumin and nicotinamide, the solutes were 

dissolved in minimum amount of solvent as previously described in section 3.2.1. 

Among the solvents tested, raw curcumin powder showed highest solubility in 

tetrahydrofuran (161 mg/cm3) but lowest in propan-1-ol and nitromethane (2 mg/cm3).  

On the other hand, nicotinamide is most soluble in ethanol (72 mg/cm3) but least in 

dichloromethane (2 mg/cm3). In terms of w/v solubility ratio, the difference in 

solubility among the two materials is smallest in acetone, ethyl acetate and 

dichloromethane (within 3:1). The data is summarized in Table 4.1. 

 

Table 4.1 Empirical solubility of raw curcumin and nicotinamide in various solvents 
Solvent Raw cucumin Nicotinamide w/v solubility ratio 

(raw curcumin:nicotinamide) mg/cm3 
Ethanol 3 72 1:24 
Propan-1-ol 2 50 1:25 
Acetone 60 20 3:1 
Ethyl acetate 9 5 ~2:1 
Dichloromethane 1.5 2 ~1:1 
Tetrahydrofuran 161 16.3 ~10:1 
Nitromethane 2 12 1:6 
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4.2  Re-crystallization of curcumin from raw curcumin powder 

The commercial raw curcumin is of ca. 70% HPLC curcumin purity, and 

re-crystallization of curcumin from an ethanol solution can be used as a purification 

step. When a supersaturated ethanol solution was allowed to evaporate slowly, the 

orange needle-shape curcumin crystals were readily crystallized from, and very often 

aggregated into clusters or stacked as a layer along the surface of the glassware. The 

yield of crystals from the first filtration ranged from 41% to 56%. The highest overall 

yield obtained was 67.6% which is close to 70%, the value quoted in catalogue. The 

data were summarized in Table 4.2. The purity and composition was confirmed by 

differential scanning calorimetry (section 4.1.5.2) and powder x-ray diffraction 

(section 4.1.6.2). 

 

Table 4.2 The yield of curcumin crystals from the re-crystallization process 

Batch 
Raw 

curcumin 
(g) 

Crystal dry weight (g) 
Overall yield 

% First filtration Second filtration 

1 2.1760 1.0660 - 48.99 
2 2.1911 0.8981 - 40.99 

 3* 2.0326  0.6021* -  29.62* 
4 2.4234 1.2740 0.3649 67.63 

  5** 2.4639 1.3600   0.3958**   55.76** 
* Impure crystal found from PXRD 
** Melting point depressed. Overall yield calculated by first filtration product only. 
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4.3  Kofler hot stage microscopy 

In conjugation with PXRD, Kofler hot stage microscopy can be a screening method 

for co-crystal. If a new crystal phase is formed between two components, a new phase 

formation or a phase separation is likely to occur during the heating process. The 

specimens were prepared using three different methods and different melting profiles 

were observed. Method 1: Upon cooling, the dark brown curcumin melt failed to 

re-crystallize into crystal. Repeated heating-and-cooling about the melting point of 

curcumin had been tried. However, the more curcumin crystal melted in heating 

process, the less curcumin re-crystallized in cooling process. As a result, the 

curcumin phase was in darkness when observed under the polarized microscope. In 

contrast, nicotinamide formed a white and scaly crystal phase along the curcumin 

phase, and appeared as series of pale purple concentric rings under the microscope. 

Along the interface, bright orange grain was formed (Figure 4.1a). 

 

When heated at a rate of 1℃/min from room temperature, the bright orange new 

phase grew in the dark curcumin phase, but significantly slowed down at ca. 60℃ 

and ceased at ca. 80℃ (Figure 4.1b and 4.1c). Since 60℃, the new phase near 

nicotinamide has started darkening, indicating melting process. However, it failed to 

show a clear separation of the two phases even up to 80℃. At such temperature, a 
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morphological change occurred at the very end of nicotinamide phase and later 

transformed into needle-shape at the boundary with the orange phase (Figure 4.1d). 

