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SYNOPSIS 
The thesis entitled “Investigation of Novel Solid Forms of Active Pharmaceutical 
Ingredients” consists of eight chapters. 

CHAPTER ONE 

Introduction to Pharmaceutical Solids 

Majority of the drugs are marketed as solid formulations (tablets, capsules and powders) 
because of several reasons such as ease of manufacture, administration, convenience to 
patients, storage etc. Solid state chemistry of drugs is thus of fundamental importance in 
pharmaceutical industry and also as the physical property management of pharmaceutical 
solids is a current challenge for their commercial utility. A pharmaceutical solid 
formulation contains the ‘Active Pharmaceutical Ingredient’ (API) as a polymorphic 
form/mixture, salt, hydrate/solvate, complex or an amorphous solid blended with 
excipients. Each of these solid forms exhibit different physico-chemical 
behavior/properties such as solubility, dissolution rate, stability and bioavailability which 
finally govern the therapeutic efficacy of the drug. Thus, optimization of a solid drug 
form is crucial not only in drug research and development but also for oral 
administration and usage. 

 Solids are broadly classified as ‘crystalline’ and ‘amorphous’ states based on the 
internal structure, order and degree of periodicity. Crystalline solids have long-range 
order but it is short-range in amorphous solids. Amorphous forms, though they impart 
solubility enhancement in a drug formulation for a poorly soluble API, tend to be 
unstable and hence not preferred in drug development unless there are clear-cut 
advantages over the crystalline forms. A pharmaceutical solid can be made up of a single 
component or two or more components. A multi-component solid made up of ions is 
called a ‘salt’ (wherein the components are held together by ionic interactions), a 
‘hydrate/solvate’ when one of the components is water or a solvent and a ‘complex’ 
when it contains a metal. The family of multi-component solids also includes 
‘cocrystals’, ‘solid solutions’ and ‘eutectics’ which are relatively less explored.  A 
cocrystal is a stoichiometric multi-component crystalline solid wherein the components 
are held together by intermolecular interactions, particularly hydrogen bonds. A solid 
solution is a variable stoichiometry multi-component crystalline solid and a eutectic is a 
conglomerate of solid solutions.  Cocrystals and eutectics have a fixed stoichiometry of 
components but the composition is variable for solid solutions. Polymorphism, a 
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phenomenon in which the same substance can exist in more than one crystalline state, is 
possible both in single and multi-component solids. Therefore, a single (API) solid 
material can give rise to a multitude of crystal forms upon solid form screening viz. 
polymorphs of the API itself; salts, hydrates/solvates, cocrystals, complexes – each of 
which can be polymorphic; solid solutions and eutectics. The inherent differences among 
these crystalline forms, by virtue of their uniqueness, result in their varied physico-
chemical properties which in essence is important for optimal solid form selection and 
development for an API. Since there is no one-size-fits-all solution to the problems 
arising from the physico-chemical behavior (e.g. solubility and stability) of different 
solid forms of drugs (whether polymorphs, amorphs, salts, solvates, cocrystals, eutectics 
or any complexes) and the properties can vary case-to-case, each of these solid forms can 
be advantageous for specific applications in different systems. Hence, it is important to 
understand the nature and properties of various pharmaceutical solids both from 
fundamental and application points of view. This thesis deals with the discovery of 
different solid forms of drugs and their physical form behavior and properties. 

CHAPTER TWO 
Pyrazinamide Polymorphs 

Pyrazinamide (abbreviated as PZA) is a frontline anti-tuberculosis drug administered 
with Rifampicin, Isoniazid and Ethambutol dihydrochloride in Fixed Dose Combination 
(FDC). It is a rare example of a conformationally rigid molecule with four polymorphs 

(namely, α, β, γ and δ forms) reported in the literature. Polymorph, according to 
McCrone, is “a solid crystalline phase of a given compound resulting from the possibility 
of at least two different arrangements of the molecules of that compound in the solid 
state”. Since the polymorphs are unique entities and exhibit different physico-chemical 
properties (e.g. melting point, solubility, stability, bioavailability etc.), a study of all 
polymorphs of a drug and establishing their stability relationships is considered as an 
obligatory step in solid form development. Since the polymorphs are at different levels 
on the ‘free energy’ scale, inter-conversions are quite possible which lead to changes in 
the properties of bulk drug material finally affecting its efficacy. Therefore, it is essential 
to gain adequate understanding of their properties so as to optimize the conditions to 
develop a desired polymorph for formulation and avoid potential transformations 
(polymorphic transformations, hydration etc.). Pyrazinamide is a highly soluble and 
stable drug, and as such there is little scope for improvement in its formulation from 
solubility/stability points of view. Yet, it is a model pharmaceutical system to study 
phase relationships among the four polymorphs. 
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CHAPTER THREE 

Salts and Ionic Liquids of Ethambutol 

Ethambutol (abbreviated as EMB) is a frontline anti-tuberculosis drug administered with 
Rifampicin, Isoniazid and Pyrazinamide in Fixed Dose Combination (FDC). It is chiral 
basic drug with the S,S-enantiomer being therapeutically active whereas the R,R-form is 
inactive. It is administered as dihydrochloride salt (S,S-EDH) whose hygroscopicity is 
reported to result in instability and loss of potency of the FDC products upon storage. As 
a consequence, individual drugs of the FDC formulation are separately coated with 
polymers to avoid mutual interaction and water uptake and then blended to make up the 
final product formulation. S,S-EDH is tetramorphic but neither the X-ray crystal 
structure nor any polymorphs of the S,S-form of ethambutol base are reported so far. The 
reported crystal structures of EMB and its salts (dihydrochloride, dinitrate, dibromide, 
oxalate pentahydrate) in the Cambridge Structural Database (CSD) do not contain the 
Flack parameter and hence their absolute configuration is ambiguous. In this work, 
crystal structures of ethambutol and ethambutol dihydrochloride were redetermined and 
their absolute configuration is deduced as S,S-chirality. 

 Salt screen of EMB with the intent of obtaining salts with less hygroscopicity 
resulted in the formation of hygroscopic salts/ionic liquids. Ionic liquids (ILs) are salts 
with melting point below 100 °C and if they are liquids at room temperature (25 °C) then 
they are termed as ‘room temperature ionic liquids’ (RTILs). A total of twelve salts 
(including seven ionic liquids) were synthesized and all of them were found to be 
hygroscopic. Out of the five salts (sulfate, dimesylate, ditosylate, dibesylate and 
fumarate), only two gave diffraction quality single crystals and their X-ray structures 
were solved (dimesylate and fumarate hydrate). Among the seven ionic liquids, only two 
crystallized (dibenzoate and adipate) and the remaining five (dinicotinate, disalicylate, 
di-4-aminosalicylate, disaccharinate and succinate salts) never crystallized in the 
experimental conditions attempted. Ethambutol dibenzoate (abbreviated as EDB) 
crystallized as a trimorph and thus becomes the first example of an API ionic liquid 
exhibiting polymorphism. 

 Solution crystallization of ethambutol and benzoic acid in 1:2 stoichiometry in 
methanol or ethanol yielded a liquid product (Figure 3.1) whose water content was found 
to be 10.1% by Karl-Fischer titration. The difficult issue of classifying EDB as a 
hygroscopic salt or an ionic liquid was resolved by DSC. A heat−cool−reheat DSC run 
will evolve any water and give Tg (glass transition temperature) or Tm (melting 
temperature), thereby eliminating interferences from water evolution with thermal 
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reported that larger crystals (150 µm mesh size) of lower surface area and slower 
absorption reduce emesis and still confer optimal therapeutic effect. The dissolution 

profile of the drug (marketed as stable β polymorph) is variable: after a high initial 
dissolution the drug is released slowly because it converts to the more stable 
monohydrate II in aqueous medium, and it is the latter form that has lower dissolution 
rate. A control over the dissolution rate can influence the absorption rate which in turn 
may regulate the side effects of the drug. With the intent of controlling the hydration and 
dissolution behavior of Nitrofurantoin, the cocrystallization approach was examined. 

 Two cocrystals NF–p-aminobenzoic acid and NF–urea, a salt NF–Arginine–H2O 
and a solvate NF–MeOH were obtained in solid form screening experiments. Solubility 
and dissolution measurements on the compounds showed that the two cocrystals have 
comparative dissolution rate to the reference drug and the salt has higher dissolution rate. 
NF–PABA cocrystal was found to be stable to hydration in water and showed minimal 
transformation to NF monohydrate II in other media (0.1 N HCl and pH 6.8 buffer). 
Since the NF–PABA cocrystal was resistant to hydration, the effect of PABA as an 
additive in reducing the hydration of the drug in water was studied (Figure 4.1). With 
increase in the % of PABA to NF (from 5% to 60% by weight) in water slurry, a steady 
increase in the concentration of NF–PABA cocrystal and decrease in NF monohydrate II 
content in the residue was observed as analyzed by PXRD. At 57.6% of PABA-to-NF 
(molar proportion of components in the 1:1 cocrystal), there was no trace of NF 
monohydrate II in the residue and the material was entirely NF–PABA cocrystal (Figure 
4.1). This shows that PABA was effective as a coformer in the 1:1 cocrystal composition 
to make NF stable to hydration and also as an additive in controlling its hydration. Thus, 
NF–PABA combination can be useful as a novel formulation that can control dissolution 
and hydration and consequently the absorption rate of the drug. 

% of PABA 
to NF in 

water slurry 

% of NF–PABA 
in residue 

% of NF 
monohydrate II 

in residue 
5 10 90 
10 32 68 
20 48 52 
30 71 29 
40 88 12 
50 92 8 

57.6 100 0 
60 100 0 

 

Figure 4.1 Variation in the composition of NF–PABA cocrystal and NF monohydrate II 
in the water slurry residue with increase of PABA concentration. 
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CHAPTER FIVE 

Pyrazinamide and Isoniazid Cocrystals and Eutectics 

Pyrazinamide (PZA) and Isoniazid (INH) are the first-line anti-tubercular drugs 
administered with Rifampicin and Ethambutol dihydrochloride in fixed dose 
combination (FDC). Multi-drug therapy is important to treat resistant strains of 
tuberculosis (TB), HIV and malaria. The classical approach of making combination 
drugs is to physically blend the drugs as a solid mixture. Covalent joining of the drugs 
through a labile linker is a synthetic modification in drug combinations. The non-
covalent approach of combining the drugs PZA and INH was pursued to study the 
potential of cocrystallization in physical property enhancement for combination drugs. 
Attempts to make a binary cocrystal of PZA and INH by solution crystallization and 
grinding experiments were unsuccessful but led to a 1:1 binary eutectic, PZA–INH. 
Cocrystals of PZA and INH with GRAS (Generally Recognized As Safe) dicarboxylic 
acid coformers, succinic acid (SA) and fumaric acid (FA) in 1:0.5 ratio respectively were 
obtained by mechano-chemical grinding. All four crystal structures of the composition 
PZA–(diacid)0.5 and INH–(diacid)0.5 are sustained by the strong carboxylic acid···pyridine 
heterosynthon (Figure 5.1a). Basing on these cocrystal structures, the possible role of 
dicarboxylic acids (SA and FA) as non-covalent linkers for PZA and INH to form 
ternary complexes via the acid–pyridine synthon was explored (Figure 5.1b). 

 
N

CONHNH2H

C2

C3
O

O

H
H O

O

N

N
H

H2NOC

C2 C3

C2 C3

PZA INHDicarboxylic acid
SA:
FA:

  
(a) (b) 

Figure 5.1 (a) Acid–pyridine synthon in PZA–(diacid)0.5 (left column) and INH–
(diacid)0.5 (right column) cocrystal structures. (b) Proposed assembly of a ternary drug–
drug complex through a non-covalent linker via the acid–pyridine synthon. 

 Solid-state grinding of PZA and INH with the diacid (SA or FA) in 1:1:1 molar 
stoichiometry did not result in a new cocrystal phase. Instead 1:1:1 ternary eutectics of 
PZA and INH with SA (PZA–SA–INH) and FA (PZA–FA–INH) were obtained and each 
phase was characterized by DSC, PXRD, ss-NMR and FT–IR. These three component 
solid phases of fixed stoichiometry were found to be eutectic composition of their 
respective binary cocrystals (i.e. PZA–SA–INH is composed of PZA–(SA)0.5 and INH–
(SA)0.5 and PZA–FA–INH is composed of PZA–(FA)0.5 and INH–(FA)0.5). These ternary 
eutectics are the first examples of cocrystals making novel eutectic phases. 
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 Eutectics have excess thermodynamic functions (free energy, enthalpy and 
entropy) due to weak intermolecular interactions and thus can confer higher solubility 
and faster dissolution to a drug compared to other crystalline modifications. Equilibrium 
solubility measurements on the cocrystals and eutectics in water gave mixed results. The 
binary cocrystal PZA–SA and eutectics PZA–INH, PZA–SA–INH and PZA–FA–INH 
are incongruently dissolving systems (i.e. the solubility of one component is much higher 
than the other; PZA 22 mg/mL, SA 83 mg/mL, INH 125 mg/mL, FA 6 mg/mL) and thus 
dissociated in the aqueous slurry medium resulting in precipitation of the less soluble 
species. Though a solid drug form is unstable in the equilibrium solubility conditions 
(typically 24 h), nevertheless, the formulation is advantageous if it facilitates drug 
release within a desirable time-frame before it is destabilized. This evaluation whether 
the drug is sustained in the medium for the therapeutic retention time (usually 0.5–2–4–8 
h) is achieved through a dissolution study. According to the WHO biowaiver dissolution 
criterion, an immediate release (IR) solid oral dosage form should exhibit ‘very rapid’ 
(no less than 85% of the drug must be dissolved in 15 minutes) or ‘rapid’ (no less than 
85% of the drug must be dissolved in 30 minutes) in vitro dissolution kinetics. 
Dissolution testing of the compounds was carried out by the rotating disk intrinsic 
dissolution rate (DIDR) method in pH 1.2 aq. HCl medium at 37 °C using USP 
Apparatus II. The extent of solid form dissolved in 30 min was: INH–SA 94%, PZA–
SA–INH 92%, INH 73%, PZA–INH 64%, INH–FA 62%, PZA–FA–INH 50%, PZA–SA 
36%, PZA 25%, and PZA–FA 15% (Figure 5.2). INH–SA cocrystal and PZA–SA–INH 
eutectic qualify the criterion of ‘rapid’ dissolution, but the pure drug forms did not clear 
the bar in the tested conditions. The inclusion of high soluble succinic acid increased the 
dissolution rate for PZA and INH (in binary cocrystal) and PZA–INH (in ternary 
eutectic) and the less soluble fumaric acid gave the opposite effect of decreasing 
dissolution rates. Thus, a control over the solubility/dissolution of the drugs is achieved 
through cocrystals and eutectics in this study. 

 
Figure 5.2 Dissolution curves of the compounds in pH 1.2 aq. HCl solution. 
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CHAPTER SIX 

Ethambutol Dihydrochloride Eutectics 

Ethambutol (EMB) is a frontline anti-tuberculosis drug administered as its 
dihydrochloride salt (EDH) in a Fixed Dose Combination (FDC) with Rifampicin, 
Isoniazid and Pyrazinamide. The hygroscopicity of EDH salt is reported to result in 
instability and loss of potency of the FDC products upon storage. To address the 
hygroscopicity problem of EDH, solid form screening to obtain cocrystals and eutectics 
was performed as they showed promising results in pharmaceutical property 
management for several drugs. The properties of partner molecules of cocrystals and 
eutectics play a vital role in affecting their properties e.g. high soluble coformer 
generally confers solubility/dissolution improvement to its cocrystal/eutectic. GRAS 
dicarboxylic acid coformers fumaric acid (FA), succinic acid (SA) and L-tartaric acid 
(TA) were selected based on the non-hygroscopic nature of FA and SA and hygroscopic 
stability improvement of Piracetam, a nootropic drug, by L-tartaric acid in a cocrystal. 
Mechano-chemical grinding method resulted in eutectics of EDH with all the three 
coformers (EDH–FA; EDH–SA; EDH–TA). The melting points of the EDH eutectics 
(Table 6.1) are proportional to coformer melting points (FA 287 °C, SA 188 °C, TA 169 
°C) with fumaric acid eutectic having the highest melting point. 

 Hygroscopic stability testing of the EDH eutectics was conducted in accelerated 
stability testing conditions of 40 °C and 75% RH for two months and compared with 
EDH. Samples were analyzed for water uptake periodically at 15, 30 and 60 days 
through TGA and KF titration (Table 6.1). EDH salt became semisolid with 20% water 
uptake after 30 days and completely turned liquid after 60 days (Table 6.1 & Figure 6.1). 
EDH–TA eutectic was found to liquefy within 15 days (by visual inspection) and showed 
highest water uptake of 54% at the end of 60 days.  EDH–SA eutectic turned semisolid 
with 14% water uptake by 60 days. EDH–FA eutectic did not show any significant water 
uptake in 60 days (Table 6.1 & Figure 6.1). In all, EDH–FA and EDH–SA eutectics 
showed hygroscopic stability compared to the reference drug and thus can become 
potential candidates for future anti-TB FDC formulations containing Ethambutol. 

Table 6.1 Melting point and water uptake of the compounds in the hygroscopicity study. 

Compound 
Melting 

point 
(°C) 

% water uptake 
0 day At 15 days At 30 days At 60 days 

TGA KF TGA KF TGA KF TGA KF 
EDH 200 0.2 0.3 5.2 5.4 20.2 19.3 45.6 45.8 

EDH–FA 174 0.2 0.2 0.2 0.2 0.5 0.4 2.9 3.0 
EDH–SA 141 0.2 0.2 1.3 0.9 5.9 5.8 13.7 13.8 
EDH–TA 109 0.2 0.2 19.5 19.3 38.5 38.6 54.5 54.6 
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Compound 0 day At 30 days At 60 days 

EDH 

 

EDH–FA 

   

EDH–SA 

  
Figure 6.1 Snapshots to show relative hygroscopicity with EDH–FA eutectic showing 
higher stability towards the accelerated stability testing conditions of 40 °C and 75% RH 
for two months. 

CHAPTER SEVEN 

4-Aminosalicylic Acid Adducts 

4-aminosalicylic acid, commonly known as p-aminosalicylic acid (PAS), is a second-line 
drug used in the treatment of multi-drug-resistant tuberculosis (MDR-TB). It is an 
amphoteric compound and exists in a unionized form (4-NH2C6H3(OH)COOH) in the 
solid state. It is found to exist as different ionic species in buffer solutions viz. (a) as a 
diprotic acid (NH3

+C6H3(OH)COOH) below its pKa1 (=1.79), (b) as a zwitterion 
(NH3

+C6H3(OH)COO–) around its isoelectric point (pI = 2.71) and (c) as a diprotic base 
(NH2C6H3(OH)COO–) above its pKa2 (=3.63). PAS is found to decarboxylate to 3-
aminophenol through the zwitterionic state. About 13-25% of PAS is found to 
decompose in the pH range 1.3-4.2 in 24 h with the highest percentage of decomposition 
at its isoelectric point. No polymorphs of PAS have been reported so far but several salts 
(sodium, hydrochloride, sulfate, mesylate, ammonium etc.) and drug-drug cocrystals 
(with PZA, INH and Sulfadimidine) are reported by different groups. PAS of its rich 
functionalities (carboxylic acid, amine and phenol) can form a multitude of adducts (salts 
and cocrystals) with various coformers depending on the pKa differences and thus 
becomes a model compound of study. The same solid form screening experiments may 
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result in the crystallization of its zwitterionic form which can be important as a novel 
form. A salt and a salt cocrystal with cytosine, a nicotinamide cocrystal, and anhydrate 
and hydrate sodium salts were obtained in this work. Attempts to crystallize the 
zwitterionic form of PAS were unsuccessful. 

 Solution crystallization of PAS and cytosine in 1:1 ratio in methanol resulted in 
two different stoichiometry adducts viz. a 1:1 salt and a 1:1:1:1 salt cocrystal hydrate 
from different batches. In the crystal structure of the salt (Cyto+–PAS–), PAS was found 
to donate its proton to the pyrimidine N that flanks the amino group of cytosine (Figure 
7.1a). Thus, the PAS anions and cytosinium cations form heterodimers of carboxylate–
aminopyrimidinium synthon. Crystal structure of the salt cocrystal (Cyto+–PAS––Cyto–
H2O) shows a PAS anion, a cytosinium cation and cytosine and water molecules in the 
asymmetric unit. Contrast to the salt structure, PAS anion makes a carboxylate–
pyrimidinium synthon (Figure 7.1b). Generally, grinding technique (neat and/or liquid 
assisted) is employed to prepare macroscopic amounts of an adduct. The salt was 
reproduced upon grinding and but the salt cocrystal was not obtained. It is plausible that 
the crystallization of this salt cocrystal is a kinetic effect. The pKa difference between 
cytosine and PAS is less (∆pKa = 4.4 (conjugate acid of pyrimidine base of cytosine) – 
3.25 (PAS carboxylic acid) = 1.15) and hence both ionized and unionized species can 
exist in solution to finally result in the crystallization of two different adducts (a salt and 
a salt cocrystal). Similar to the cytosine case, the pKa difference between nicotinamide 
and PAS is less (∆pKa = 4.2 (conjugate acid of pyridine base of nicotinamide) – 3.25 
(PAS carboxylic acid) = 0.95) and hence formation of salt/cocrystal cannot be predicted. 
A 1:1:1 cocrystal hydrate of PAS and nicotinamide was obtained upon crystallization of 
a methanol solution. Thus, an ambiguity in the prediction of salt/cocrystal for the range 0 
< ∆pKa < 3 is observed in the cases of cytosine and nicotinamide adducts. Examples of 
this kind play a crucial role in the ongoing exercise on the classification of cocrystals 
recently sparked by the US-FDA draft guidance on pharmaceutical cocrystals and can 
result in an unambiguous classification of multi-component crystalline solids. 

 
(a) (b) 

Figure 7.1 (a) Carboxylate–aminopyrimidinium synthon between PAS anion and 
cytosinium cation in the salt. (b) Carboxylate–pyrimidinium synthon between PAS anion 
and cytosinium cation in the salt cocrystal. 
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CHAPTER EIGHT 

Conclusions and Future Prospects 

The study of the nature and properties of various pharmaceutical solids is central in 
pharmaceutical chemistry. The understanding of the phenomena that govern the physico-
chemical behavior of pharmaceutical solids will avoid pit-falls in drug research and 
development and comprehend the quest for better medicines for affordable human 
health. Extensive studies on various solid forms such as polymorphs, salts, ionic liquids, 
cocrystals and eutectics of several APIs were carried out with the intent of understanding 
and addressing the problems associated with those APIs. In chapter 2, the importance of 
establishing the relative stability of drug polymorphs in the real world conditions is 
discussed through an anti-TB drug Pyrazinamide. The first case of polymorphism in an 
API ionic liquid (Ethambutol dibenzoate) is studied in chapter 3. A study on 
polymorphism in both single and multi-component APIs is covered in chapters 2 and 3. 
Additive/coformer effect of p-aminobenzoic acid in controlling the hydration tendency 
of an anti-bacterial drug Nitrofurantoin through their cocrystal formation is studied in 
chapter 4. The first examples of drug cocrystals forming eutectics and the importance of 
cocrystals and eutectics in modulating the solubility/dissolution of two anti-TB drugs 
Pyrazinamide and Isoniazid are discussed in chapter 5. The pharmaceutical formulation 
scope of the anti-TB drugs Pyrazinamide, Isoniazid and Ethambutol is broadened to 
cocrystals, eutectics and ionic liquids. A preliminary study on eutectics in controlling the 
hygroscopic nature of anti-TB drug Ethambutol dihydrochloride is discussed in chapter 
6. Study on the effect of these eutectics in stabilizing the anti-TB FDC formulation of 
Rifampicin, Isoniazid and Pyrazinamide in accelerated stability testing conditions is 
ongoing. An understanding of the composition, structure and properties of a eutectic is 
attempted and its utility as a novel pharmaceutical solid is studied in Chapters 1, 5 and 6. 
In chapter 7, crystal structures of few adducts of the anti-TB drug 4-aminosalicylic acid 
are discussed. Since 4-aminosalicylic acid is found to partially decompose (to 3-
aminophenol) in the pH range 1.3-4.2, a study on the effect of these adducts in 
controlling its decomposition can lead to a better formulation of the drug. 
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1.1 Introduction 

Majority of the drugs are marketed as solid dosage formulations (tablets, capsules and 

powders) because of several reasons such as ease of manufacture, administration, 

convenience to patients, storage etc.1 The study and understanding of the nature and 

properties of various pharmaceutical solids is, thus, central in pharmaceutical chemistry 

and therefore the subject ‘Solid State Chemistry of Drugs’2 is of fundamental importance 

in drug industry. The current challenges of ‘pharmaceutical form development’ and 

‘intellectual property management’ in drug research and development render these 

materials increasingly important in the pharmaceutical industry for commercial reasons 

as well as lifecycle management of the drug.1a,3 A pharmaceutical solid formulation 

contains the ‘Active Pharmaceutical Ingredient’ (abbreviated as ‘API’) as a polymorphic 

form/mixture, salt, hydrate/solvate, complex, eutectic or an amorphous solid blended 

with excipients.2,4 Each of these solid forms exhibit different physico-chemical 

properties such as flowability, compressibility, stability, solubility, dissolution rate and 

bioavailability which finally govern the therapeutic efficacy of the drug.1b,2,3a Thus, 

optimization of the solid drug form is crucial not only in drug research and development 

but also for administration and usage as oral medicines. The understanding of the 

phenomena that govern the physico-chemical properties of pharmaceutical solids will 

avoid pit-falls in drug development and comprehend the quest for better medicines.1a,2,3a,5 

1.2 Solid State Chemistry 

A fundamental understanding of the solid state is needed before studying various kinds 

of (pharmaceutical) solid materials and their structure and properties. ‘Solid’ is one of 

the fundamental states of matter and is characterized as the ‘state/phase’ wherein the 

particles, whether atoms, ions or molecules, are tightly bound to each other in space 

(Scheme 1.1).6 In the gas phase, the particles are far apart due to thermal energy and 

randomly interact with each other when brought into a container i.e. particles exist in a 

disordered state.6 When a material in gaseous state condenses to a solid, through or 

without a liquid phase in between, the collisions/vibrations of the particles get minimized 

due to the loss of thermal energy and the particles come closer and interact with each 

other. The forces of attraction that develop between the particles (or constituents) in a 

solid lead them to ‘arrange’ in an ‘orderly’ manner in accordance to the thermodynamic 

principles.6a,b The ordered arrangement in a definite three dimensional space (or 
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chemistry, particularly solid state chemistry, by elucidating the structural integrity, and 

thus property, of solid materials.6,9 X-ray powder diffraction is used as a routine 

technique to characterize the solid state.9 The word ‘powder’ will be misleading in the 

early stages of the study of solid state phenomena. Any ‘crystal’ is imagined as 

macroscopic material (a 3D object) based on the everyday experience with sugar or salt 

crystals and an ‘amorphous’ material in powder morphology. But, a crystal retains its 

lattice order even if broken into pieces of microscopic scale. These microscopic crystals 

called ‘crystallites’ also assume powder morphology.9 Thus, crystalline solids can exist 

in powdered state as amorphous solids. An amorphous solid which is characterized by 

short-range order and randomness of molecules does not constructively diffract X-rays.8 

Hence, the X-ray powder diffraction patterns of amorphous forms display broad and 

diffuse haloes8a (Figure 1.2). Crystalline and quasicrystalline solids, of their long-range 

order, give rise to characteristic diffraction peaks (Figure 1.2) and therefore can be 

considered as true solids.  

(a) (b) (c) 
Figure 1.1 (a) A crystalline solid has periodic order of points (atoms, ions or molecules) 
in the space lattice but (b) an amorphous solid has a short-range order (Ref. 8c). (c) A 
quasicrystalline solid has aperiodic order in that the parallelogram pattern (cubical in 3D) 
of points does not repeat in a regular fashion i.e. patterns with repeats (Ref 7b). 

(a) (b) 
Figure 1.2 Powder X-ray diffraction pattern of (a) amorphous (top) and crystalline 
(bottom) Indomethacin (Ref. 8a) and (b) that of Zn-Mg-Ho quasicrystal (Adapted from 
Ref. 10).  
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 A solid can be made up of a single component or two or more components. On 

the basis of composition, solids are classified into two types viz. (i) homogeneous solids 

and (ii) heterogeneous solids.6a Elemental solids composed of all atoms of the same kind 

are homogeneous solids. Compound solids made up of different atoms/compositions of 

atoms are heterogeneous solids; they include alloys, intermetallic, ionic, molecular and 

coordination compounds. Both elemental and compound solids can exist in crystalline 

and amorphous states (e.g. carbon11 and steel12 respectively). The various forms possible 

for a solid material and their plausible structures are depicted in Scheme 1.2. Again both 

elemental and compound solids (except alloys) of the same chemical composition can 

exhibit different structures in the solid state and the phenomena are called ‘allotropism’ 

and ‘polymorphism’ respectively13 (Scheme 1.2). For e.g., elemental carbon exists in 

different allotropic forms such as diamond, graphite, fullerene etc.6b Similarly, glycine,14 

a small biomolecule, and calcium carbonate,15 a biomineral salt, exist in three 

polymorphic forms each. Quasicrystalline state is a relatively new finding compared to 

crystalline and amorphous states and is observed in some alloys.7 The discussion and 

illustrations on the solid state herein are not exhaustive. For the sake of convenience and 

understanding of the new definitions and analogies proposed next in a supramolecular 

sense, the discussion is focused to crystalline state of alloys and ionic/molecular solids. 

 An ‘alloy’ is a multi-component crystalline solid made up of different atoms or 

elements (e.g. steel).16 A multi-component crystalline solid made up of ions or molecular 

ions is called a ‘salt’ (e.g. sodium chloride and caffeine citrate),17 and a ‘coordination 

complex’ or simply ‘complex’ when it contains a metal (e.g. fosinopril sodium).3a A 

‘stoichiometric multi-component molecular crystal wherein the components are 

assembled by adhesive (heteromolecular) interactions’ is called a ‘cocrystal’ (e.g. 

carbamazepine–saccharin),18 a ‘hydrate/solvate’ when one of the components is water or 

a solvent (e.g. nitrofurantoin monohydrate).19 A ‘solid solution’ is a ‘variable 

stoichiometry multi-component crystalline solid formed by substitutional incorporation 

of a component (element or compound) in the lattice of another component (element or 

compound)’ (e.g. Copper-Nickel alloys).16 A ‘eutectic’ is a ‘conglomerate of solid 

solutions’ (e.g. Lead-Tin system).16 Thus, the solid solutions/eutectics retain their parent 

lattice structures and cohesive (homo or self) interactions and therefore have scarce 

adhesive interactions. Hence, alloys and certain compounds by virtue of their integrity of 

solid solutions and eutectics retain their parent crystal structures (Scheme 1.2). The other 
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solution alloy and Lead-Tin eutectic alloy respectively (Figure 1.3).16 A solid solution, in 

general, exhibits a melting/freezing range and the temperature below which the material 

is solid is called ‘solidus’ and ‘liquidus’ is the temperature above which it is liquid 

(Figure 1.3a).16 Between solidus and liquidus, the solid and liquid phases of the material 

coexist. On the other hand, a eutectic exhibits characteristic lower melting point than its 

components (Figure 1.3b).16 Further, its melting point is sharp and not in a range unlike 

that of a solid solution i.e. its solidus and liquidus temperature is same. The word 

‘eutectic’ is derived from the Greek word ‘eutectos’, which means ‘easily fused’.16 

Several definitions of eutectic are available in the literature based on its characteristic 

lower melting point.20,21 It can be defined as ‘a specific composition of constituents in a 

mixture of elements or compounds which exhibits the lowest melting point than any 

other composition of the constituents’. Several compositions of the constituents can also 

exhibit lower melting points than the parent materials but they will be higher than the 

eutectic melting point (Figure 1.3b). 

(a) (b) 
Figure 1.3 (a) Phase diagram of Copper-Nickel solid solution alloy. The 40% copper 
solid solution of nickel exhibits a melting range of 1240-1280 °C. Below the solidus 
temperature (1240 °C), the alloy is a homogeneous solid phase designated as ‘α’ and 
above the liquidus temperature (1280 °C) it is a liquid phase. (b) Phase diagram of Lead-
Tin eutectic alloy. The 61.9:38.1 tin-lead composition exhibits characteristic lower 
melting point (183 °C) than its parent materials (Tin = 232 °C, Lead = 327 °C) and also 
other compositions. (Ref. 16) 

 A solid solution is made up of a major phase (solvent) and one or more minor 

phases (solutes)16 and can be formed by isomorphous crystals (crystals having same 

space group and unit cell dimensions)22 in accordance to the Hume-Rothery rules (same 

crystal structure and valence, and similar size and electronegativity).16 Conversely, non-
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isomorphous crystals can give rise to a eutectic and is discussed next. When the 

components have similar size and crystal structures, they can have unlimited solubility 

and accommodate well (either substitutionally or interstitially) in the crystal lattice 

without disturbing the parent lattice structure and thus form ‘continuous solid solutions’ 

in 1:99 to 99:1 ratios (Scheme 1.2) as in case of Copper-Nickel system.16,23 When nickel 

(Ni, Z = 28) is added to copper (Cu, Z = 29), both having ‘face-centered cubic (fcc)’ 

crystal structure, or vice-versa, both of them mix in any amount and randomly distribute 

within the ‘fcc’ crystal structure. They form a homogeneous phase designated as ‘α’ 

(Figure 1.4) throughout the lattice, wherein no interface exists between the copper and 

nickel atoms (Figure 1.4).16 

 
Figure 1.4 (a) Liquid copper and liquid nickel are completely soluble in each other. (b) 
Copper and nickel atoms occupy random lattice sites in the copper-nickel solid solution 
alloys (Ref. 16). 
 

 When the components have mismatch and asymmetry (in size, crystal structures 

and interacting groups), they have limited solubility and thus cannot fit beyond a 

threshold in the crystal lattice of one another, since it leads to strain and disorganization 

of their lattice structures. Such systems cannot form continuous solid solutions instead 

tend to form ‘eutectics’ exemplified by Lead-Tin system.16 When tin (Sn, Z = 50, 

tetragonal) is added to lead (Pb, Z = 82, cubic) or vice-versa, they form solid solution 

alloys just like copper-nickel system up to their solubility limits. Since, tin is smaller in 

size it has higher solubility in lead (0 to 19%) and lead because of its larger size has 

lower solubility (0 to 2.5% in Sn). This means up to 19% tin can be accommodated in the 

lattice structure of lead to form a homogeneous solid solution represented as ‘α’ (Figure 

1.5), which retains the lattice structure of lead as it is the major component (81%). 

Similarly, 2.5% solid solution of lead in tin, represented as ‘β’, retains the crystal 

structure of tin as it is the major component (97.5%).16 When the percentage of either of 

the elements goes beyond their solubility, it leads to strain and disorganization of the 

solid solution lattice. To conciliate this, the system segregates and reorganizes into two 
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(a) (b) 

Figure 1.6 (a) Lamellar arrangement of lead-rich ‘α’ and tin-rich ‘β’ solid solutions in 
Lead-Tin eutectic alloy. Lead atoms from the liquid preferentially diffuse to the ‘α’ 
plates, and tin atoms to the ‘β’ plates. (b) Photomicrograph of Lead-Tin eutectic 
microconstituent (Ref. 16). 
 

1.3 Solid State Chemistry of Drugs 

Solubility/dissolution and stability are the prime issues in drug research and development 

as they influence bioavailability and therapeutic efficacy of a drug.1,2,25 The alarming 

increase in the number of hydrophobic drug molecules with the advent of ‘High 

Throughput Combinatorial Medicinal Chemistry’26 has become a formidable challenge 

to the popular solid oral dosage formulations (tablets and capsules).3a,c The oral route of 

administration relies on the aqueous dissolution and absorption of the solid drug in the 

biological media before the drug reaches the site of action through systemic circulation. 