When 90℃ was reached, the new phase shrank from the curcumin phase and on the 

other end the needle-shape nicotinamide ‘intruded’ into the bright phase, 

overwhelming the existing one (Figure 4.1e). However, the needle orange phase soon 

began to shrink from curcumin phase at ca. 100℃ and vanished before nicotinamide 

melted at 126℃ (Figure 4.1f). 

 

Figure 4.1a Image of glass slide prepared by Method 1 at 22.5℃. A: nicotinamide, B: 
curcumin melt 
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Figure 4.1b At 50℃, the bright orange new phase grew in the curcumin phase. A: 
nicotinamide, B: curcumin melt, C: a bright orange new phase 

 

 

Figure 4.1c At 70℃, the bright new phase was darkened. A: nicotinamide, B: 
curcumin melt, C: new phase 
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Figure 4.1d At 95℃, the phase formed previously melted (C) and needle-shaped 
crystals emerged (D). A: nicotinamide, B: curcumin melt 

 

 

Figure 4.1e At 100℃, the needle-shaped crystal (C) dominated. A: nicotinamide, B: 
curcumin melt 

 



 62 

Figure 4.1f At 123℃, the needle-shaped crystal phase began to melt. A: nicotinamide 

 

 

Method 2: Curcumin was readily re-crystallized upon evaporation of acetone and 

appeared as bright yellow to red phase under the microscope (Figure 4.2). 

Nicotinamide appeared as pale blue crystal (Figure 4.3a). When heated at a rate of 

1℃/min from room temperature, the curcumin crystal kept growing slightly. At 90℃, 

melting occurred at the interface between curcumin and nicotinamide. When the 

temperature was approaching 110℃, phase separation became more obvious (Figure 

4.3b). The nicotinamide phase completely melted at 118℃. The melt solubilised 

curcumin crystal, which shrank even at temperature well below its melting point 

(Figure 4.3c). At 123℃, yellow/orange needle shape crystal phase suddenly emerged 

but at once melted away and disappeared at 134℃ (Figure 4.3d). 
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Figure 4.2 Curcumin re-crystallized from acetone 

 

 

Figure 4.3a Image of glass slide prepared by Method 2 at 27.6℃. A: curcumin 
crystal, B: nicotinamide 
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Figure 4.3b At 114.1℃, phase separation was observed. A: curcumin crystal, B: 
nicotinamide, C: phase separation 

 

 

Figure 4.3c At 117.1℃, nicotinamide phase melted. A: curcumin crystal, B: 
nicotinamide 
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Figure 4.3d At 123.1℃, needle-shaped crystal emerged and melted 

 

 

Since method 2 had failed to create a zone of mixing between curcumin and 

nicotinamide, Method 3 was introduced: curcumin was solubilized by nicotinamide 

melt. After cooling, a zone of mixing was formed. The dull red phase on the left was 

rich in curcumin and the bright yellow phase on the right was rich in nicotinamide 

(Figure 4.4a). When temperature rose to ca. 90℃, phase separation occurred at the 

region richer in curcumin and a eutectic was formed (Figure 4.4b). At ca. 114℃, the 

eutectic phase started melting and a phase separation was observed at ca. 120℃ 

(Figure 4.4c). 
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Figure 4.4a Image of glass slide prepared by Method 3 at 26.5℃. A: curcumin, B: 
zone of mixing, C: nicotinamide 

.   

 

Figure 4.4b At 91.9℃, a phase separation at curcumin-rich zone. A: curcumin crystal, 
B: zone of mixing, C: nicotinamide 
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Figure 4.4c At 120.4℃, a second phase separation at nicotinamide-rich zone. A: zone 
of mixing, B: nicotinamide 

 

 

4.4 Co-crystallization of curcumin and nicotinamide 

4.4.1  Preparation of co-crystals from raw curcumin and nicotinamide 

A simple method to prepare co-crystal is to dissolve both components in a common 

solvent followed by slow solvent evaporation. When raw curcumin and nicotinamide 

were dissolved in each solvent or solvent mixture, a dark red solution was formed. In 

general, red crystals grew slowly at the bottom of the flask as a result of solvent 

evaporation. Alcoholic solvents tended to shape crystals into small spheres with 

needles radially pointing outward from centres. In nitromethane, disc-like crystals 

were formed first and orange coralloid precipitates deposited along the wall of 
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container later. For a few cases which involved acetone, tetrahydrofuran and 

tetrahydrofuran-ethanol mixture, a dull red glassy gel formed which turned into a 

solid on cooling. 