When a hydrophobic solid drug enters the gut upon oral administration, it will be 

partially or not at all absorbed by the aqueous medium which results in inadequate or 

loss of bioavailability, finally leading to ineffective therapeutic impact. Thus, the drug 

formulation will not be useful for patients. The subject ‘Solid State Chemistry of Drugs’,2 

which primarily focused on solid state reactions of drugs and their stability issues, now 

widened its scope to ‘pharmaceutical form development’ and ‘intellectual property 

management’ of drugs to address and achieve the ultimate goal of modulation of 

physico-chemical properties of drugs in a desired way. Several phenomena, strategies 

and techniques are well pursued in the area of solid state chemistry of drugs which 

include polymorphism and amorphous state of the drugs, multi-component systems such 

as hydrates/solvates, salts, complexes and, more recently, cocrystals.1,2,3 Solid 

dispersions (dispersion of one or more components in a solid matrix),20,27 nanoparticles27c 

etc. also come under the broad umbrella of the subject. This thesis deals with the formers 

as they are intimately related to each other with respect to their chemistry and the latter 
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are not discussed since they are more of a technology. The inherent features (structure 

and interactions) of these various solid forms result in their characteristic attributes 

(property) such that they can be assessed by different analytical techniques such as 

diffraction, spectroscopy etc.1,2 Each of these solid forms, by virtue of their uniqueness, 

exhibit different physico-chemical properties and thus are important for the optimization 

and development of a suitable solid drug formulation.  

1.3.1 Amorphous Forms 

Amorphous forms, characterized by the lack of lattice order, bear high thermodynamic 

functions and thus can facilitate enhancement of solubility/dissolution of a low soluble 

API.8 The antibiotic Novobiocin is poorly absorbed as its crystalline form and hence 

therapeutically ineffective. But, its amorphous form, which is 70 times more soluble than 

the crystalline form, is readily absorbed and thus is effective.2,28 Similarly, the 

amorphous form/solid dispersion of the anti-fungal drug Itraconazole (Figure 1.7) of its 

faster dissolution rate than the crystalline form (about 20 times) is understandably the 

marketed form (brand name ‘Sporanox’) of the drug.29 Amorphous forms can be 

produced by several techniques such as melt quenching, spray- and freeze-drying, 

milling, wet granulation etc.8b and recently, grinding30 was shown to result in amorphous 

salts. On the other hand, though amorphous forms impart solubility/dissolution 

improvement in a drug formulation for a poorly soluble API, they tend to be unstable 

because of their high energy and can convert to the low energy crystalline form at any 

point of time.1,2,8 Hence, they are generally not preferred in drug development and 

formulation unless there are clear-cut advantages over the crystalline forms. Several 

excipients such as methyl cellulose, alginic acid, polyvinyl pyrrolidone (PVP), 

polyethylene glycol (PEG) etc.2,8 have been developed to stabilize the amorphous forms.  

 
Figure 1.7 Powder X-ray diffraction patterns of amorphous (top) and crystalline 
(bottom) Itraconazole (Ref. 31). 
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1.3.2 Polymorphism 

The word ‘Polymorphism’13,32,33 is encountered in various scientific streams such as 

biology, materials science, computer science etc.34,35 It is derived from Greek, poly = 

many + morph = form.13 In the area of materials science, the phenomenon of 

polymorphism pertains to crystalline solid state. Polymorphism can be defined as the 

‘existence of the same chemical compound in different crystalline environments’ and 

‘different crystal forms of the compound are called ‘polymorphs’. What is allotropism 

and allotropes for an element are polymorphism and polymorphs to a compound in a 

broad sense.13 Although the history of polymorphism can be traced to nineteenth century, 

its importance in the field in pharmaceuticals was brought to light by Walter McCrone 

who also gave the widely accepted definition of polymorph as: “a solid crystalline phase 

of a given compound resulting from the possibility of at least two different arrangements 

of the molecules of that compound in the solid state”.32 As per the structure-property 

relationship, different polymorphs exhibit different properties just as different 

compounds.32 In effect, polymorphs of an API by virtue of their difference in structures 

can display differences in physico-chemical properties, such as melting point, 

compressibility, stability, solubility, dissolution rate and bioavailability, which form 

important criterion for the selection of optimal solid form for formulation and usage.5,13 

1.3.2.1 Classification of Polymorphs 

Polymorphs are synonymously called as ‘forms’, ‘modifications’ or ‘phases’ and 

represented as numerals (Arabic: 1, 2, 3 etc. and Roman: I, II, III etc) or alphabets 

(Greek: α, β, γ etc. and English: A, B, C etc) in the literature.13 From a structural point of 

view, polymorphs can be broadly classified into three categories viz. (i) conformational 

polymorphs, (ii) synthon polymorphs and (iii) packing polymorphs36 (Figure 1.8). When 

the differences in molecular conformations lead to different crystal structures, it is called 

‘conformational polymorphism’37 e.g. dimorphs of anti-HIV drug Ritonavir38 (discussed 

later). When the supramolecular synthon or non-covalent interactions are different in 

different crystal structures, it is called ‘synthon polymorphism’36,39 e.g. acid dimer and 

acid catemer in the dimorphs of Oxalic acid40 (Figure 1.9). When the arrangement of 

molecules (whether conformationally flexible or rigid) varies in different crystal 

structures, it is called ‘packing polymorphism’.36,41 In general, all polymorphs arise from 

differences in molecular packing and so referring them as packing polymorphs is a gross 
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classification which does not give information about structural details. Though these 

classifications are subjective because of overlap possible between them and more than 

one can coexist in a given system, for e.g. conformational and synthon polymorphism (in 

the trimorphs of diuretic drug Furosemide, Figure 1.10)36 or synthon and packing 

polymorphism (in the tetramorphs of anti-tuberculosis drug Pyrazinamide, Figure 

1.11),42 the advantage of classifying polymorphs in the above categories is to facilitate 

understanding of the differences between polymorphs at the molecular level. 

Conformational Polymorphs

Packing Polymorphs

Conformational Polymorphs

Synthon Polymorphs

Packing polymorphs

Conformational Isomorphs,

Polymorph i Polymorph ii

Polymorph iii

Polymorph iv

v

Polymorph vi Polymorph vii

cisoid

transoid

 

Figure 1.8 Schematic representation of different kinds of polymorphs (Adapted from 
Ref. 37a). 
 

(a) (b) 
Figure 1.9 Synthon polymorphs of Oxalic acid. (a) α-form has acid catemer and (b) β-
form has acid dimer in their crystal structures (Adapted from Ref. 40).  
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4 conformers in 3 polymorphs 

(a) 

 
Form 1 

 
Form 2 

 
Form 3 

(b) 
Figure 1.10 (a) Conformational polymorphism in Furosemide. The three torsion 
parameters in Furosemide: τ1=C-C-S-N, τ2=C-N-C-C, τ3=N-C-C-O. The anthranilic 
acid moiety is conformationally locked by intramolecular hydrogen bond but 
conformational flexibility in the furan and sulfonamide moieties resulted in four 
conformers (red, blue, pink and yellow) manifested in three polymorphs. (b) Synthon 
polymorphism in Furosemide. R ሺ8ሻଶଶ  N−H···O dimer and R ሺ8ሻସଶ  motif in form 1, C(4) 
catemer and R ሺ14ሻସସ  tetramer motif in form 2, R ሺ8ሻଶଶ  N−H···O motif and R ሺ6ሻଶଶ  rings in 
skewed dimer of form 3 (Ref. 36). 
 

 
αααα ββββ γγγγ δδδδ 

Figure 1.11 Synthon and packing polymorphism in Pyrazinamide. In α polymorph, 
zigzag tapes formed by R ሺ8ሻଶଶ  N−H···O and R ሺ10ሻଶଶ  N−H···N hydrogen bonds are 
connected orthogonally to 21 screw related tapes through C−H···N interactions in a 3D 
arrangement. The β polymorph has non-planar R ሺ8ሻଶଶ  N−H···O dimers that make a helix 
along the b-axis through anti N−H···O and C−H···N interactions. In γ polymorph, 1D 
tapes assembled via N−H···N hydrogen bonds of C(6) notation are connected through 
C−H···O and C−H···N interactions. In δ polymorph, carboxamide tapes formed by R ሺ8ሻଶଶ  
dimer and C(4) catemer N−H···O synthons and R ሺ6ሻଶଶ  C−H···N synthons make 2D sheets 
(Ref. 42). 
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1.3.2.2 Polymorph Generation and Transformation 

Polymorph screening and generation is an essential component of pharmaceutical 

research.2,5 Apart from the conventional methods of evaporative crystallization in 

different solvents, varying temperature of crystallization, milling etc.,2,5 new techniques 

such as sublimation and melting,43a,b crystallization with structurally related additives,44 

using polymers as heteronuclei,45 laser induced nucleation,46 crystallization in 

capillaries,47 rotavaporization,48 controlled desolvation5b,49 etc. are being employed for 

the generation of polymorphs. Of late, new polymorphs are being obtained during 

cocrystallization experiments.50 Once a polymorph with desired properties is obtained, 

conditions need to be standardized for bulk manufacture and sustenance of the 

polymorph to prevent potential transformation to a more stable polymorph with time. 

This can happen because the polymorphs are at different levels on the ‘free energy’ 

surface and therefore inter-conversions are quite possible which lead to changes in the 

properties of bulk drug material finally affecting its efficacy5,32,38b (discussed later). 

Therefore, it is essential to gain adequate understanding of their properties so as to 

optimize the conditions to develop a desired polymorph for formulation. 

 Polymorphism results from the interplay of thermodynamic functions (free 

energy, enthalpy and entropy) and kinetic factors (activation energy, temperature, 

supersaturation, rate of evaporation etc.) that govern the crystallization process.5,13 

According to Ostwald’s rule of stages,51 a system reaches the low energy state and 

attains equilibrium from an initial high-energy state through minimal changes in free 

energy involving different intermediate forms at different stages (Figure 1.12). Thus, the 

form that crystallizes first is the one which has the lowest energy barrier (high energy, 

metastable form) from liquid to solid state. This form then transforms to the next lower 

energy polymorph on the energy diagram and the process continues until the 

crystallization of the thermodynamically stable form.51 The transformation of the 

metastable form to the stable form and number of intermediate forms manifesting during 

the process is dependent on free energy of activation, nucleation as well as time. On the 

other hand, as the energy difference between the polymorphs is typically within a 5 kcal 

mol–1 window,37a several polymorphs can crystallize simultaneously if their nucleation 

rates are equal. This phenomenon is called ‘concomitant polymorphism’13,52 wherein the 

polymorphs, both stable and metastable, crystallize under the same conditions and the 

same vessel. Concomitant polymorphs are generally ‘near-energetic’.52 
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phase transition at some temperature before melting is characteristic of an enantiotropic 

system. In general the situation of an enantiotropic system is like this: when a polymorph 

is heated, it transforms to another polymorph, by taking energy, at one particular 

temperature called ‘transition temperature’, above which the new polymorph is stable; 

this high temperature polymorph reversibly converts to the original polymorph, by 

loosing energy, upon cooling beyond the transition temperature.13,55 Sometimes, if the 

conditions favor, the high temperature polymorph, though metastable at room 

temperature, can elude transformation.42,54b The same is true for near-energetic 

polymorphs of a concomitant crystallization batch. If the conditions are such that the free 

energy of activation required for the transformation to the stable polymorph is high and 

the nucleation of stable polymorph is not favored, all these metastable polymorphs can 

sustain from days to many years.13,54b But, once the conditions favoring the formation of 

stable form prevail, the metastable forms can convert to it at any time. Nevertheless, the 

metastable nature of such polymorphs can be translated as solubility advantage over 

stable polymorphs which have lower solubility, as per the inverse relationship of 

solubility and stability.2,5 Thus, this attribute of metastable polymorphs is taken 

advantage of for pharmaceutical formulation purposes. However, their potential 

transformation to the stable form is a serious concern and special care should be 

exercised to avoid the transformation and achieve the desired objective. 

 Ritonavir (brand name ‘Norvir’), a HIV protease inhibitor, developed by Abbott 

Laboratories is a popular example which drew a lot of attention both from academia and 

industry with respect to polymorphic transformations and control and their potential 

implications.38,56 After two years of its launch in the market (1996-98), a new stable but 

less soluble polymorph II (4 times less soluble than form I) of Ritonavir was detected in 

the drug formulations which led to inadequate activity/bioavailability. Abbott withdrew 

the drug from the market and re-entered the market after standardizing the procedures to 

obtain the original more soluble polymorph I. In this process, the company lost an 

estimated $250 million in sales the year the drug was withdrawn.56 Ritonavir polymorphs 

represent an example of conformational polymorphs and also polymorphism induced by 

an impurity. It is hypothesized that a carbamate impurity (hydrolytic product of 

Ritonavir), having syn conformation of amide moiety, in bulk drug, induced the 

crystallization of form II having amide in syn conformation from form I with amide in 

anti conformation (Figure 1.13).38a 
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cephalosporin solvates).2,62 But, some solvents upon controlled desolvation can produce 

new polymorphs of the parent material (e.g. caffeine form II from its hydrate)5b and 

hence purposive solvation and desolvation experiments are a routine during polymorph 

screening of APIs and important for crystallization of a desired polymorph.49 On the 

other hand, some solvents whether included in the lattice of the API or residually present 

in the bulk material influence the properties (such as solubility) and characteristic 

attributes (such as diffraction and spectroscopic patterns which are signatures) of the 

material and therefore a matter of concern.5b,63 Hydrates, in general, have low solubility 

and dissolution rate compared to their anhydrate API in water.64 This is because they 

have less free energy available to bond with the aqueous medium as they already used 

some free energy for making API–water hydrogen bonds during crystallization. 

Nevertheless, for special requirements like slow/delayed release drug formulations, 

pharmaceutical hydrates are of good utility (e.g. Nitrofurantoin monohydrate form II, 

brand name ‘Macrobid’)19,65 and are also important in intellectual property and patent 

protection issues as illustrated in the case of anti-depressant drug Paroxetine 

hydrochloride.3b,58a GlaxoSmithKline (GSK) patented a hemi-hydrate form of Paroxetine 

hydrochloride along with the anhydrate form (brand name ‘Paxil’) as a protection against 

generic competition after the expiry of patent on the anhydrate form of the drug. It was 

successful in demonstrating the presence of hemi-hydrate in the Apotex’s generic 

product and won the legal battle against Apotex with respect to its patent covering the 

hemi-hydrate form.3b In all, hydrates/solvates are one of the important solid drug forms 

which have several applications in the pharmaceutical industry. 

 
(a) (b) 

Figure 1.14 Pseudopolymorphs of Nitrofurantoin monohydrate. (a) In form I, tapes of 
translation related nitrofurantoin molecules are connected by water molecules through 
O–H···O and N– H···O hydrogen bonds. (b) In form II, discrete nitrofurantoin molecules 
form a zigzag tape through water molecules (Adapted from Ref. 19). 
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1.3.4 Pharmaceutical Salts 

Traditionally, drugs are formulated as their salt forms to achieve higher solubility and 

stability.1a,b,2,3a,b,c,25b,66 Salts of their inherent strong ionic interactions tend to be stable 

and in general exhibit higher melting points than their parent APIs. Their ability to form 

electrostatic interactions and charge-assisted hydrogen bonds with water in the biological 

media confers higher solubility to the API salt formulation. Thus, salts offer dual 

advantages of solubility and stability.2,25b The blockbuster drug Ranitidine hydrochloride 

(brand name ‘Zantac)5a,56 used in the treatment of gastro-intestinal ulcers is one of the 

best examples of the case and is also another instance of commercial success through 

polymorphs as intellectual property. Ranitidine base is low water soluble (25 mg/mL)67 

and becomes unstable when exposed to light.68 It also gives a sulfurous odor and has a 

low melting point of 70 °C. But, ranitidine hydrochloride salt has all the desirable 

attributes of high water solubility (1 g/mL),69 higher melting point (136 °C), more 

stability and is almost odorless.68 With regard to the IP issue of polymorphs, Glaxo 

patented two polymorphs of Ranitidine hydrochloride because of which it could sustain 

in the market even after patent expiry of the first polymorph.5a,56 This is because the 

generic companies have to make a formulation that should be free of the second 

polymorph, otherwise it would be infringement of reigning patent on the second 

polymorph. Thus, ranitidine hydrochloride is the illustrative example of ‘pharmaceutical 

form development’ and ‘intellectual property management’ i.e. two birds in one shot. 

 However, salts are not without any problems. The hygroscopic nature of salts, by 

virtue of their inherent affinity to water/moisture, is a serious problem in several 

cases.25b,66b,70 The hygroscopicity of the anti-tuberculosis drug Ethambutol 

dihydrochloride salt is reported to cause instability of the anti-TB fixed dose 

combination (FDC) drug formulations, thus leading to poor quality medicines which will 

not be useful for treatment (Figure 1.15).71 Moreover, for neutral and weakly ionizable 

APIs, salts cannot be made.3c,d Of late, majority of the new drug candidates coming into 

the arena are hydrophobic and lack ionizable functional groups.26 These issues warrant 

the need of novel solid forms that can circumvent these problems. Although, prodrugs, 

solid dispersions, nanoparticles, cyclodextrin inclusion complexes etc.3c,27c,72 were shown 

to be promising approaches, the ultimate goal of modulation of physico-chemical 

properties of drugs in a desired way warrants other strategies to achieve the objective. 
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Figure 1.15 Marketed anti-TB FDC products in packed and unpacked state and their 
behavior when unpacked products are exposed to humidity and photostability chambers 
after 5 days. (a) Strip pack, packed control; (b) unpacked control; (c) exposed to 40 
°C/75% RH; (d) exposed to 40 °C/75% RH/Light; (e) blister pack, packed control; (f) 
unpacked control; (g) exposed to 40 °C/75% RH; (h) exposed to 40 °C/75% RH/Light. 
RH = relative humidity (Ref. 71b). 

 
1.3.5 Pharmaceutical Cocrystals 

Crystal engineering,73 the rational design of functional molecular solids, came out with a 

strategy in the form of ‘pharmaceutical cocrystal’ in early 2000s.3c,d,e,74 A cocrystal is a 

stoichiometric multi-component molecular crystal wherein the components are 

assembled by heteromolecular interactions, particularly hydrogen bonds, analogous to a 

salt with ionic interactions. Pharmaceutical cocrystals are a subclass of cocrystals that are 

formed between Active Pharmaceutical Ingredients (APIs) and Generally Recognized as 

Safe (GRAS) substances.3c,74a,b The supramolecular synthon75 approach of crystal 

engineering is the underlying principle in designing a cocrystal based on molecular 

recognition and binding (Scheme 1.3). Desiraju coined the term ‘supramolecular 

synthon’ and defined it as ‘structural units within supermolecules which can be formed 

and/or assembled by known or conceivable intermolecular interactions.’75a In simple 

terms, it is the entity of the molecule(s) through which the crystal lattice grows. 