 

4.4.2  Preparation of co-crystals from curcumin and nicotinamide 

Purity of curcumin may affect the efficiency of solvent co-crystallization. Curcumin 

re-crystallized from ethanol solution (section 4.2) was used in solvent 

co-crystallization. Straw yellow solutions were obtained after dissolving curcumin 

crystal and nicotinamide in nitromethane or acetone. Orange needle shape crystals 

and some precipitate were formed in nitromethane while a lump of orange mass was 

precipitated in acetone. 

 

4.5 Differential scanning calorimetry (DSC) and Thermal Gravimetric Analysis 

(TGA) results 

Differential scanning calorimetry (DSC) is useful to detect the temperature at which 

any phase change occurs in the sample. This provides information for sample purity 

and new phase formation. Thermal Gravimetric Analysis (TGA) can confirm whether 

the reaction detected by DSC involves any mass change, and rule out the possibility 

of solvate formation. 
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4.5.1  Raw curcumin, nicotinamide and their physical mixture 

Raw curcumin powder showed a significant endothermic peak at 173.75℃, which is 

below the melting point of pure curcumin (181-183℃). Glass-transition like baseline 

elevation was seen at ca. 50℃. Melting point depression and elevated baseline may 

suggest the existence of impurity in raw curcumin. In contrast, nicotinamide showed 

an endothermic peak at 129.19℃, which matched the literature melting point 

126-129℃. A smooth baseline was obtained until the temperature exceeded 140℃. 

This confirms nicotinamide powder is of high purity. 

  

The DSC profiles of physical mixtures may indicate the formation of a new phase. 

Mass ratio of raw curcumin and nicotinamide physical mixture slightly affected DSC 

pattern. All showed an endothermic peak at 115-116℃ (115.31, 116.24 and 

116.45℃). In one case where nicotinamide mass was almost double to raw curcumin 

mass, there was a clear endothermic peak at 124.90℃, which may be attributed to 

excess nicotinamide in the preparation. 

 

4.5.2 Re-crystallization of curcumin from raw curcumin powder 

The purity of curcumin re-crystallized from raw curcumin (section 4.2) was tested by 

DSC. The DSC endothermic peaks for most of the results lie at 181.74 + 0.23℃ and 
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PXRD data conformed to CSD results. But in batch 3, fine bright red needle shape 

crystals with a different PXRD pattern and depressed DSC melting point co-existed 

with curcumin crystal. The characteristic peak of curcumin at ca. 8, 9 and 12° (2θ) 

were missing and DSC endothermic peak was located at 175.15℃. In batch 5, the 

melting point of crystals obtained from second filtration were depressed from 

literature value 181-183℃ to 178℃. 

Table 4.3 DSC endothermic peaks of curcumin crystal from re-crystallization process, 
* n = 2, ** n = 3 

Batch 
First filtration Second filtration 

mass (mg) DSC Peak (℃) mass (mg) DSC Peak (℃) 
1 2.944+1.742* 182.00+0.46* - - 
2 2.278 181.83 - - 
3 1.407 175.15 - - 
4 3.011 182.03 2.769 180.79 
5 2.809 181.82 2.602+0.001** 178.29+0.09** 

 

4.5.3  Preparation of co-crystals from curcumin and nicotinamide 

In order to investigate any new phase formed in solvent co-crystallization, crystals 

prepared in section 3.2.4.2 were examined under DSC and TGA. The curcumin 

crystals and nicotinamide were dissolved in boiling acetone, acetone at room 

temperature, or boiling nitromethane. 