Depending on the type of functional groups involved in the interaction/assembly, it is 

categorized into two types by Zaworotko et al.76 viz. homosynthon, wherein self-
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complementary moieties (e.g. carboxylic acid-dimer) interact, and heterosynthon, in 

which two different groups (e.g. acid–amide dimer) associate. A detailed understanding 

of the supramolecular sense of the functional groups of the API in study is a prerequisite 

for designing cocrystals and is facilitated by Cambridge Structural Database.77 The 

database contains over 2,00,000 crystal structures of organic solids which helps to 

identify the potential supramolecular synthons and/or non-covalent interactions that can 

be used in the synthesis of cocrystals. For example, if an API contains a carboxylic acid 

group one can choose a partner molecule, popularly called as ‘cocrystal former’ or 

simply ‘coformer’,3c,d,74a,b with an acid/amide/pyridyl functionality to make a cocrystal.    
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Scheme 1.3 Few examples of supramolecular synthons with their probability of 
occurrence in the CSD.77 

 Cocrystals can be synthesized by different methods wherein the components are 

mixed together and are subjected to solution crystallization, co-sublimation, co-melting, 

solid state grinding, liquid assisted grinding, slurry crystallization, reaction 

crystallization, spray drying etc.74,78 The properties of the coformers are found to play a 

vital role in influencing the properties of the parent materials through the formation of 

cocrystals, although crystal packing has its own influence on the properties of a 

cocrystal.3c,d,74j,79 In majority of the studies, the high melting coformers resulted in high 

melting cocrystals and the high solubility coformers in high solubility cocrystals and 

vice-versa.79 Thus, cocrystals can impart stability and solubility/dissolution advantage to 

the materials/APIs. Recently, Nangia et al.3c proposed a model to explain how a 

coformer can improve the solubility of cocrystals, based on ‘spring and parachute’ model 

of amorphous forms.80 The model also applies to high solubility salts within the factors 

(electrostatic interactions, hydrogen bonding etc.) that regulate solubility of a salt. 

According to the model, a cocrystal containing a high soluble coformer can facilitate 
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 The advantages of pharmaceutical cocrystals over salt forms are viz. (i) there 

will be no alteration in the covalent bonds of the API, (ii) ease of making new solid 

forms of neutral and weakly ionizable APIs that would be incapable of forming salts, (iii) 

availability of over 3000 GRAS substances as partner molecules contrast to about 30 

pharmaceutically acceptable counter-ions in case of salts and (iv) modulation of 

properties in a desirable way.3c,74j As per conventional wisdom and literature studies, 

salts tend to improve the solubility of an API.25b But, through cocrystals one can increase 

or decrease solubility of an API depending on the application as discussed earlier. On the 

other hand, cocrystals are found to match the properties for which amorphous forms and 

polymorphs are purposefully developed. The superior dissolution property of amorphous 

Itraconazole was also observed for its malic acid cocrystal such that it can be an 

alternative to the existing amorphous formulation.29 The compression stability of the 

analgesic Paracetamol was achieved by its theophylline cocrystal.74e In similar lines, 

Carbamazepine–Saccharin cocrystal was reported to have superior properties to the 

existing crystalline forms of Carbamazepine, an anti-epileptic drug, in terms of stability, 

dissolution, oral absorption profile etc.81 Also it is an example of a pharmaceutical 

cocrystal displaying polymorphism (Figure 1.18).18 All these attributes fulfill the criteria 

of ‘pharmaceutical form development’ and ‘intellectual property management’, as they 

showed promising results in modulating the physico-chemical properties of several APIs 

vis-a-vis polymorphs, amorphous forms and salts. The former aspect is thus established 

for cocrystals by now, and the latter aspect is under the purview of the US-FDA which 

recently published a ‘draft guidance on pharmaceutical cocrystals’82 and hopefully a 

cocrystal formulation of a drug will be a reality in the near future. 

  
Form 1 Form 2 

Figure 1.18 Polymorphic cocrystals of Carbamazepine–Saccharin. In form I, saccharin 
molecules are connected to the amide dimer of carbamazepine through N–H···O 
interactions. In form II, heterodimers of carbamazepine–saccharin are connected by N–
H···O interactions (Adapted from Ref. 18) 
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1.3.6 Relevance of Eutectic microstructure to Pharmaceutical Solid Design 

Eutectics are long known materials and have varied applications in different fields. From 

the classic sodium chloride-water eutectic mixture21a used for refrigeration and snow 

removal on roads to more recent energy storage purposes,83 from conventional soldering 

materials to novel materials in ceramic and glass industry,16 eutectics presence is felt in 

daily life and importantly in pharmaceuticals.20,27c A eutectic composition of local 

anesthetics Lidocaine and Prilocaine (trade name ‘EMLA’) is used for the enhancement 

of topical drug delivery and transdermal permeation of lidocaine.84 Eutectics are being 

utilized to enhance solubility of low soluble drugs.20 This is because of the high 

thermodynamic functions of the eutectics similar to amorphous forms and solid 

dispersions.20 It is hypothesized that many pharmaceutical solid formulations which 

undergo manufacturing process operations such as wet granulation and compression lead 

to unintentional eutectic formation between API and excipient, with the resultant that the 

material exhibits enhanced solubility.20,85 On the other hand, many solid dispersions of 

drugs exhibit eutectic nature and therefore lead to solubility improvement of drugs.20,27,86 

Thus, eutectics whether formed intentionally or unintentionally are useful in 

pharmaceutical applications. But, unlike solid dispersions which are largely amorphous 

in nature,20,27 eutectics being crystalline have less free energy than amorphous materials 

and thus can confer stability advantage too. Further, some kind of design aspect appears 

to be there in the formation of eutectics just as cocrystals which are well established by 

crystal engineering principles. In addition, eutectics were observed to be intermediates 

on the way to the formation of some cocrystals.87 Thus, there exists a relation between 

cocrystals and eutectics and there is no proper study on the structural aspects that relate 

these two crystalline solids. 

 Eutectics/solid solutions and cocrystals are closely related multi-component 

crystalline solids but with varying proportion of components and degree of interactions. 

A comparison of these materials was discussed in the earlier sections from which it can 

be understood that solids with stronger adhesive (hetero) interactions can form cocrystals 

and those having stronger cohesive (homo/self) interactions can result in solid 

solutions/eutectics. Eutectics are well studied in inorganic materials16 where asymmetry, 

mismatch and misfit between the components induce eutectic structures such that the 

components retain their lattice structures as solid solutions, which are accommodated in 

the lattice through weak and imperfect interactions. It should be noticed that a 
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salt/cocrystal can form between components of dissimilar size and crystal structures, 

provided the adhesive interactions can overcome the size and mismatch effects. In these 

cases, the adhesive interactions replace cohesive interactions and lead to distinct bonding 

interactions between the components and, thus, can direct the crystal packing such that 

their packing arrangement can be different from that of the parent components. Thus, 

these materials can exhibit characteristic diffraction and spectroscopic patterns.1,2 In 

contrast, a eutectic exhibits close diffraction and spectroscopic patterns to its component 

materials since it retains the lattice structure of its parent components as observed in the 

case of paracetamol–cloperastine hydrochloride drug-drug eutectic (Figure 1.19).88 

 
Figure 1.19 FT-IR spectrum of paracetamol–cloperastine hydrochloride eutectic 
(middle) compared to its parent drugs paracetamol (top) and cloperastine hydrochloride 
(bottom) shows no significant shift in vibrational frequencies (Adapted from Ref. 88).   

 Though superficially it appears that the design aspect is lacking in the synthesis 

of eutectics unlike cocrystals, careful analysis of the plausible supra/hetero molecular 

interactions will give some hint whether the materials can form eutectics. An illustrative 

case of cocrystal vs. eutectic formation is exemplified by benzamide-benzoic acid 

system.24b,89 In 2008, Singh et al.24b reported that benzamide and benzoic acid form a 

eutectic system. Brittain,89a in 2009, claimed the formation of a cocrystal between 

benzamide and benzoic acid based on slight changes in spectroscopic and diffraction 

patterns compared to the parent compounds. In 2011, Seaton et al.89b observed that 

because of the lack of secondary/auxiliary interactions to support the primary interaction 

of amide···acid between benzamide and benzoic acid, growth of a cocrystal lattice is not 

possible, which supports benzamide–benzoic acid eutectic formation.24b On the other 
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 In all, the benzamide-benzoic acid system elucidates two things with regard to 

eutectics, the first one is about the design and formation of a eutectic and the second is 

about its characterization: 1) in the absence of heteromolecular interactions to result in a 

cocrystal, the system can adjust such that the components are accommodated either 

substitutionally or interstitially in the crystalline lattice without affecting the overall 

lattice structure of parent materials to result in a eutectic, and 2) lack of analytical 

techniques, apart from melting point analysis, that can be used to characterize a eutectic 

unambiguously. 

 The understanding of supramolecular chemistry facilitates the rational selection 

of coformers for cocrystal/eutectic formation and will be useful in modulating the 

physico-chemical properties of a material, say a drug molecule, in a desirable way. The 

same cocrystallization experiment can result in the formation of cocrystals/eutectics 

depending on the interactions (adhesive or cohesive) that dominate.87b,89 Cocrystals and 

eutectics, being unique and novel solid forms, can have their own advantages and 

applications in different systems and therefore can be useful in ‘pharmaceutical form 

development’ and ‘intellectual property management’ in drug research and development. 

 Single crystal X-ray diffraction is the principal technique to characterize 

crystalline solids, more importantly multi component species since it reveals the identity 

and bonding interactions and structural organization of the components in the lattice. An 

adduct structure can be ascertained as being a salt, cocrystal or complex through it.1b,90 

Even solid solutions can be assessed by the technique.22b,91 Generating diffraction quality 

single crystals is central in this technique. Eutectics are crystalline solids just as the other 

materials discussed above but are heterogeneous (composed of different solid solutions) 

unlike the others which are homogeneous. Though they originate via typical 

crystallization stages such as nucleation,92 Ostwald ripening etc.,92a they do not tend to 

afford diffraction quality single crystals. This can be because of the heterogeneity of 

component solid solutions and inherent entropy/disorder between the solid solution 

domains. Even if single crystals of a eutectic can be generated, it will be a tough task to 

assign the components and their domains and solve the crystal structure. Apart from few 

inorganic materials (for e.g. Lead-Tin system),16 eutectic microstructure is poorly 

understood in organic materials. The lack of crystal structure of a eutectic, despite its 

long history, emphasizes the difficulty in generating single crystals or solving the crystal 
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structure of a eutectic, otherwise its lattice structure would have been determined just 

like other crystalline solids. Of late, the atomic pair distribution function (PDF) analysis, 

based on scattering and diffraction phenomena, which is known to appraise the local 

structure of crystalline and amorphous materials, has been proposed20,93 to be useful in 

understanding the eutectic microstructure. The current challenge is to dissect the organic 

eutectic materials into solid solutions and assess their domain structure as established for 

inorganic materials. Overall, techniques for the characterization of eutectics are not yet 

fully developed as quantitative analytical tools.  

1.4 Conclusions 

Solid state chemistry of drugs in the context of ‘pharmaceutical form development’ and 

‘intellectual property management’ was studied. Several aspects of the solid state such as 

polymorphism, amorphous forms, salts, cocrystals and solid solutions/eutectics were 

pursued in relation to pharmaceuticals. New definitions are proposed for multi-

component systems to correlate cocrystals with eutectics. The factors that influence the 

formation of cocrystals and eutectics were explored and their utility as novel 

pharmaceutical solids was investigated. The understanding of the nature and properties 

of these solids is important both from fundamental and application points of view. Such 

an understanding will be useful in the rational design of new materials including the 

pharmaceuticals and therefore to achieve the ultimate goal of modulating the function of 

materials in a desired way. 

 An API can give rise to a multitude of crystal forms upon solid form screening 

viz. polymorphs of the API itself; salts, hydrates/solvates, cocrystals and their 

polymorphs, solid solutions and eutectics. The inherent differences among these 

crystalline forms, by virtue of their uniqueness, result in their varied physico-chemical 

properties which in essence is important for optimal solid form selection and 

development. Since there is no one-size-fits-all solution to the problems arising from the 

physico-chemical behavior (e.g. solubility and stability) of different solid forms of drugs 

(whether polymorphs, amorphs, salts, solvates, cocrystals, eutectics or any complexes) 

and the properties can vary case-to-case, each of these solid forms can be advantageous 

for specific and desirable applications in different systems. This thesis deals with the 

discovery of different solid forms of drugs and their physical form behavior and 

properties and rationalization of structure-property relationships. 
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will affect drug efficacy.5 Therefore, it is essential to gain adequate understanding of 

their properties so as to optimize conditions for a desired polymorph and avoid 

accidental transformations (polymorphic transformations, hydration etc.).5 Surprisingly, 

barring the crystal structures, which date back to the 1960s and 1970s,3a-d there are no 

studies on PZA polymorphs. Spectroscopic information (IR,4a,7 Raman4a,7b,,8 and 13C 

SSNMR9) limited to one polymorph (α polymorph) and bending behavior of two 

polymorphs (α and δ polymorphs)10 of PZA are reported. PZA is a highly soluble11 and 

stable12 drug, and as such there is no need to improve in its formulation from solubility 

point of view. Yet, it is a model pharmaceutical system to study phase relationships 

among the four polymorphs. Recently, Castro et al.13 described thermal/stability 

relationships of PZA polymorphs as δ < α < β < γ (i.e. δ polymorph has the lowest 

Gibbs free energy and hence the stable polymorph) and Borba et al.14 observed α → δ 

transformation through an amorphous phase in sub-zero temperatures. 

 The paper of Castro et al.13 appeared when this study was in its final stages. The 

results obtained in this study suggested a different stability order to that proposed by 

Castro et al.13 Based on the phase transformation studies of PZA polymorphs under 

different conditions such as polymorphic seeds, mechanical stress (grinding), solvent, 

storage and temperature, the relative stability order of PZA polymorphs was deduced to 

be: at absolute zero δ < α < β < γ, at ambient temperature α < δ < γ < β, whereas at high 

temperature γ < α < δ < β.15 Apart from this, PZA polymorphs were characterized as 

belonging to synthon and packing polymorphs by X-ray crystal structure analysis. 

Furthermore, during solubility study of PZA polymorphs, it was noted that the molar 

absorptivities (or molar extinction coefficients) of polymorphs differ from each other just 

as other physico-chemical properties.15 

2.2 Crystallization of PZA Polymorphs 

Commercial pyrazinamide (Merck) is in the α polymorphic modification (PXRD pattern 

match in Figure 2.2) and the material was used for all experiments of this study. All PZA 

polymorphs except β polymorph were reproduced in macroscopic amounts in pure state 

as confirmed by their experimental PXRD profile match with that of the calculated lines 

from the X-ray crystal structures (Figure 2.2); β polymorph in bulk was always 

contaminated with the γ polymorph in 80:20 ratio (from PXRD profiling, Figure 2.3) and 
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is represented as β(+γ) form or mixture.15 α polymorph was obtained as needles 

exclusively from water, acetonitrile and nitromethane. β polymorph was obtained in less 

quantity as β(+γ) mixture of plate morphology concomitantly with α and δ polymorphs 

from dioxane and toluene–chloroform solvent mixture (in 1:1 v/v). Crystals of β, γ and δ 

polymorphs, all with plate morphology, could be separated based on their size and 

extinction under polarized light. HSM snapshots to depict the differences are shown in 

Figure 2.9 discussed later. Crystals of β polymorph have better extinction and of γ 

polymorph were small sized and formed on the surface of β crystals. γ polymorph, which 

could be obtained exclusively by sublimation and melt crystallization, was also 

crystallized during attempted co-crystallization of PZA with pyrazinoic acid in water, 

along with the α polymorph.15 The crystallization of several/new polymorphs of one of 

the components in a co-crystallization experiment is not uncommon.16 δ polymorph was 

obtained as plates exclusively from benzene and toluene. A summary of the 

crystallization experiments performed to obtain the polymorphs is given in Table 2.1. In 

all, the PZA polymorphs were obtained both exclusively and also concomitantly by 

recrystallization from several solvents with α polymorph as the major polymorph (Table 

2.1). Thus, PZA was found to exhibit concomitant polymorphism.5e 

  
(a) (b) 

  
(c) (d) 

Figure 2.2 Overlay of the calculated lines from X-ray crystal structures (red) and 
experimental PXRD patterns (black) of PZA polymorphs show peak-to-peak match. α 
polymorph is the commercial material (a) and crystallized from water (b). γ polymorph 
(c) crystallized from melt and δ  polymorph (d) crystallized from toluene. 



43 
 

 
Figure 2.3 Overlay of the calculated X-ray crystal structures of β (red) and γ (blue) 
polymorphs on the PXRD pattern of the crystalline mixture (black) isolated from 
dioxane shows 80:20 composition of polymorphs by Rietveld refinement (Rp = 0.30). 
 
Table 2.1 Summary of crystallization conditions of PZA polymorphs. 

Condition αααα ββββ γγγγ δδδδ 
water, acetonitrile, 
nitromethane √ × × × 

ethanol √ √ (only once) × √ 
ethanol (0 °C) √ × × × 
methanol √ × × √ (only once) 
1-propanol, 2-propanol, 
n-butanol √ × × × 

acetic acid √ × × √ 
DMF √ × × × 
DMSO √ × × × 
dichloromethane √ √ (only once) × √ 
dioxane √ √ √ √ 
THF √ × × √ 
EtOAc √ × × √ 
chloroform √ × × √ 

benzene, toluene × × √ (metastable 
crystallites)* √ 

toluene + chloroform  √ √ √ × 
sublimation and melt  × × √ × 
Co-crystallization with 
pyrazinoic acid √ × √ × 

* precipitate and redissolve to form plates of δ polymorph upon solvent evaporation. 
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2.3 Crystal structure analysis of PZA polymorphs 

Crystal structures of PZA polymorphs were reported by several groups3,13 since 1960s 

and Nangia et al.3g obtained high quality structures of α and δ polymorphs. The reported 

crystal structures of γ polymorph have no 3D coordinates for all atoms.3b,f Recently, 

Castro et al. obtained 3D coordinates of γ polymorph but the structure solved with a high 

R-factor of 0.1066.13 Careful analysis of this structure showed residual electron density 

of 0.88 eA−3 which is due to disorder in the structure that was not modeled. In this study, 

crystal structures of β and γ polymorphs were redetermined and solved to a higher 

accuracy.15 The disorder in γ polymorph was solved using both unmodeled and modeled 

methods (detailed in Experimental Section) which led to an improvement in the R-factor 

to 0.0796 and 0.0392 respectively. Crystallographic parameters are given in Table 2.2. In 

the modeled structure, disorder was modeled into two parts with s.o.f. (site occupancy 

factor) of 0.87 and 0.13. The structural analysis and hydrogen bonding of γ polymorph 

discussed next deals with the major 87% site occupancy of atoms of the structure. 

Table 2.2 Crystallographic parameters. 

Polymorph ββββ γγγγ (disorder modeled) γγγγ (disorder unmodeled) 
chemical formula C5H5N3O C5H5N3O C5H5N3O 
formula weight 123.12 123.12 123.12 
crystal system monoclinic monoclinic monoclinic 
space group P21/c Pc Pc 

T/K 100(2) 100(2) 100(2) 
a/Å 14.315(2) 7.1756(14) 7.170(3) 
b/Å 3.6238(5) 3.6508(7) 3.6477(15) 
c/Å 10.6158(15) 10.663(2) 10.648(4) 
α/° 90 90 90 
β/° 101.119(2) 106.337(3) 106.350(6) 
γ/° 90 90 90 
Z 4 2 2 

V/Å3 540.34(13) 268.05(9) 267.21(19) 
Dcalc/g cm–3 1.513 1.525 1.530 
µ/mm−1 0.112 0.113 0.114 

reflns. collected 5047 961 2116 
unique reflns. 1062 684 960 

observed reflns. 1026 681 926 
R1 [I>2σ(I)] 0.0340 0.0392 0.0796 

wR2 [all] 0.0880 0.0960 0.2145 
goodness-of-fit 1.121 1.116 1.072 

CCDC Refcode* PYRZIN18 PYRZIN19 PYRZIN20 
* Ref. 15 
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 All PZA polymorphs have a three-dimensional packing except δ polymorph 

which is a layered structure (Figure 2.4).15 α polymorph is a crisscross structure, β is a 

helical structure and γ polymorph has a corrugated sheet structure. There is π-π stacking 

in all crystal structures with varying degree of offset (β, three-fourth ring > γ, half ring > 

α, one-third ring > δ, double bonds overlap) and perpendicular distance between the ring 

planes (δ, 3.01 < β, 3.22 < γ, 3.33 < α, 3.39 Å). In general, all polymorphs arise from a 

difference in molecular packing and so referring them as packing polymorphs17 is a gross 

classification which does not yield structural details.17b Conformational polymorphism5,18 

is ruled out in PZA because it is conformationally locked by intramolecular hydrogen 

bonds (Figure 2.1). Even though the same E conformer is manifested in all polymorphs, 

nevertheless, due to the presence of carboxamide and pyrazine functionalities, variable 

hydrogen bonding possible between PZA molecules leads to synthon polymorphism.19 

 Accordingly, the crystal structures of PZA polymorphs are analyzed in terms of 

supramolecular synthons.20 At the primary level, the cyclic carboxamide N−H···O dimer 

synthon is present in α, β and δ polymorphs compared to N−H···N tape in γ polymorph 

(Figure 2.4). The weak C−H···N and C−H···O interactions are different at the secondary 

level. Whereas the carboxamide syn NH makes the dimer synthon in α, β and δ 

polymorphs, these polymorphs differ in their anti NH hydrogen bonding. The α 

polymorph has N−H···N dimer, the β polymorph has N−H···O hydrogen bond, the γ 

polymorph has a relatively short intramolecular anti N−H···N bond (with syn N−H···N 

intermolecular bond), and finally in the δ polymorph the anti NH makes a catemer 

synthon through long N−H···O contact of 2.62 Å. Hydrogen bond metrics are given in 

Table 2.3. The centrosymmetric carboxamide N−H···O dimer present in α, β and δ 

polymorphs has 2
2R (8) graph set notation,21 while the carboxamide tape in δ polymorph 

is a C(4) 2
4R (8) motif (the tape repeat distance is 5.7 Å instead of the usual 5.1 Å).22 The 

N−H···N cyclic synthon in the α polymorph makes 2
2R (10) ring and the C−H···N cyclic 

synthon in the δ polymorph makes 2
2R (6) ring. The γ polymorph has an N−H···N tape of 

C(6) notation. These synthon differences, associated hydrogen bonding, graph set 

patterns, and different molecular packing arrangements (as shown in Figure 2.4) in the 

four polymorphs of PZA imply their more accurate classification as synthon and packing 

polymorphs.15  



 

(a) 

(c) 
Figure 2.4 (a) In α poly
N−H···N hydrogen bonds 
C−H···N interactions in a 
N−H···O dimers that mak
interactions. (c) In γ poly
C(6) notation are connecte
tapes formed by 2

2R (8) di
synthons make 2D sheets 
 
Table 2.3 Hydrogen bond

Interaction H··

N1–H4···O1 1
N1–H5···N2 2
N1–H5···N2 2
C2–H1···N3 2
C3–H3···O1 2
C5–H2···O1 2

N3–H1···O1 2
N3–H1···N1 2
N3–H2···O1 1
C2–H1···O1 2
C3–H3···N1 2
C4–H4···N2 2
C5-H5···N2 2
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(b) 

 
(d) 

ymorph, zigzag tapes formed by 2
2R (8) N−H···O

are connected orthogonally to 21 screw related 
3D arrangement. (b) The β polymorph has non

ke a helix along the b-axis through anti N−H···O
ymorph, 1D tapes assembled via N−H···N hydro
ed through C−H···O and C−H···N interactions. (d)
imer and C(4) catemer N−H···O synthons and R
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2.35  3.334(2) 150.7 x, 1/2
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2.45 2.777(6) 95.7 
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Table 2.4 FT-IR (KBr pellet), NIR (KBr pelle

Form 
IR absorption bands (cm–1) 

N–H stretch C=O 
stretch 

N–H 
1st ov

α 3414, 3291, 
3163 1715 6716

β(+γ) 3422, 3293, 
3206 1732, 1684 6725

6

γ 3432, 3308, 
3249, 3162 1707, 1683 6777

6

δ 3427, 3283, 
3169 1674 6730
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αααα form – The big needle crystals of the α form give rise to small needle to plate shaped 
crystals of the γ form at 150 °C which then melts at 189 °C. 

  
22 °C 152 °C 165 °C 189 °C 

(a) 
ββββ form – The plate crystals of the β form give rise to smaller plate shaped crystals of the 
γ form at 130 °C which then melts at 189 °C. 

  
22 °C 130 °C 184 °C 189 °C 

(b) 
γγγγ form – The big plate crystals of the γ form start to sublime at 150 °C and give small 
plate crystals of the same form which then melts at 190 °C. 

  
22 °C 150 °C 160 °C 190 °C 

(c) 
δδδδ form – The plate crystals of the δ form give rise to smaller plate shaped crystals of the 
γ form at 135 °C which then melts at 188 °C. 

 
22 °C 135 °C 170 °C 188 °C 

(d) 
Figure 2.9 HSM snapshots of (a) α, (b) β, (c) γ and (d) δ forms to show the morphology 
of the polymorphs, solid-solid phase transformation of α, β  and δ forms to high 
temperature γ form, and sublimation of γ form.  
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2.6 Phase transformation experiments on PZA polymorphs 

All PZA polymorphs were subjected to conditions typical of pharmaceutical processing 

viz. seeding, grinding, solvent and crystallization, and storage at ambient temperature 

and humidity for one year, each of which are known to bring about polymorphic 

transformations.5,6 Since β form was not obtained in macroscopic amounts (as discussed 

in Section 2.2), only few experiments were performed on β(+γ) form/mixture.  

2.6.1 Seeding and Grinding 

Seeding technique is widely used in drug industry to control nucleation process and also 

for selective crystallization purposes.25 Intentional seeding is employed for preferential 

crystallization of desired polymorphs, whether stable or metastable.5d,26 On the other 

hand, unintentional seeding of a polymorph, which is not uncommon and can happen 

during process conditions and handling, may induce polymorphic transformations in the 

bulk material.5 Milling or grinding is also accounted to induce polymorphic 

transformations.6,27 At first, all four polymorphs of PZA were subjected to solid state 

grinding (also called neat grinding)27c using a mortar-pestle together with seeds of 

another form, and the ground material was analyzed by PXRD. Polymorphic mixtures of 

β(+γ), γ and δ forms with the α form converted to the α polymorph within 5 min. 

Polymorphic mixtures of β(+γ) and γ with the δ form converted to the δ form within 5 

min. When pure γ and δ forms were subjected to manual grinding, each polymorph 

converted to the α form in 45 min. Pure β(+γ) form converted to the γ form after 5 min 

of manual grinding which then gave the α form after 45 min. However, the pure α form, 

when subjected to either manual or mechanical grinding, was found to be stable after 1 h.  

2.6.2 Solvent-mediated phase transformation  

Solvent or solution-mediated phase transformation is well known to infer stability 

relationships among polymorphs.28 Liquid-assisted grinding27c,29 of the pure forms was 

carried out using three solvents of different polarity, viz. water, acetonitrile and toluene. 

This is to see any preferential solvent effect towards the crystallization of a particular 

polymorph27c as α form crystallized exclusively from water and acetonitrile and δ form 

from toluene (Table 2.1). Pure β(+γ), γ and δ forms respectively were taken in mortar-

pestle, a few drops of water were added and each form was subjected to grinding 

separately. Transformation to the α form was complete within 5 min for all cases. 
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2.6.3 Storage 

All four forms were stored for a year at ambient temperature (varying between 15–40 

°C) and relative humidity (varying between 30–70% RH) and PXRD of the polymorphs 

was recorded periodically to detect any transformations. α, β(+γ) and δ forms were 

found to be stable but γ form which was stable up to 6 months converted to α form upon 

prolonged storage. A saturated solution of PZA in benzene or toluene yielded a visible 

precipitate within 2 h of crystallization which disappeared into solution when left 

undisturbed and formed plate-shaped crystals after complete evaporation of the solvent 

(Table 2.1). The precipitated material was found to be the γ form by PXRD and the 

crystals are of the δ form. The precipitated material (γ form) obtained in the above 

experiment converted to the δ form after 6 months storage at ambient conditions, but not 

to the α form. A plausible reason for this transformation could be due to the seeds of the 

δ form formed during the primary nucleation in solution which facilitated the 

transformation upon storage. Thus, the γ form converted to α and δ forms after a long 

time in independent experiments. 

2.7 Solubility and Dissolution study of PZA polymorphs 

PZA is a highly water soluble drug (22 mg ml–1)11 but solubility values are not reported 

for its polymorphs. Equilibrium solubility experiments (detailed in Experimental 

Section) on γ and δ forms in water led to their transformation to α form independently 

(same procedure as discussed above in the context of water-mediated phase 

transformation) and hence their solubilities could not be evaluated. Only the solubility of 

α form, which is stable to equilibrium solubility conditions (high supersaturation, 

agitation, long duration, typically 24 h), was measured and the value matched with the 

reported one (22 mg ml–1). For metastable forms like γ and δ forms, a calculated 

parameter called ‘apparent solubility’16c,30 is used to estimate the solubility difference 

between stable and metastable forms. Apparent solubility is distinct from equilibrium 

solubility which is reached at infinite time and is deduced from intrinsic dissolution rates 

(IDRs) of stable and metastable forms as follows. 

Solubilitymetastable = Solubilitystable (IDRmetastable / IDRstable)30 

 Dissolution testing of α, γ and δ forms was carried out by the rotating disk 

intrinsic dissolution rate (DIDR) method31 in water at 37 °C using USP Apparatus II 
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2.9 Conclusions 

The relative stability of pyrazinamide polymorphs is studied and a control over 

polymorph crystallization is achieved through seeding, grinding and solvent-mediated 

processes.15 PZA is an interesting example wherein the ‘heat of transition and density 

rules’23 indicate one form (δ form) and the ‘infrared rule’23 infers another form (α form) 

as the most stable polymorph. Grinding and solvent-mediated phase transformation 

experiments establish α form as the most stable polymorph of PZA under ambient 

conditions. The high transition temperature (155 °C for α→γ compared to 130 °C of 

δ→γ transition), commercial occurrence and wide crystallization rationalize the 

thermodynamic nature of α form at 25 °C. Whereas the transformation of α to δ form 

was shown to occur in sub-zero temperatures,14 the reverse phenomenon, namely, 

conversion of δ to α form is the transformation in the real world conditions.15 This study 

shows that thermal transformations and thumb rules alone are not sufficient to establish 

the complete stability profile of polymorphs. The entropy component plays a crucial role 

in changing the free energy of a system and thus can shift the balance from one 

polymorph to another polymorph with respect to temperature.5e,24 This work highlights 

the importance of establishing the relative stability of drug polymorphs in the real world 

conditions typical of pharmaceutical processing (seeding, grinding, crystallization etc.) 

and storage conditions (normal temperature and relative humidity of 25 °C and 50% 

respectively), through a classic example. 

2.10 Experimental Section 

Materials and Methods: Commercially available Pyrazinamide (Merck) and Pyrazinoic 

acid (Acros) were used without further purification. All other chemicals were of 

analytical or chromatographic grade. Water filtered through a double deionized 

purification system (Milli Q Plus Water System from Millipore Co., USA) was used for 

experiments. 

Preparation of Polymorphs: Polymorphs were obtained upon evaporative 

crystallization in various solvents at different temperatures as given in Table 2.1. 

Typically, 50 mg saturated solutions of PZA were made, warmed and left for slow 

evaporation and the resulting polymorphs were physically isolated from several batches 

and thus macroscopic amounts were obtained. Co-crystallization of pyrazinamide (50 
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mg) with pyrazinoic acid (50 mg) in 1:1 ratio was done in 6 mL water. γ form was 

isolated by filtration of precipitate formed from saturated benzene/toluene solutions. 

Polymorphic Transformation Experiments: Grinding experiments were done on 50 

mg scale. 10% polymorph was used in seeding experiments. A Wig-L-Bug type mixer 

mill equipped with a 5 mL stainless steel grinding jar and SS balls of 4 mm diameter was 

used for mechanical grinding. Slurry experiments were carried out on 200 mg of the 

polymorph in 5 mL water (aqueous solubility of PZA is 22 mg mL−1).11 100 mg of each 

polymorph was stored in a tightly capped glass bottle in the dark for periodic stability 

testing at ambient conditions. 

X-ray Crystallography: X-ray reflections on β  and γ  polymorphs were collected at 

100 K on Bruker SMART-APEX CCD diffractometer equipped with a graphite 

monochromator and Mo-Kα (λ = 0.71073 Å) fine-focus sealed tube. Data reduction was 

performed using Bruker SAINT software.33 Intensities were corrected for absorption 

using SADABS.34 The β structure was solved and refined using SHELX-9735 with 

anisotropic displacement parameters for non-H atoms. Hydrogen atoms on O and N were 

experimentally located in difference electron density maps. All C–H atoms were fixed 

geometrically using HFIX command in SHELX-TL.36 The disorder in the γ structure was 

solved and refined using both unmodeled and modeled methods. In the unmodeled 

structure, the site occupancy of all the atoms was 100% with anisotropic displacement 

parameters for non-H atoms, but in the modeled structure the disorder was modeled for 

all the heavy atoms with isotropic displacement parameters using the PART command 

and assigning s.o.f. (site occupancy factor) of 0.87 and 0.13 for the two parts using the 

FVAR command.34 DFIX, DANG and FLAT commands35 were used to stabilize the 

disorder. All hydrogen atoms were geometrically fixed and have same the s.o.f. with 

respect to the heavy atoms connected. The final CIF files and hydrogen bond geometries 

were validated in PLATON.37 X-Seed38 was used to prepare packing diagrams. 

Powder X-ray Diffraction: Powder X-ray diffraction of all the samples were recorded 

on PANlytical 1830 (Philips Analytical) diffractometer using Cu-Kα X-radiation (λ = 

1.54056 Å) at 35 kV and 25 mA. Diffraction patterns were collected over 2θ range of 5–

50° at a scan rate of 1° min–1. Powder Cell 2.4 was used for Rietveld refinement.39 

Vibrational Spectroscopy: Nicolet 6700 FT-IR spectrometer with an NXR FT-Raman 

Module was used to record IR, NIR and Raman spectra. IR and NIR spectra were 
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recorded on samples dispersed in KBr pellets. Raman spectra were recorded on solid 

samples contained in standard NMR diameter tubes or on compressed samples contained 

in a gold-coated sample holder. 

Thermal Analysis: DSC was performed on Mettler Toledo DSC 822e module. Samples 

were placed in crimped but vented aluminum sample pans. The typical sample size is 3-4 

mg, temperature range is 30-200 °C @ 5 °C min–1. Samples were purged by a stream of 

dry nitrogen flowing at 150 mL min–1. HSM was performed on a Wagner & Munz 

PolythermA Hot Stage and Heiztisch microscope. A Moticam 1000 (1.3 MP) camera 

supported by Motic Image Plus 2.0 ML software is used to record images. 

Computations: Lattice energies were computed in Cerius2 using the COMPASS force 

field.40 Crystal structures were minimized (Ulatt) by allowing small variations in the cell 

parameters but not gross differences between the calculated and experimental crystal 

lattice.  

Equilibrium solubility and Intrinsic dissolution measurements: Prior to solubility 

and dissolution measurements, calibration curves of each of the polymorphs were 

obtained and their molar extinction coefficients were determined spectrophotometrically 

on a Thermo Scientific Evolution 300 UV-Vis spectrometer based on the absorbance at 

269 nm (Table 2.6). The respective molar extinction coefficients of the polymorphs were 

used to estimate solubility and dissolution values. Equilibrium solubility was determined 

in water at 25 °C using the shake-flask method.41 200 mg of the powdered polymorph 

was added to 5 mL water and the resulting suspension was stirred at 25 °C for 24 h. The 

suspension was equilibrated for one hour and then filtered through 2.5 µm Whatman 

filter paper. The concentration of the solution thus obtained was determined 

spectrophotometrically after appropriate dilution using the respective molar extinction 

coefficients. IDR measurements were carried on a USP certified Electrolab TDT-08L 

Dissolution Tester. 100 mg of the polymorph was taken in the intrinsic attachment and 

compressed to a 0.5 cm2 disk (also called tablet or pellet) using a hydraulic press at a 

pressure of 2.5 ton inch–2 for 5 min. The intrinsic attachment was placed in a jar of 900 

mL water at 37 °C and rotated at 50 rpm. Aliquots of 5 mL were collected at specific 

time intervals and concentration of the aliquots was determined spectrophotometrically. 