 

Crystals obtained from boiling acetone showed a broad endothermic peak at ca. 80℃, 

followed by a small exothermic trough at ca. 89℃, and a sharp endothermic peak at 
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ca. 114℃ (Figure 4.5). TGA showed a weight loss started at ca. 70℃, and the 

cumulative weight loss up to 140℃ is less than 2% (Figure 4.6). 

Figure 4.5 DSC result for crystals obtained from boiling acetone 

 

 

Figure 4.6 TGA results for crystals obtained from boiling acetone 
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Crystals obtained from acetone at room temperature showed endothermic peaks at ca. 

71, 89 and 114℃ (Figure 4.7). There was some overlapping between the first two 

peaks. The TGA profile was similar to figure 4.6.  

Figure 4.7 DSC result for crystals obtained from acetone at room temperature 

 

 

Two types of crystals were obtained from nitromethane. The orange needle shape 

crystals showed an endothermic peak at ca. 181℃ (Figure 4.8), while the pale orange 

coralloid crystals showed an endothermic peak at ca. 88℃ (Figure 4.9). The weight 

loss of the former was less than 2% up to 200℃ (Figure 4.10) while that of the latter 

was more than 10% at 140℃ (Figure 4.11). 
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Figure 4.8 DSC result for needle shaped crystal from nitromethane 

 

 

Figure 4.9 DSC result for coralloid crystal from nitromethane 
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Figure 4.10 TGA result for needle shaped crystal from nitromethane 

 

 

Figure 4.11 TGA result for coralloid crystal from nitromethane 
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4.6  Powder X-Ray Diffraction (PXRD) results 

Powder X-ray diffraction provides a quick screening of crystalline substances in a 

solid phase. The PXRD pattern can serve as a fingerprint for a particular type of 

crystal structure of certain molecules. Any new peak appearing in the pattern may be 

attributed to the formation of new crystal phase. 

 

4.6.1  Raw curcumin powder, nicotinamide and their physical mixture 

It is important to confirm the component of the starting materials. The PXRD pattern 

of raw curcumin powder (Figure 4.12) and nicotinamide (Figure 4.13) were identical 

to Cambridge Structural Database (CSD) data.  
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Figure 4.12 PXRD pattern of raw curcumin 
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Figure 4.13 PXRD pattern of nicotinamide 

 

4.6.2  Re-crystallization of curcumin from raw curcumin 

PXRD can be applied to confirm the component in the re-crystallized product from 

raw curcumin powder. Coarse-needle shaped, dull-red crystals were obtained from 

re-crystallization and showed similar PXRD pattern to curcumin data in CSD (Figure 

4.13). In batch 3 mentioned in section 4.2, fine bright red crystals were found among 

the curcumin crystals. Its PXRD pattern showed a few characteristic peaks of 

curcumin were missing (Figure 4.14). 
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Figure 4.14 PXRD pattern of coarse needle-shaped crystals from re-crystallization 
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Figure 4.15 PXRD pattern of bright red crystals in batch 3 in section 4.2 
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4.6.3  Preparation of co-crystals from raw curcumin and nicotinamide 

PXRD technique was used as a screening tool for detecting new crystal phase. A total 

of 38 crystal samples were prepared from raw curcumin and nicotinamide in various 

solvent systems. Regardless of mass ratio of raw curcumin and nicotinamide, all 6 

samples from nitromethane consistently showed a new peak at ca. 3° (2θ) in PXRD 

pattern. If 3:2 w/w raw curcumin and nicotinamide was dissolved in nitromethane, 2 

out of 3 preparations showed an additional peak at 4° (2θ). In nitromethane samples, 

coralloid precipitates and disc-like crystals were obtained. After examining them 

separately, it was confirmed the formers were attributed to those new peaks where the 

latter showed the same PXRD pattern as curcumin did. In contrast, only 4 of the 

remaining 32 samples from various solvent systems showed a new peak in PXRD 

pattern. The new peak was located either at ca 3° or ca 5° (2θ). Hence, the success 

rate of forming a new crystal phase in other solvents was unacceptably low, only 

12.5% (4/32). All 4 positive results were obtained either from different mass ratio of 

starting materials or solvent composition, namely ethanol, propan-1-ol, and 

tetrahydrofuran-ethanol 1:1 and 1:3 v/v mixture, and were not reproducible on 

repeated trials.  
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Table 4.4 Prevalence of new PXRD peak in various co-crystallization preparations 