The linear region of the dissolution profile (regression >0.99) was used to determine the 

IDR of the polymorph as [slope of the amount dissolved ÷ surface area of the disk] per 

unit time. There is no polymorphic transformation upon compression. 
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3.1 Introduction 

Ethambutol (abbreviated as EMB; Figure 3.1) is a frontline anti-tuberculosis drug 

administered with Rifampicin, Isoniazid and Pyrazinamide in Fixed Dose Combination 

(FDC).1 It is a chiral basic drug (Figure 3.1) with the S,S-enantiomer therapeutically 

active whereas R,R-form is inactive.2 It is administered as a dihydrochloride salt (S,S-

EDH) in the drug formulation which is synonymously used to represent the drug.1,3 Anti-

TB FDC products are reported to be unstable due to drug-drug interactions between the 

component drugs.3 The hygroscopicity of ethambutol dihydrochloride catalyzes the 

degradation of rifampicin and isoniazid in the FDC formulation, resulting in the 

instability and loss of potency of the FDC products upon storage.1a,3 As a consequence, 

individual drugs of the FDC formulation are separately coated with polymers to avoid 

mutual interaction and water uptake and then blended to make up the final product 

formulation.4 Several salts of ethambutol base (dinitrate,5 dihydrobromide,6 oxalate 

pentahydrate7 and metal salts8) including a drug-drug methane sulfonic acid salt with 

isoniazid9 are reported but with no property studies. The dihydrochloride salt was 

reported to be tetramorphic,10 but neither the X-ray crystal structure nor any polymorphs 

of the S,S-form of ethambutol base are reported so far. The reported crystal structures of 

EMB and its salts (dihydrochloride, dinitrate, dibromide, oxalate pentahydrate) in the 

Cambridge Structural Database (CSD)11 have no mention of the ‘Flack parameter’12 and 

hence their absolute configuration is ambiguous. In this work, crystal structures of 

ethambutol and ethambutol dihydrochloride were redetermined and their absolute 

configuration is deduced as S,S-chirality. 

 In addition, salt screen of EMB with different salt formers (Figure 3.1) was 

undertaken in this study with the intent of obtaining less hygroscopic salts and thus 

provide alternatives to the existing hydrochloride salt formulation. But, the study resulted 

in the formation of several salts and ionic liquids all of which were found to be 

hygroscopic. Ionic liquids (ILs) are salts with a melting point below 100 °C13 and if they 

are liquids at room temperature (m.p. ≤ 25 °C) then they are termed as ‘room 

temperature ionic liquids’ (RTILs).14 A total of twelve salts, including seven ionic 

liquids, were obtained and their hygroscopicity was assessed by visual inspection for 

some cases and Karl Fischer (KF) titration for other cases. Out of the five salts (sulfate, 

dimesylate, ditosylate, dibesylate and fumarate), only two gave diffraction quality single 

crystals and their X-ray structures were determined (dimesylate and fumarate hydrate). 
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Among the seven ionic liquids, only two crystallized (dibenzoate and adipate) and the 

remaining five (dinicotinate, disalicylate, di-4-aminosalicylate, disaccharinate and 

succinate salts) never crystallized in the experimental conditions studied. Ethambutol 

dibenzoate (abbreviated as EDB) was crystallized as trimorphs in different conditions 

and characterized by DSC, PXRD and spectroscopy.15 Although few ionic liquids are 

reported to be polymorphic, this is the first example of an API ionic liquid exhibiting 

polymorphism.15 
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Figure 3.1 Molecular structures of ethambutol and salt formers used in this study. 

3.2 Synthesis and Characterization of Salts and Ionic Liquids  

Salts were prepared by different methods such as (i) direct reaction of base (EMB) and 

acid (salt former) in a suitable solvent, (ii) co-grinding,16 (iii) co-melting, (iv) solution 

crystallization etc. A summary of the experiments carried out to obtain the salts is given 

in Table 3.1 and the details are provided in Experimental Section. Both solid and liquid 

products were obtained from these experiments (Table 3.1). A total of twelve salts were 

obtained, of which seven are ionic liquids (dibenzoate,15 adipate, dinicotinate, 

disalicylate, di-4-aminosalicylate, disaccharinate and succinate) and five are high melting 

salts (sulfate, dimesylate, ditosylate, dibesylate and fumarate). All of them were found to 

be hygroscopic and hence few salts/ionic liquids were obtained in liquid state. In all, four 

salts viz. dimesylate, ditosylate, dibesylate and fumarate were obtained in solid form in 

majority of the experiments; sulfate, adipate and dibenzoate (trimorphs)15 salts were
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Table 3.1 Summary of salt screening experiments. 

S. No. Salt 
Synthesis by 

direct reaction 
of base and acid 

Solution 
crystallization in 

MeOH/ EtOH 

Crystallization 
in desiccator 

Crystallization 
in rotavapor Co-grinding Co-melting 

Storage of 
physical 
mixture 

1 Ethambutol sulfate solid producta viscous liquid viscous liquid semisolid viscous liquidb c c 

2 Ethambutol 
dimesylate solid productd solidd; single 

crystals at –20 °C solidd solidd slight sticky solidb -do- -do- 

3 Ethambutol 
dibesylate -do- solidd -do- liquid extract viscous liquide semisolid semisolid 

4 Ethambutol 
ditosylate -do- -do- -do- solidd -do- -do- -do- 

5 Ethambutol 
dibenzoatef no product viscous liquid crystallized to 

form 1f 
crystallized  to 

form 2f -do- form 1f -do- 

6 Ethambutol 
dinicotinate -do- -do- semisolid liquid extract -do- g -do- 

7 Ethambutol 
disalicylate -do- -do- viscous liquid -do- -do- semisolid -do- 

8 Ethambutol di-4-
aminosalicylate -do- -do- -do- -do- -do- h -do- 

9 Ethambutol 
disaccharinate -do- -do- semisolid -do- -do- semisolid -do- 

10 Ethambutol 
succinate 

semisolid 
product -do- -do- -do- -do- -do- -do- 

11 Ethambutol 
fumarate (hydrate) -do- solidd single crystals semisolid -do- h -do- 

12 Ethambutol adipate solid producta viscous liquid semisolid -do- -do- semisolid -do- 
a tends to liquefy during extraction upon concomitant exposure to atmospheric moisture, crystalline solid by PXRD; b acetone assisted grinding;                 
c not feasible as the acid component is liquid; d crystalline solid by PXRD; e neat grinding and concomitant exposure to atmospheric moisture; f Ref 15;              
g decomposed solid melt; h not done since the acid component decomposes upon melting. 
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crystallized in few conditions; whereas dinicotinate, disalicylate, di-4-aminosalicylate, 

disaccharinate and succinate did not crystallize (Table 3.1). Among the crystallized 

salts/ionic liquids, only two gave diffraction quality single crystals and their X-ray 

structures were determined (dimesylate and fumarate hydrate). Thermal (DSC & TGA), 

spectroscopic (FT-IR and ss-NMR) and PXRD analysis established the integrity of other 

salts/ionic liquids and also the trimorphic dibenzoate ionic liquid15 (discussed later). 

3.2.1 X-ray Crystal structures 

Since ethambutol is a chiral molecule (Figure 3.1), absolute structure determination with 

a reliable ‘Flack parameter’ is necessary to ascertain its chirality.12 The reported crystal 

structures of EMB and its salts (dihydrochloride, dinitrate, dibromide, oxalate 

pentahydrate) in the CSD have no mention of the Flack parameter.11 It seems that the 

absolute configuration of the enantiomers is inferred from the known configuration of 

their respective starting materials. In this study, the absolute structures of EMB and few 

salts were deduced through reliable Flack parameter values. When the Flack parameter 

of a crystal structure is close to ‘0’, it means the absolute configuration of the structure is 

properly assigned, and when it is close to ‘1’, then the opposite enantiomer is solved.12,17 

In this work, the starting material is commercial ethambutol dihydrochloride (EDH) salt 

from which base (EMB) was extracted and used for all the experiments. There is no 

information on the stereochemistry of the salt on the commercial package label. Hence, 

at first, single crystals of the salt were grown (from a methanol solution at –20 °C) to 

determine its chirality. The dihydrochloride salt structure solved in S,S configuration 

with a Flack parameter value of 0.09(17) and its structural features are same as the 

reported structures10,18 (CCDC Refcodes – CURJEE02 & CURJEE)11 (Figure 3.2). X-ray 

crystallographic parameters are listed in Table 3.2 and hydrogen bonds in Table 3.3. The 

extracted base from commercial dihydrochloride salt was used to prepare ethambutol 

dimesylate salt. A methanolic solution of dimesylate salt kept at –20 °C afforded single 

crystals and its X-ray crystal structure was determined. It also solved in S,S 

configuration with a Flack parameter value of –0.04(16). Armed with knowledge of 

absolute structure of the two salts, single crystals of EMB were grown. Though the 

structure solved with an unreliable Flack parameter of –0.4(3), the absolute configuration 

was inferred to be S,S enantiomer based on the S,S configuration of the dihydrochloride 

and dimesylate salts. The EMB structure is same as the reported structure19 (CCDC 

Refcode – GEJHOT)11 (Figure 3.3). Since EMB base is an intermediate product between 
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the parent material (S,S-dihydrochloride salt) and the end-product (S,S-dimesylate salt) 

in the experiments, it is unlikely that its absolute configuration changes during the 

course. Additionally, the chirality of the base and the dihydrochloride salt were 

confirmed through matching of their specific rotation values with the reported ones 

([α]D
25, ethambutol = +13.7°, ethambutol dihydrochloride = +7.6°).20 

 
(a) (b) 

Figure 3.2 (a) N–H+···Cl– and O–H···Cl– interactions connect translation related 
molecules along the c-axis in S,S-EDH. (b) Screw related molecules form zigzag tapes 
through C–H···O interactions along the b-axis which further extend into 2D sheets. 
 

  
(a) (b) 

Figure 3.3 (a) Translation related molecules form a tape through N–H···O bonds in S,S-
EMB. Screw related molecules through O–H···N bonds make parallel tapes which extend 
into (b) 2D sheets (shown in different color) along the c-axis through close pack. 
 

[S,S]-Ethambutol dimesylate: A salt of ethambutol and methanesulfonic acid in 1:2 

ratio was obtained upon crystallization of a methanol solution at –20 °C (Table 3.1). In 

the X-ray crystal structure, both the secondary amine NHs of ethambutol molecule are 

protonated by the sulfonic acid groups of two methanesulfonic acid moieties. Linear 

tapes of translation-related ethambutol molecules and screw-related mesylate molecules 

along the b-axis are formed through N+–H···O–, O–H···O and C–H···O hydrogen bonds 

(Figure 3.4a). These tapes make alternate 2D sheets of ethambutol and mesylate 

molecules along the a-axis (Figure 3.4b). Overall, ethambutol molecules are not directly 

connected to each other but come together through strong heteromolecular interactions 

with mesylate ions. 
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(a) (b) 

Figure 3.4 (a) Linear tapes of translation-related ethambutol molecules and screw-
related mesylate molecules are connected by N+–H···O–, O–H···O and C–H···O 
interactions. (b) Alternate sheets of ethambutol and mesylate molecules along the a-axis. 
 

[S,S]-Ethambutol fumarate hydrate (2:2:1.145): A salt hydrate was obtained when 

ethambutol and fumaric acid in 1:1 ratio were crystallized from methanol in a desiccator. 

The same salt hydrate also crystallized at –20 °C (Table 3.1). The X-ray crystal structure 

shows two molecules of ethambutol and fumarate each, a water molecule and another 

water molecule of 0.145 site occupancy in the asymmetric unit. The structure was 

satisfactorily solved and refined to a good R-factor of 0.0326. Each crystallographic 

unique fumaric acid molecule donates protons to each of the two unique ethambutol 

molecules lying above and below it (Figure 3.5). These ethambutol molecules form 

parallel tapes along the b-axis through N+–H···O–, O–H···O and C–H···O bonds. Water 

molecules lie along the tapes through O–H···O– and C–H···O interactions with fumarate 

and ethambutol molecules respectively and make channels parallel to the c-axis. 

 
Figure 3.5 Linear tapes of ethambutol and fumarate crystallographic unique molecules 
(shown in different color) along the b-axis propagate through N+–H···O–, O–H···O and 
C–H···O interactions. Water molecules (magenta and red) lying along the tapes form 
channels parallel to the c-axis. 
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Table 3.2 Crystallographic parameters. 

Compound Ethambutol 
dihydrochloride Ethambutol Ethambutol 

dimesylate 
Ethambutol 

fumarate hydrate 
empirical 
formula C10H26Cl2N2O2 C10H24N2O2 C12H32N2O8S2 C28H58N4O13 

formula weight 277.23 204.31 396.52 658.78 
crystal system orthorhombic monoclinic orthorhombic triclinic 
space group P21212 P21 P21212 P1 

Z* 6 2 6 5 
T/K 100(2) 298(2) 100(2) 100(2) 
a/Å 6.432(2) 7.1428(3) 12.239(3) 8.5813(6) 
b/Å 22.966(9) 8.4149(3) 15.151(3) 10.5252(8) 
c/Å 5.0934(19) 10.1973(4) 5.2980(11) 10.9210(8) 
α/° 90 90 90 70.6260(10) 
β/° 90 95.633(4) 90 68.8720(10) 
γ/° 90 90 90 73.8670(10) 

V/Å3 752.4(5) 609.96(4) 982.4(3) 853.82(11) 
Dcalc/g cm–3 1.224 1.112 1.340 1.281 

µ/mm–1 0.423 0.613 0.310 0.101 
reflns. collected 2891 3541 10263 8775 
unique reflns. 1445 2201 1951 6434 

observed reflns. 1282 2157 1763 6382 
R1[I > 2σ(I)] 0.0588 0.0506 0.0646 0.0326 

wR2 [all] 0.1378 0.1438 0.1242 0.0859 
goodness-of-fit 1.032 1.075 1.156 1.041 
flack parameter 0.09(17) –0.4(3) –0.04(16) 0.1(5) 

diffractometer Bruker Smart-
Apex 

Oxford 
Xcalibur 
Gemini 

Bruker Smart-
Apex 

Bruker Smart-
Apex 

* Z = Z'' (no. of crystallographically non-equivalent molecules of any type in the 
asymmetric unit)21 × no. of independent general positions of the space group. 
 

Table 3.3 Hydrogen bonds in the crystal structures. 

Interaction H···A/Å D···A/Å ∠∠∠∠D–H···A/° Symmetry code 
Ethambutol dihydrochloride 

N1–H1A···Cl1 2.20(5) 3.046(4) 161(4) * 
N1–H1B···Cl1 2.35(5) 3.134(4) 159(4) x, y, –1+z 
O1–H1···Cl1 2.32(7) 3.055(3) 169(7) –1+x, y, –1+z 
C3–H3···O1 2.27(5) 3.234(5) 160(4) x, y, 1+z 

C1–H1D···O1 2.69 3.652(5) 165 –1/2+x, 1/2+y, –z 
Ethambutol 

N2–H2···O1 2.22(2) 3.00(2) 156(2) 1+x, y, z 
O1–H1D···N2 1.79(4) 2.763(2) 168(3) 1–x, 1/2+y, 1–z 
O2–H2C···N1 1.98(3) 2.874(2) 176(3) 2–x, 1/2+y, 1–z 

Ethambutol dimesylate 
N1–H1A···O2 1.92(4) 2.744(4) 159(3) * 
N1–H1B···O2 2.48(3) 3.060(4) 128(3) x, y, –1+z 
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N1–H1B···O3 2.06(4) 2.864(4) 168(3) x, y, –1+z 
O1–H1···O4 1.98(5) 2.733(4) 176(4) 1/2+x, 1/2–y, 2–z 

C5–H5A···O3 2.53 3.457(5) 155 1/2+x, 1/2–y, 2–z 
C1–H1C···O3 2.64 3.621(6) 177 1/2–x, –1/2+y, 2–z 
C6–H6B···O3 2.55 3.450(5) 152 1/2+x, 1/2–y, 1–z 
C6–H6C···O1 2.69 3.543(5) 145 1–x, –y, z 

Ethambutol fumarate hydrate 
N1–H1A···O3 1.87(3) 2.688(2) 158(2) * 
N1–H1B···O9 2.07(2) 2.881(2) 155(2) * 

N2–H2A···O11 1.80(3) 2.693(2) 167(2) x, 1+y, z 
N2–H2B···O5 1.90(3) 2.845(3) 166(3) x, 1+y, z 
N3–H3A···O9 1.82(3) 2.742(2) 166(2) * 
N3–H3B···O12 1.82(2) 2.701(2) 172(2) 1+x, y, z 
N4–H4C···O4 1.84(2) 2.689(2) 168(2) x, 1+y, z 
N4–H4D···O5 1.77(3) 2.686(2) 164(2) 1+x, 1+y, z 
O1–H1···O6 1.78(4) 2.692(2) 169(3) x, 1+y, z 

O2–H2···O10 1.82(2) 2.648(2) 175(2) 1+x, –1+y, z 
O7–H7A···O10 1.88(3) 2.684(2) 173(3) * 

O8–H8···O7 1.90(3) 2.782(2) 177(2) x, y, 1+z 
O13–H13A···O11 1.82(3) 2.897(2) 169(2) x, y, 1+z 
O13–H13B···O4 1.59(4) 2.744(2) 173(4) x, y, 1+z 
C1–H1D···O13 2.63 3.136(3) 112 * 
C5–H5A···O14 2.70 3.650(1) 159 x, y, 1+z 
C6–H6A···O4 2.55 3.348(2) 138 * 
C6–H6B···O9 2.42 3.225(2) 138 * 

C9–H9C···O14 2.54 3.153(9) 121 x, y, –1+z 
C18–H18B···O2 2.42 3.347(2) 156 x, 1+y, 2+z 

C19–H19A···O13 2.46 3.362(2) 151 x, 1+y, 2+z 
C23–H23A···O7 2.67 3.471(3) 139 x, y, 1+z 
C26–H26···O6 2.59 3.251(2) 127 x, 1+y, z 

* Molecules/ions in the same asymmetric unit. 

 

3.2.2 Spectroscopic and Thermal analysis 

Salt screen on EMB gave both solid and liquid products (Table 3.1). The products were 

analyzed as salts through ATR-IR spectroscopy. IR spectroscopy is generally used as a 

first-hand tool to characterize hydrogen bonded adducts.22 Shifts in the vibrational 

frequencies with respect to the starting materials indicate the formation of an adduct. For 

example, in case of EMB carboxylic acid salts, the characteristic C=O absorption peak of 

–COOH group which appears around 1700 cm–1 disappeared and gave two peaks in the 

salt spectra around 1600 and 1400 cm–1 characteristic of the asymmetric and symmetric 

stretch of –COO– group.22 The representative spectra are shown for ethambutol 

dibenzoate liquid product in Figure 3.6. Similarly, solid state NMR spectroscopy, 

particularly 15N spectrum, is characteristic in establishing the formation of an adduct23 
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liquid formulation of the two drugs (both being anti-TB drugs) is thwarted by partial 

decomposition of 4-aminosalicylate component (which is known to undergo 

decarboxylation to 3-aminophenol)32 upon storage. Ethambutol disaccharinate ionic 

liquid can be useful as an oral sweet liquid formulation of the drug provided the water 

uptake upon storage is controlled. The first example of polymorphism in an API ionic 

liquid is reported for ethambutol dibenzoate.15 The room temperature stable EDB form 1 

was obtained by slow (in a desiccator) and fast (by co-melting) crystallization, whereas 

metastable form 2 was crystallized by fast evaporation (by rotavaporization). New 

crystalline polymorphs of several compounds obtained by fast crystallization in a rotavap 

were recently reported.33 In all, this study shows that unless the ionic liquid is an RTIL, it 

may not be a substitute for solid dosage forms free of polymorphism issues, since ILs in 

the temperature range 30-100 °C can exhibit polymorphism just like high melting salts. 

Further studies on the crystallization and characterization of ILs and RTILs will create 

new opportunities for pharmaceutical formulation. On the other hand, the classic 

problem of hygroscopicity of salts/ILs13,34 suggests that explorations of other solid forms 

of drugs such as cocrystals,35 eutectics,36 and solid dispersions36c,37 are equally important. 

A preliminary study on eutectics in controlling the hygroscopic nature of ethambutol 

dihydrochloride is discussed in chapter 6. 

 

3.5 Experimental Section 

Materials and Methods: Ethambutol dihydrochloride (Lot#090M0189V) and 4-

aminosalicylic acid (Lot#S44855-419) were purchased from Sigma Aldrich and used 

without further purification. All other chemicals were of analytical or chromatographic 

grade. Water purified from a deionizer cum mixed bed purification system was used for 

experiments. 

Preparation and Crystallization of Ethambutol base: The free base of ethambutol was 

prepared as per the method reported by Bhutani et al.1a Ethambutol dihydrochloride (2 g) 

was added to 5N aqueous NaOH (20 ml). The mixture was stirred for 10-15 minutes and 

extracted with methylene chloride (25 ml). The organic extract was dried (Na2SO4) and 

left for evaporation at ambient temperature to afford big block crystals of ethambutol in a 

day. The product crystals are characterized by DSC (m.p. 88 °C), NMR and XRD. 

Recrystallization from acetone resulted in diffraction quality plate crystals but they 

showed twinning. Several crystals were checked for unchanging unit cell parameters 
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during X-ray cell check and the crystal which did not showed doubling of the unit cell 

was continued for data collection. 

Ethambutol dihydrochloride (C10H26Cl2N2O2): Colorless plate crystals of the salt, 

suitable for single crystal X-ray diffraction, were obtained from a methanolic solution, 

kept at –20 °C, upon complete evaporation of the solvent. 
1H NMR (DMSO-d6): δ 0.92 (3H, t, J 8), 1.68 (2H, m), 3.06 (1H, m), 3.71 (2H, m), 5.40 

(1H, s), 9.29 (2H, d, J 80 (N–H coupling)). Protons of –CH2 group (attached to –NH2
+ 

group) merged with dissolved water peak of DMSO-d6. 
13C NMR (DMSO-d6): δ 10.24, 20.78, 41.27, 57.99, 60.74. 

Ethambutol (C10H24N2O2): 
1H NMR (DMSO-d6): δ 0.82 (3H, t, J 8), 1.31 (2H, m), 2.32 (1H, m), 2.55 (2H, s), 3.27 

(2H, m). NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.51, 24.22, 47.31, 60.72, 63.07. 

Salt synthesis experiments 

a. Synthesis by direct reaction of base and acid: Ethambutol and acid (in 1:1 molar 

ratio for diacids and 1:2 molar ratio for monoacids) were separately dissolved in acetone 

and kept at –20 °C for 10 minutes. After incubation, the two solutions were mixed and 

stirred for 5-10 minutes in an ice cold bath.  Salt obtained as white precipitate in solution 

was filtered on a 2.5 µm Whatman filter paper and washed with acetone and dried. 

b. Solution Crystallization: Ethambutol and acid (in 1:1 molar ratio for diacids and 1:2 

molar ratio for monoacids) were directly dissolved in methanol/ethanol. The solutions 

were kept for slow crystallization at (i) room temperature, in (ii) a –20 °C refrigerator 

and (iii) a desiccator separately. For fast crystallization of salts, the alcoholic solutions 

were subjected to rotavaporization. 

c. Co-grinding: Ethambutol and acid (in 1:1 molar ratio for diacids and 1:2 molar ratio 

for monoacids) were subjected to neat grinding using a mortar-pestle for 1-2 minutes. 

d. Co-melting: Ethambutol and acid (in 1:1 molar ratio for diacids and 1:2 molar ratio 

for monoacids) were taken together in a sublimation tube and heated in an oil/salt bath 

beyond the melting point of the higher melting compound. The tube was held until a 

uniform liquid with no trace of solid material is formed and then kept aside for ambient 

cooling. 
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e. Physical mixtures: Ethambutol and acid (in 1:1 molar ratio for diacids and 1:2 molar 

ratio for monoacids) were mixed together with a glass rod on a glass plate and the 

material was transferred to a glass vial for storage at ambient temperature. 

Ethambutol sulfate (C10H26N2O6S): 
1H NMR (D2O): δ 0.94 (3H, t, J 8), 1.70 (2H, m), 3.25 (1H, m), 3.48 (2H, s), 3.73 (2H, 

m). NHs and OHs exchange in solvent. 
13C NMR (D2O): δ 9.00, 20.37, 40.82, 57.86, 61.40. 

Ethambutol dimesylate (C12H32N2O8S2): 
1H NMR (DMSO-d6): δ 0.90 (3H, t, J 8), 1.60 (2H, m), 2.39 (2H, s), 3.09 (1H, m), 3.42 

(2H, m). Protons of –CH3 group (attached to –SO3
– group) merged with dissolved water 

peak of DMSO-d6. NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.14, 20.64, 39.10, 40.99, 57.99, 60.73. 

Ethambutol dibesylate (C22H36N2O8S2):  
1H NMR (DMSO-d6): δ 0.86 (3H, t, J 8), 1.57 (2H, m), 3.07 (1H, m), 3.30 (2H, s), 7.35 

(2H, d, J 4), 7.64 (2H, d, J 4), 8.55 (1H, s). Protons of –CH2 group (attached to –NH2
+ 

group) merged with dissolved water peak of DMSO-d6. NHs and OHs exchange in 

solvent. 
13C NMR (DMSO-d6): δ 10.07 (2C), 20.60 (2C), 41.02 (2C), 57.95 (2C), 60.79 (2C), 

125.89 (4C), 128.43 (4C), 129.65 (2C), 147.32 (2C). 

Ethambutol ditosylate (C24H40N2O8S2): 
1H NMR (DMSO-d6): δ 0.86 (3H, t, J 8), 1.57 (2H, m), 2.27 (3H, s), 3.05 (1H, m), 3.29 

(2H, s), 7.14 (2H, d, J 8), 7.51 (2H, d, J 8). Protons of –CH2 group (attached to –NH2
+ 

group) merged with dissolved water peak of DMSO-d6. NHs and OHs exchange in 

solvent. 
13C NMR (DMSO-d6): δ 10.09 (2C), 20.63 (2C), 21.23 (2C), 41.06 (2C), 57.99 (2C), 

60.77 (2C), 125.92 (4C), 128.82 (4C), 139.05 (2C), 144.73 (2C). 

Ethambutol dibenzoate (C24H36N2O6):15 Solution crystallization of an alcoholic 

(MeOH or EtOH) solution of ethambutol and benzoic acid in 1:2 molar ratio in a 

desiccator resulted in form 1. When the solution was subjected to rotavaporization, form 

2 was obtained. Form 3 was obtained from form 1 material subjected to VT-PXRD up to 

90 °C, the phase transition temperature in DSC. The product from two VT-PXRD 

experiments on form 1 was combined and used for characterization and experiments. All 
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three polymorphs showed close chemical shifts and integration in both 1H and 13C NMR 

spectra. 
1H NMR (DMSO-d6): δ 0.86 (3H, t, J 8), 1.47 (2H, m), 2.65 (1H, m), 2.90 (2H, s), 3.39 

(2H, m), 7.39 (2H, d, J 8), 7.47 (1H, d, J 8), 7.90 (2H, d, J 8). NHs and OHs exchange in 

solvent. 
13C NMR (DMSO-d6): δ 10.52 (2C), 22.65 (2C), 44.22 (2C), 60.51 (2C), 60.96 (2C), 

128.43 (4C), 129.59 (4C), 131.64 (2C), 135.07 (2C), 169.31 (2C). 

Ethambutol dinicotinate (C22H34N4O6): 
1H NMR (DMSO-d6): δ 0.88 (3H, t, J 8), 1.52 (2H, m), 2.77 (1H, m), 3.06 (2H, s), 3.43 

(2H, m), 7.40 (1H, dd, J 8, 4), 8.17 (1H, d, J 8), 8.60 (1H, d, J 4), 9.00 (1H, s). NHs and 

OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.44, 22.08, 43.34, 60.20, 60.54, 123.64, 131.67, 137.02, 

150.81, 151.64, 168.54. 

Ethambutol disalicylate (C24H36N2O8): 
1H NMR (DMSO-d6): δ 0.93 (3H, t, J 8), 1.61 (2H, m), 3.02 (1H, m), 3.31 (2H, s), 6.67 

(1H, d, J 4), 6.70 (1H, d, J 8), 7.21 (1H, t, J 8), 7.70 (1H, d, J 8). Protons of –CH2 group 

(attached to –NH2
+ group) merged with dissolved water peak of DMSO-d6. NHs and 

OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.29, 21.24, 41.99, 59.01, 60.60, 116.47, 117.38, 119.41, 

130.65, 132.79, 162.50, 172.98. 

Ethambutol di-4-aminosalicylate (C24H38N4O8): 
1H NMR (DMSO-d6): δ 0.86 (3H, t, J 8), 1.51 (2H, m), 2.77 (1H, m), 3.03 (2H, s), 5.85 

(1H, s), 5.93 (1H, d, J 8), 7.36 (1H, d, J 8). Protons of –CH2 group (attached to –NH2
+ 

group) merged with dissolved water peak of DMSO-d6. NHs and OHs exchange in 

solvent. 
13C NMR (DMSO-d6): δ 10.44, 22.07, 43.22, 60.15, 60.42, 95.55, 105.14, 106.53, 

131.73, 153.88, 163.93, 173.69. 

Ethambutol disaccharinate (C24H34N4O8S2): 
1H NMR (DMSO-d6): δ 0.90 (3H, t, J 8), 1.61 (2H, m), 3.13 (1H, m), 3.31 (2H, s), 3.69 

(2H, m), 7.60 (1H, m), 7.62 (2H, m) 7.68 (1H, m). NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.18, 20.69, 41.01, 58.04, 60.65, 119.77, 123.14, 131.87, 

132.33, 134.70, 145.35, 168.38. 
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Ethambutol succinate (C14H30N2O6): 
1H NMR (DMSO-d6): δ 0.85 (3H, t, J 8), 1.44 (2H, m), 2.26 (2H, s), 2.61 (1H, m), 2.82 

(2H, s), 3.34 (2H, m). NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.50, 22.77, 32.36, 44.32, 60.35, 61.06, 175.90. 

Ethambutol fumarate (C14H28N2O6): 
1H NMR (DMSO-d6): δ 0.86 (3H, t, J 8), 1.47 (2H, m), 2.69 (1H, m), 2.92 (2H, s), 3.39 

(2H, m), 6.42 (1H, s). NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.47, 22.30, 43.58, 60.39, 60.45, 135.88, 169.28. 

Ethambutol adipate (C16H34N2O6): 
1H NMR (DMSO-d6): δ 0.83 (3H, t, J 8), 1.39 (2H, m), 1.43 (2H, d, J 4), 2.08 (2H, d, J 

4), 2.73 (1H, m), 3.15 (2H, s), 3.36 (2H, m). NHs and OHs exchange in solvent. 
13C NMR (DMSO-d6): δ 10.51, 24.11, 35.29, 45.05, 49.05, 60.45, 61.55, 176.15. 

X-ray Crystallography: X-ray reflections for EDH, ethambutol dimesylate and 

ethambutol fumarate hydrate were collected at 100 K on Bruker SMART-APEX CCD 

diffractometer equipped with a graphite monochromator and Mo-Kα fine-focus sealed 

tube (λ = 0.71073 Å). Data reduction was performed using Bruker SAINT software.38 

Intensities were corrected for absorption using SADABS.39 Structures were solved and 

refined using SHELX-97.40 X-ray reflections for ethambutol were collected at 298 K on 

an Oxford Xcalibur Gemini Eos CCD diffractometer using Cu-Kα radiation (λ = 1.5418 

Å). Data reduction was performed using CrysAlisPro (version 1.171.33.55)41 and 

OLEX2-1.042 was used to solve and refine the structure. All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms on heteroatoms were located from difference 

electron density maps and all C–H hydrogens were fixed geometrically. Flack 

parameter12 was obtained upon solving and refinement of the X-ray data. The final CIF 

files and hydrogen bond geometries were validated in PLATON.43 X-Seed44 was used to 

prepare packing diagrams.  

Powder X-ray Diffraction: PXRD were recorded on Bruker D8 Advance diffractometer 

using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Diffraction patterns were 

collected over 2θ range of 5-50° at scan rate of 1° min–1. VT-PXRD was performed on 

the same instrument equipped with a variable temperature stage (TTK450 chamber, 

working temperature range –190 °C to 450 °C). The sample was packed in a Cr–plated 

copper holder and heated from 30 °C to 90 °C at 5 °C/min. Scans were taken at selected 
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temperatures over 2θ range of 5-42°, using a step size of 0.08° 2θ and time per step of 1 

sec. Powder cell 2.445 was used to plot the diffraction patterns. 

Spectroscopy: Nicolet 6700 FT-IR spectrometer equipped with a single bounce ATR 

and an NXR FT-Raman module was used to record IR and Raman spectra. IR spectra 

were recorded on samples placed on Zn-Se crystal. Raman spectra were recorded on 

compressed samples contained in a gold-coated sample holder. Solution and solid state 

NMR spectra were recorded on a Bruker Avance spectrometer at 400 MHz. SS-NMR 

spectra were recorded on a Bruker 4 mm double resonance CP-MAS probe in zirconia 

rotors at 5.0 kHz with a cross-polarization contact time of 2.5 ms and a recycle delay of 8 

s. 15N CP-MAS spectra were recorded at 40 MHz and referenced to glycine N atom, and 

then the chemical shifts were recalibrated to nitromethane N (δglycine = –347.6 ppm). 

Additionally the identity and stoichiometry of the components of the salts were 

established through solution 1H NMR integration and 13C NMR spectra. 

Thermal analysis: DSC was performed on a Mettler Toledo DSC 1 module calibrated 

with indium (Tm = 156.60 °C; ∆Hf = 28.45 J g–1) and zinc (Tm = 419.50 °C; ∆Hf = 107.50 

J g–1) as per the manufacturer’s specifications. TGA was performed on a Mettler Toledo 

TGA/SDTA 851e module calibrated with indium (Tm = 156.60 °C) and aluminium (Tm = 

660.30 °C). The temperature range used for solid samples in both DSC and TGA is 30–

400 °C at 5 °C min–1. For liquid samples, a heat-cool-reheat DSC cycle through liquid 

nitrogen cooling in the temperature range –100 to +150 °C at 5 °C min–1 was employed. 

The typical sample size is 5–10 mg for DSC and 10–15 mg for TGA. Samples were 

placed in crimped but vented aluminium pans for DSC and open alumina pans for TGA 

and were purged by a stream of dry nitrogen flowing at 50 mL min–1. 

Karl Fischer (KF) titration: Water content of the samples was determined using a 

Spectralab volumetric MA 101 C Karl Fischer titrator with KF reagent (single solution) 

as the titrant and anhydrous methanol as the solvent. 
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4.1 Introduction 

Nitrofurantoin (abbreviated as NF; Figure 4.1) is an anti-bacterial drug used in the 

treatment of urinary tract infections1 and is on the WHO Model List of Essential 

Medicines.2 Polymorphism and pseudopolymorphism of NF are reported in the 

literature.3 Caira et al. reported two polymorphs of anhydrous Nitrofurantoin (α and β) 

and two polymorphs of Nitrofurantoin monohydrate (Form I and Form II).4 NF β 

polymorph and monohydrate II are the stable anhydrate and monohydrate forms and 

exist in the marketed formulations.4a,5 The former has higher dissolution rate than the 

latter3b,4a which is in accordance to the general observation that anhydrates tend to have 

higher dissolution rates than hydrates.6 The transformation of NF anhydrates to 

monohydrate II was observed during dissolution,3b,4a pelletization7 and granulation.8 The 

transformation of anhydrate β polymorph is slower compared to α polymorph with the 

latter showing comparable dissolution rate to that of the monohydrate II.4a NF is a Class 

IV drug according to the Biopharmaceutics Classification System i.e. it has low 

solubility and low permeability (and bioavailability).9 A side effect of NF is nausea and 

emesis upon oral administration and is due to its high absorption rate.10 The same study10 

reported that larger crystals (150 µm mesh size) of lower surface area and slower 

absorption reduced emesis but still conferred optimal therapeutic effect. The rapid initial 

dissolution rate of the stable β polymorph has been linked to the side effects of the drug 

by Caira et al.4a Though it appears unlikely that a stable polymorph has a higher 

dissolution rate, the slower transformation of β polymorph to monohydrate II compared 

to metastable α polymorph (which transforms faster to slow dissolving monohydrate II) 

renders it unimpeded during dissolution, thus leading to faster dissolution.4a Considering 

these transformations, the drug is marketed as two different formulations to control fast 

dissolution/absorption and for sustained release purposes: macrocrystalline NF (brand 

name ‘Macrodantin’)1,11 and combination of macrocrystalline NF and NF monohydrate 

(brand name ‘Macrobid’).12 

 Dehydration kinetics of NF monohydrate II13 and solution behavior of anhydrate 

β polymorph and monohydrate II has been studied.14 Several NF salts such as sodium 

and potassium,15 and L-arginine, L-lysine, L-histidine, L-ornithine and glycine16 were 

reported in the patent literature, but there is no study on the control of hydration and 

dissolution of the drug. A control over the dissolution rate can influence the absorption 
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rate which in turn may regulate the side effects of the drug. With the intent of controlling 

the hydration and dissolution behavior of Nitrofurantoin, the cocrystallization approach 

was undertaken in this study. Based on the potential heterosynthons17 possible with 

coformers containing complementary functional groups to those of NF, cocrystallization 

with p-aminobenzoic acid (PABA), urea and L-arginine was executed (Figure 4.1). Two 

1:1 cocrystals (NF–PABA and NF–urea), a 1:1:1 salt hydrate (NF–L-arginine–H2O) and 

a 1:1 methanol solvate (NF–MeOH) were obtained and their crystal structures were 

determined in this work.18 The hydration stability and dissolution rate of the adducts 

were compared with that of NF β polymorph and monohydrate II. NF–PABA cocrystal 

was found to be superior among the adducts in terms of minimal transformation to NF 

hydrate and comparable dissolution rate to the reference drug.18 Pseudopolymorphs and 

cocrystals of Nitrofurantoin were recently reported by other groups as well.19 
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Figure 4.1 (a) Molecular structures of Nitrofurantoin and coformers used in this study. 
(b) Some possible homosynthons and (c) heterosynthons between the molecular 
components in the adducts. 
 