Solvent 
Mass 
ratio 

Number of 
preparation 

Frequency 
of new 

phase found 

New 
PXRD 
peak 

Remark 

Acetone 3:1 1 0 - Gel formed 

Acetone-Propan-
1-ol mixture 

3:1 1 0 -  
3:2 1 0 -  
1:1 1 0 -  

Dichloromethane 3:1 1 0 -  

Ethanol 
3:1 2 0 -  
3:2 2 1 5°  

Ethyl acetate 3:2 1 0 -  

Nitromethane 
3:1 3 3 3°  
3:2 3 3 3°, 4° 1 case got 3° only 

Propan-1-ol 
3:1 3 1 5°  
3:2 2 0 -  

Tetrahydrofuran 
3:1 1 0 - Gel formed 
3:2 1 0 -  
1:1 1 0 -  

THF-EtOH 
1:1 v/v 

3:1 2 0 -  
3:2 2 0 - Gel formed 
6:1 2 1 3°  

THF-EtOH 
1:2 v/v 

3:1 1 0 -  
6:1 1 0 -  

THF-EtOH 
1:3 v/v 

3:1 2 1 3°  
3:2 2 0 -  
6:1 2 0 -  

Total  38 10   
* mass ratio = raw curcumin versus nicotinamide 

 

4.6.4  Preparation of Co-crystals from curcumin and nicotinamide 

Curcumin and nicotinamide were dissolved in boiling acetone, acetone at room 

temperature and boiling nitromethane. Crystals obtained were examined by PXRD for 
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new crystal phase. The preparations from acetone showed a new peak at ca. 5° (2θ), 

followed by a curcumin-like PXRD pattern (Figure 4.16). 

Figure 4.16 PXRD pattern for crystals prepared from boiling acetone 
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Two types of crystals were obtained from nitromethane. The orange needle shaped 

crystals showed a similar XPRD as curcumin. The coralloid precipitate showed a new 

peak at ca. 3° (2θ) (Figure 4.17). 

Figure 4.17 PXRD pattern for coralloid crystal from nitromethane 
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4.7 Phase diagram of fenbufen and nicotinamide 

A phase diagram can give useful insight for preparing co-crystal. As the difference in 

solubility of the two components in the solvent may affect the location of co-crystal 

zone in the diagram, it is necessary to determine the solubility of each component. A 

fenbufen-nicotinamide-water phase diagram was used as an example. 

 

4.7.1  Aqueous solubility of fenbufen at different temperatures 

The aqueous solubility of fenbufen is left to be explored. A good linear relationship 

was observed between fenbufen concentration and the absorbance at 285nm (Table 

4.5 and Figure 4.18). It generally increases with temperature, except that at 55℃ is 

slightly lower than that at 50℃. The lowest solubility of 11.3456 + 1.1182 µg/ cm3 is 

measured at 20℃ (Table 4.6 and Figure 4.19). 

 

Table 4.5  Data for calibration curve 
[Fenbufen] (µg/cm3) Absorbance at 285 nm 
0.00 0.0000 
1.00 0.0630 
2.00 0.1335 
3.00 0.1951 
4.00 0.2616 
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Figure 4.18 Calibration curve of fenbufen in ethanol 
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Table 4.6 Data for fenbufen solubility at various temperatures 

Temp. 
(℃) 

Calculated aqueous solubility (µg/cm3) 
Average 

S.E.M. 
(µg/ cm3) 

Run 1 Run 2 Run 3 

20 11.0780 9.5566 13.4021 11.3456 1.1182 
30 14.1055 13.6927 13.8073 13.8685 0.1230 
35 14.2278 14.8242 14.7477 14.5999 0.1873 
40 17.9511 16.7202 16.9572 17.2095 0.3771 
45 20.7339 22.7752 23.8876 22.4656 0.9235 
50 24.5413 27.3624 26.4335 26.1124 0.8301 
55 21.8960 24.5413 23.2875 23.2416 0.7640 
60 27.2171 30.2294 29.0061 28.8175 0.8747 
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Figure 4.19 Aqueous solubility of fenbufen against temperature 
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4.7.2  Locating co-crystal zones in phase diagram 

After determining the solubility of fenbufen and nicotinamide, the next step is to 

locate the co-crystal zone. By adding different amount of water in a fixed molar 

amount of solute which contains different ratio of fenbufen and nicotinamide, it is 

literally sliding the cross section line across the phase diagram. After incubating in 5 

and 10 cm3 water, 2 mmoles solids containing 10%, 20%, 30%, 40%, 50%, 60%, 

70%, 80%, 90% mole fractions fenbufen gave similar PXRD pattern to fenbufen 

powder. Such a combination was equivalent to 6 mmoles solids in 15 cm3 and 30 cm3 
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water respectively. However, 6 mmoles solids containing 2%, 4%, 6% and 8% mole 

fraction of fenbufen, incubated in 15 cm3 water, gave totally new PXRD peaks at ca. 

4.4° (2θ) (Figure 4.20). The same new PXRD peak was also obtained when 6 mmoles 

solids with the same compositions were incubated in 10 cm3 and 5 cm3 water (Figure 

4.21 and 4.22). In 10 cm3 of water, if the proportion of fenbufen in 6 mmoles solids 

increases to 25% and 30%, both fenbufen and new phase were obtained (Figure 4.23). 

When fenbufen exceeded 30%, only fenbufen peaks were observed (Figure 4.24). 

 

Figure 4.20 PXRD of 2% to8% fenbufen in 6 mmoles solid in 15 cm3 water 

2 3 4 5 6 7 8 9 10 11 12

2 Theta

In
te

ns
it

y

2% Fenbufen

4% Fenbufen

6% Fenbufen

8% Fenbufen

 

 

 

 



 85 

Figure 4.21 PXRD of 2% to8% fenbufen in 6 mmoles solid in 10 cm3 water 
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Figure 4.22 PXRD of 2% to8% fenbufen in 6 mmoles solid in 5 cm3 water 
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Figure 4.23 PXRD of 2% to 40% fenbufen in 6 mmoles solid in 10 cm3 water. As 
the proportion of fenbufen increases, the new phase is gradually disappearing and the 
fenbufen peak dominates 
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Figure 4.24 PXRD of fenbufen between 2° and 12° (2θ), with characteristic peaks 
at ca. 5.6° and 8.0° 
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Figure 4.25 shows the distribution of the above data points across the 

fenbufen-nicotinamide-water phase diagram. In terms of molarity, all the data points 

consist of more than 97.5% of water. A narrow zone of fenbufen and new crystal 

mixture is observed and the new crystal phase appears to be heavily skewed towards 

the nicotinamide axis. As a result, it may be difficult to work out all different phase 

zones in this system. 

 

Figure 4.25 Ternary phase diagram of fenbufen, nicotinamide and water at 20℃ 
(only the portion with more than 97.5% water is shown) 
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5. Discussion 

This project aimed at preparing a co-crystal between curcumin and nicotinamide. The 

difference in solubility of each component in a solvent may affect the purity of 

co-crystal. Hence, it is of great interest to investigate their solubility in various 

solvents before starting the co-crystallization process. 

 

Raw curcumin is less soluble in alcoholic solvents, but very soluble in acetone and 

tetrahydrofuran. In contrast, nicotinamide is more soluble in alcoholic solvents, fairly 

soluble in acetone, tetrahydrofuran and nitromethane, but poorly soluble in 

dichloromethane and ethyl acetate. Both components have similar solubility in 

acetone, ethyl acetate, dichloromethane and nitromethane, while a large difference in 

solubility is observed in alcohols and tetrahydrofuran. 

 

After estimating the solubility, solvent co-crystallization was started by dissolving 

both components in various solvents or mixtures of solvents in order to prepare 

co-crystals. Crystals obtained were examined by PXRD. Not all the crystals gave new 

peak from PXRD. Ethanol was used first because it is a common laboratory solvent. 

Raw curcumin and nicotinamide in 3:1 mass ratio failed to grow a new crystal phase. 

As nicotinamide is more soluble in ethanol and the co-crystal zone may be skewed 
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towards nicotinamide side in the phase diagram, raw curcumin and nicotinamide in 

3:2 mass ratio was applied. A new peak at ca. 5° (2θ) was obtained but the result 

cannot be reproduced. Similar attempts have been made using propan-1-ol. An 

irreproducible peak at ca. 5° (2θ) was obtained when 3:1 mass ratio of solutes was 

used. No new peak was detected when solutes was in 3:2 mass ratio. 

 

Other solvents were used later. None except nitromethane gave new peak under 

PXRD. Two kinds of crystals, orange coralloid precipitates grown along the wall of 

container and the disc-like crystals, were consistently obtained from nitromethane. 

The former showed new peaks at ca. 3° and 4° (2θ), while the latter showed a 

curcumin PXRD pattern. 

 

Mixtures of tetrahydrofuran and ethanol occasionally gave crystals with new PXRD 

peak at ca. 3° (2θ), which was not reproducible. In some occasions, a gel was formed 

when acetone, tetrahydrofuran and 1:1 v/v mixture of tetrahydrofuran was used. 

 

High inconsistency may result from low purity of curcumin in raw curcumin. 

Curcumin was re-crystallized from ethanol solution of raw curcumin. DSC can 

effectively determine the purity of curcumin crystals and PXRD can indicate the 
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crystal component in the sample. These two techniques helped ensuring the 

re-crystallized curcumin was of higher purity. When solvent crystallization was 

repeated twice in acetone and once in nitromethane, the former did not form a gel and 

the latter again gave two kinds of crystals. 

 

The two crystal samples from acetone both gave a new peak at ca. 5° (2θ) in PXRD, 

but their DSC profiles appeared differently. It is likely that the sample from boiling 

acetone was accidentally dried up, as it is difficult to control the evaporation rate of 

volatile acetone. The new crystal phase may have been mixed with un-reacted 

curcumin and nicotinamide and formed a broad hump at ca. 80℃. The endothermic 

peak at ca. 114℃  is likely the physical mixture of un-reacted curcumin and 

nicotinamide. The sample prepared from acetone from room temperature showed 

endothermic peaks at ca. 71, and 89℃ which may be attributed to trace acetone and 

new crystal phase respectively. Their TGA profiles showed less than 2% weight loss 

throughout the DSC temperature scan range, which can rule out the formation of 

solvate as a new crystal phase. 

 

The crystals obtained from nitromethane were of two different appearances, the 

orange needle-shaped crystals and the coralloid crystals. The former showed a similar 
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PXRD pattern to curcumin with a DSC endothermic peak at ca. 181℃, and the latter 

showed at new peak at ca. 3° (2θ) with DSC endothermic peak at ca. 88℃. It is likely 

curcumin and a new crystal phase were obtained. However, the TGA result of new 

crystal phase showed a more than 10% weight loss up to 140℃. A solvate may have 

been formed. 

 

Besides PXRD and DSC, Kofler hot stage microscopy may provide another means of 

quick screening for co-crystal formation. The higher melting point compound is 

melted first, followed by one with lower melting point. When the two melts come into 

contact, a zone of mixing will be created. If the two compounds are capable of 

forming a co-crystal, a separation of co-crystal phase from the existing two phases 

can be observed under polarized microscope when heating is applied. 

 

However, curcumin has a higher melting point (181-183℃) and is difficult to 

re-crystallize from the melt. As a result, a dark zone was observed under the 

microscope. Though there is difficulty in viewing a clear phase separation, an orange 

phase was formed when heating was applied, and started melting at ca. 90℃. The 

nicotinamide phase melted at ca. 125℃. 
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Another attempt to avoid melting curcumin was to re-crystallize curcumin by acetone. 

Curcumin crystals were successfully brought into contact with nicotinamide. 

However, a zone of mixing was not effectively formed and the sequence of phase 

separation was not observed clearly. 

 

To overcome this problem, preparation of specimen was amended slightly. It was 

observed that nicotinamide melt could solubilize the curcumin crystal. Therefore, a 

zone of mixing can be created by melting nicotinamide, but not curcumin. When 

heating was re-applied, a phase separation occurred at ca. 90℃ in area richer in 

curcumin, and another occurred at ca. 114℃ in area richer in nicotinamide. This 

serves as a piece of visual evidence that co-crystal is likely formed between the two 

compounds. 

 

All analytical techniques were attempts to investigate the feasibility of forming 

co-crystal between curcumin and nicotinamide. In order to investigate this system 

fully, it is necessary to construct a phase diagram of a solvent and the two compounds. 

Since curcumin may be subjected to stability and purity problems, a neat and stable 

substitute like fenbufen would be a good choice to start with. 
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The first step is to measure the solubility of fenbufen at different temperatures. Then 

by adding different amount of water in a fixed molar amount of solute which contains 

different ratio of fenbufen and nicotinamide, it is literally sliding a cross section line 

across the phase diagram. PXRD can identify whether a new crystal phase exists in 

the preparation.  

 

It was found that the co-crystal zone was heavily skewed towards the nicotinamide 

side. For instance, 6 mmol solutes with less than 10% fenbufen yielded co-crystal in 

15 cm3 water. This agreed with other systems in which one component is far less 

soluble than the other, but this may pose difficulty in locating all different phase 

zones in the system. Moreover, when increasing the molar % of fenbufen in 10 cm3 

water, co-crystal zone was first detected, co-existed with fenbufen, and later 

disappeared leaving fenbufen alone. This fits the expectation of zone distribution in a 

co-crystal system. 

 

To conclude, PXRD, DSC and Kofler hot stage microscopy results provided 

evidences on the formation of co-crystal between curcumin and nicotinamide. 

Construction of phase diagram helps understanding the system, and fenbufen was 

chosen as a model drug for mastering the skill. In future, the liquidus of 
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water-fenbufen-nicotinamide has to be worked out in order to complete the phase 

diagram. The technique can be applied on curcumin system. And finally, preparing 

curcumin-nicotinamide co-crystal with high yield would be essential for further 

characterization and analysis of this new chemical entity. 
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6. Conclusion 

Kofler hot stage microscopy is a versatile screening method for co-crystals. It 

provides a 2-D visual observation that a new crystal phase has formed between 

curcumin and nicotinamide. Besides, DSC profile of curcumin-nicotinamide physical 

mixture shows a new endothermic peak which is different from that of curcumin or 

nicotinamide. This indicates a potential for eutectic formation. Attempts have been 

made to grow the new phase from solvent co-crystallization. However, the purity of 

curcumin appears to hamper the process. Purification of curcumin improves the 

outcome. New PXRD peaks are detected from acetone and nitromethane samples. 

DSC and TGA indicate a co-crystal phase has possibly been obtained from acetone, 

while a solvate may have been formed in nitromethane. Hence, in order to 

characterize the new phase, more effort is needed to improve its yield in the future. 

 

On the other hand, ternary phase diagram provides insight into solubility behaviours 

of co-crystal system. Huge difference in solubility between fenbufen and 

nicotinamide results in a heavily skewed phase diagram. This can provide guidance 

for obtaining a purer curcumin-nicotinamide phase by solvent crystallization. 
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