4.2 Crystallization of the Adducts 

Commercial NF (Alfa Aesar) matches with β polymorphic modification (PXRD profile 

match in Figure 4.2) and the material was used for all experiments of this study. NF 

monohydrate form II was obtained upon grinding the material by adding few drops of 
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water (PXRD profile match in Figure 4.3a). Evaporative crystallization of NF with 

PABA, urea and L-arginine respectively in equimolar stoichiometry resulted in single 

crystals of the corresponding adducts (detailed in Experimental Section). A methanol 

solvate of NF was crystallized from methanol. X-ray crystallographic parameters are 

shown in Table 4.1 and hydrogen bonds in Table 4.2. Macroscopic amounts of the 

adducts were obtained upon solid state grinding (also called neat grinding)20 in case of 

cocrystals (NF–PABA and NF–urea) and water-assisted grinding for the L-arginine salt 

hydrate (PXRD profile match in Figure 4.3b-d).  

 
Figure 4.2 Overlay of the calculated lines from X-ray crystal structure (red) of NF β 
polymorph and the experimental PXRD pattern (black) of the commercial material 
shows peak-to-peak match. 

(a) (b) 

(c) (d) 
Figure 4.3 Overlay of the calculated lines from X-ray crystal structures (red) and 
experimental PXRD patterns (black) show peak-to-peak match. (a) NF monohydrate 
form II obtained upon water-assisted grinding20 of NF. (b) NF–PABA and (c) NF–urea 
cocrystals and (d) NF–L-Arg–H2O salt hydrate obtained upon neat grinding and water-
assisted grinding of the respective components in equimolar stoichiometry. 
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Table 4.1 Crystallographic parameters. 

Molecular adduct NF–PABA NF–Urea NF–L-Arg–
H2O NF–MeOH 

empirical formula C8H6N4O5–
C7H7NO2 

C8H6N4O5–
CH4N2O 

C8H6N4O5–
C6H15N4O2–

H2O 

C8H6N4O5–
CH4O 

formula weight 375.30 298.23 430.40 270.21 
crystal system triclinic monoclinic orthorhombic monoclinic 
space group P 1  P21/n P212121 P21/c 

Za 4 8 12 8 
T/K 298(2) 100(2) 100(2) 298(2) 
a/Å 6.7239(11) 6.681(3) 5.7872(6) 6.4279(17) 
b/Å 7.5460(12) 13.653(6) 15.3731(16) 6.7824(18) 
c/Å 16.316(3) 13.189(6) 21.173(2) 26.841(7) 
α/° 93.827(2) 90 90 90 
β/° 92.538(2) 97.460(7) 90 92.149(4) 
γ/° 101.659(2) 90 90 90 

V/Å3 807.5(2) 1192.9(9) 1883.7(3) 1169.4(5) 
Dcalc/g cm–3 1.543 1.661 1.518 1.535 
µ/mm−1 0.125 0.142 0.126 0.131 

reflns. collected 8466 10368 19511 11753 
unique reflns. 3191 2130 3679 2335 

observed reflns. 2722 1821 3476 1897 
R1 [I>2σ(I)] 0.0382 0.0539 0.0336 0.0429 

wR2 [all] 0.0985 0.1430 0.0789 0.1134 
goodness-of-fit 1.054 1.049 1.047 1.039 

CCDC Refcodeb ORUXOP ORUXUV ORUXEF ULECAQ01 
a Z = Z'' (no. of crystallographically non-equivalent molecules of any type in the 
asymmetric unit)21 × no. of independent general positions of the space group; b Ref. 18. 
 
Table 4.2 Hydrogen bonds in crystal structures of the adducts.* 

Interaction H···A/Å D···A/Å ∠∠∠∠D–H···A/° Symmetry code 
NF–PABA 

N4–H4···O5 1.83 2.827(2) 165.3 –x, 1–y, 1–z 
N5–H5A···O4 2.44 3.204(2) 131.5 1+x, y, z 
N5–H5B···O3 2.25 3.265(2) 176.3 1–x, 2–y, 2–z 
N5–H5A···O2 2.70 3.424(2) 128.9 1–x, 1–y, 1–z 
O7–H7···O6 1.60 2.589(2) 178.4 –x, –y, 1–z 
C3–H3···O4 2.50 3.263(2) 126.3 1+x, y, z 
C3–H5···O4 2.30 3.157(2) 134.1 1+x, y, z 

C14–H14···O2 2.35 3.381(2) 158.1 1–x, 2–y, 2–z 
C8–H8B···O6 2.61 3.615(2) 153.2 1–x, 1–y, 1–z 

NF–Urea
N4–H4···O6 1.74  2.724(3) 163.1 1/2–x, 1/2+y, 1/2–z 

N5–H5A···O3 2.23 3.144(3) 148.9 x, y, 1+z 
N5–H5B···O4 2.15 3.062(3) 148.5 x, y, 1+z 
N5–H5B···N2 2.49 3.308(3) 137.1 x, y, 1+z 
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N6–H6A···O6 1.95 2.960(3) 178.4 –x, 1–y, 1–z 
N6–H6B···O4 2.19 3.071(3) 144.1 x, y, 1+z 
N6–H6B···O5 2.50 3.023(3) 111.1 –1/2+x, 3/2–y, 1/2+z 
N5–H5A···O1 2.59 3.188(3) 117.4 x, y, –1+z 
C2–H2···O2 2.39 3.264(3) 136.4 –x, –y, –z 
C3–H3···O5 2.35 3.355(3) 152.9 1/2–x, –1/2+y, 1/2–z 
C5–H5···O3 2.52 3.181(3) 118.2 1/2+x, 1/2–y, 1/2+z 
C5–H5···O2 2.60 3.668(3) 167.4 1/2+x, 1/2–y, 1/2+z 
C3–H3···O3 2.62 3.216(3) 113.7 1/2+x, 1/2–y, 1/2+z 
C8–H8···O4 2.70 3.650(3) 146.1 1–x, 1–y, –z 

NF–L-Arg–H2O
N5–H5A···O5 1.78  2.775(2) 167.7 x, –1+y, z 
N5–H5B···O8 2.01 2.880(2) 141.7 x, –1+y, –1+z 
N5–H5C···O6 1.66 2.670(2) 176.1 1+x, y, z 
N6–H6···N4 2.03 3.030(2) 167.7 –x, –1/2+y, 1/2–z 

N7–H7A···O5 1.87 2.874(2) 169.4 –x, –1/2+y, 1/2–z 
N7–H7B···O4 1.75 2.755(2) 172.4 1/2+x, 1/2–y, 1–z 
N8–H9A···O3 2.06 3.062(2) 167.4 1/2+x, 1/2–y, 1–z 
N8–H9B···N2 2.35 3.342(2) 164.1 1/2+x, 1/2–y, 1–z 

O8–H15A···O7 1.86 2.836(2) 167.2 1+x, 1+y, 1+z 
O8–H15B···O7 1.86 2.830(2) 164.5 1/2+x, 1/2–y, 1–z 

C3–H3···O6 2.49 3.075(2) 112.2 3/2+x, 1/2–y, –z 
C12–H12B···O6 2.50 3.281(2) 128.0 1+x, y, z 

C2–H2···O2 2.51 3.589(2) 169.6 1/2+x, 1/2–y,–z 
C2–H2···O3 2.57 3.340(2) 127.0 1/2+x, 1/2–y, 1–z 

C13–H13B···O2 2.67 3.582(2) 141.5 1+x, y, z 
C3–H3···O7 2.49 3.525(2) 158.5 3/2+x, 1/2–y, –z 
C5–H5···O8 2.47 3.429(2) 146.0 1/2+x, 3/2–y, 1–z 

C8–H8A···O7 2.64 3.636(2) 152.2 1/2+x, 1/2–y, –z 
C11–H11A···O4 2.65 3.203(2) 110.7 –x, 1/2+y, 1/2–z 
C11–H11A···O4 2.58 3.323(2) 124.8 x, –1+y, z 

NF–MeOH
N4–H4···O6 1.77  2.777(2) 172.7 –x, 1/2+y, 3/2–z 
O6–H6···O5 1.83 2.809(2) 174.0 1–x, –1/2+y, 3/2–z 
C2–H2···O3 2.35 3.230(2) 137.1 1+x, y, z 
C5–H5···O4 2.11 3.171(2) 164.5 1+x, y, z 

C8–H8B···O6 2.60 3.656(2) 165.7 1+x, y, z 
C9–H9A···O4 2.71 3.501(2) 129.2 1+x, y, z 

* O–H, N–H and C–H distances are neutron-normalized to 0.983, 1.009 and 1.083 Å 
respectively. 
 

4.2.1 Cocrystal of NF and PABA 

The crystal structure solved in the space group P 1  and contains each of the NF and 

PABA molecules in the asymmetric unit. NF molecules are hydrogen-bonded via the 

imide dimer and PABA molecules are connected via the acid dimer homosynthons 

(Figure 4.4). Such dimeric units are connected via the N–H···O + C–H···O two-point 
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4.3 Solubility and Dissolution study of the Adducts 

Solubility and dissolution are important physico-chemical parameters that influence the 

bioavailability of drugs.24 Solubility is the concentration of the substance at equilibrium 

between the solution and the undissolved solid. The rate at which this equilibrium state is 

reached is the dissolution rate. The former is a thermodynamic parameter while the latter 

is a kinetic indicator.24 The extent of drug dissolved in a particular time period is 

measured by the dissolution rate. During equilibrium solubility conditions (high 

supersaturation, agitation, long duration, typically 24 h), a solid drug form may 

dissociate or transform due to polymorphic change, hydrate formation, precipitation 

etc.24,25 Nevertheless, the formulation is advantageous if it facilitates drug release (in 

solution for absorption and consequent pharmacological action) within a desirable time-

frame before it is destabilized. This evaluation whether the drug is sustained in the 

medium for the therapeutic retention time (usually 0.5–8 h) is achieved through a 

dissolution study.24,26 

 Nitrofurantoin is a BCS Class IV drug with low water solubility.9 The reported 

aqueous solubility values of NF are quite far apart, 80 mg/L4a and 190 mg/L16 at 25 °C. 

In this study, equilibrium solubility value obtained for NF (82 mg/L) at ambient 

temperature matched with the lower number.18 Caira et al.4a suggested that as anhydrous 

Nitrofurantoin (commercial NF β polymorph of this study) transforms to monohydrate II 

during solubility testing, the measured solubility of the drug actually corresponds to NF 

monohydrate II. The above transformation was confirmed by PXRD of the undissolved 

drug after the solubility experiment in this work. The transformation demonstrates higher 

stability of NF monohydrate II than the anhydrate β polymorph at ambient temperature 

and humidity. Similarly, equilibrium solubility experiments were done on NF–PABA, 

NF–urea and NF–L-Arg–H2O in water at 25 °C. Only the solubility of NF–PABA 

cocrystal could be determined (216 mg/L is the molar equivalent solubility of NF in the 

cocrystal) because the other two adducts transformed to NF monohydrate II within one 

hour of the solubility experiment (analyzed by PXRD of the undissolved residue). NF–

PABA cocrystal did not show any transformation to any of the NF forms (polymorph, 

hydrate) and was quite stable even after 3 days in the equilibrium solubility conditions.18 

The solubility of NF–PABA cocrystal follows the ‘coformer solubility rule’27 i.e. high 

solubility coformer (PABA aqueous solubility 5.8 g/L)28 led to high solubility cocrystal. 

From a different perspective, this also means that low solubility NF resulted in even less 
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soluble NF–PABA cocrystal with respect to PABA. Thus, the compensation of solubility 

of NF (low) and PABA (high) resulted in intermediate solubility for the cocrystal. 

 As the NF–PABA cocrystal was found to be resistant to hydration, the effect of 

PABA as an additive in reducing the hydration of the drug in water was studied.18 With 

increase in the % of PABA to NF (from 5% to 60% by weight) in water slurry medium, a 

steady increase in the concentration of NF–PABA cocrystal and decrease in NF 

monohydrate II content in the residue (Figure 4.11) was observed as analyzed by PXRD 

(Table 4.3). This shows that PABA reacted with NF to form stable NF–PABA cocrystal 

in solution. Complexation between NF and PABA was observed as a visible color 

change of the solution from yellow to orange (NF/ NF–H2O II is yellow, PABA is white 

and NF–PABA is orange), while the excess NF transformed to the monohydrate. The 

gradual change in the color of the residue (from yellow to orange) with increase in the 

concentration of NF–PABA cocrystal is shown in Figure 4.12. At 57.6% of PABA-to-NF 

(molar proportion of components in the 1:1 cocrystal), there was no trace of NF 

monohydrate II in the residue and the material was entirely NF–PABA cocrystal (with 

reference to PXRD pattern in Figure 4.3b). This shows that PABA was effective as a 

coformer in the 1:1 cocrystal composition to make NF stable to hydration and also as an 

additive in reducing its hydration. 

 
Figure 4.11 Variation in the composition of NF–PABA cocrystal and NF monohydrate 
II in the water slurry residue with increase of PABA concentration. 
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cases (Table 4.5). The IDR in water followed the order: NF–L-Arg–H2O > NF–PABA > 

NF β > NF hydrate II > NF–urea for the first 30 min and NF–L-Arg–H2O > NF–PABA > 

NF β > NF–urea > NF hydrate II for 4 h (Table 4.5 & Figure 4.13). In 0.1 N HCl the 

order is NF–L-Arg–H2O > NF–PABA > NF–urea > NF β > NF hydrate II and the same 

trend is observed in pH 6.8 buffer (Table 4.5 & Figure 4.13). 

Table 4.4 Molar extinction coefficients of the compounds in different media. 

Molar 
extinction 

coefficient, 
mL mg–1 cm–1 

NF β NF 
monohydrate II NF–Urea NF–PABA NF–L-Arg–

H2O 

Water 73.69 68.31 58.41 46.10 43.56 
0.1 N HCl 68.73 61.04 51.02 43.91 37.04 

pH 6.8 buffer 71.61 66.70 57.24 44.80 40.85 
 

Table 4.5 IDRs of the compounds in different media. 

Compound 

Water 0.1 N HCl pH 6.8 buffer 
IDR in µg 
cm–2 min–1 

(for 30 
min) 

IDR in 
µg cm–2 
min–1 

(for 4 h) 

IDR in µg 
cm–2 min–1 

(for 30 
min) 

IDR in 
µg cm–2 
min–1 

(for 4 h) 

IDR in µg 
cm–2 min–1 

(for 30 
min) 

IDR in 
µg cm–2 
min–1 

(for 4 h) 
NF β 44.2 37.1 39.7 30.8 48.5 43.4 
NF 

monohydrate II 37.8 33.9 27.3 25.8 47.1 41.3 

NF–Urea 32.5 36.5 39.9 35.8 51.5 52.2 
NF–PABA 58.5 54.4 50.3 44.1 72.2 68.9 
NF–L-Arg–

H2O 119.6 107.1 75.9 52.6 138.5 165.5 

 

  
(a) (b) 
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(c) (d) 

(e) (f) 

Figure 4.13 Dissolution profiles of NF and its adducts in water (a & b), 0.1 N HCl (c & 
d) and (e & f) pH 6.8 buffer. 
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Figure 4.15 Overlay of the calculated X-ray crystal structures of NF–PABA (red) and 
NF monohydrate II (blue) on the PXRD pattern of NF–PABA cocrystal subjected to 
dissolution in 0.1 N HCl medium (black) shows 78:22 composition by Rietveld 
refinement (Rp = 0.17). 
 

 In contrast, NF–L-Arg–H2O salt exhibited highest IDR of all compounds (Table 

4.5) even though it completely transformed to NF monohydrate II in all the three media 

(analyzed by PXRD with reference to Figure 4.3a). The dissolution behavior of this salt 

conforms to Nangia’s model of cocrystal solubility.29According to the model, a cocrystal 

(or salt) containing a high soluble coformer (or salt former) can facilitate faster 

dissolution of a low soluble component. This happens via the fast release of high soluble 

coformer into aqueous medium (because of its higher affinity to the latter) that results in 

the dissociation of cocrystal, thereby leaving behind the low soluble component in an 

amorphous/randomized state, which understandably leads to an increase in the 

solubility/dissolution of the low soluble component.29 In this case, before the unbound 

NF (formed upon release of L-arginine from the lattice) hydrates, it is believed that much 

of it actually dissolves in the medium thus giving rise to higher IDR values. The same 

behavior (high IDR despite transformation to slow dissolving monohydrate II) was not 

observed for the NF–urea cocrystal which showed low IDR values close to that of the 

monohydrate II upon transformation (Table 4.5). This anomalous behavior of NF–urea 

cocrystal, despite greater aqueous solubility of urea (1.21 g/mL)30 than L-arginine (0.18 



113 
 

g/mL),31 could be due to relative differences between solute-solute (NF and urea/L-

arginine) interactions and solute-solvent interactions which govern dissolution kinetics. 

In all, both NF–PABA and NF–urea cocrystals are more stable and exhibited desirable 

low IDRs compared to NF–L-Arg–H2O salt in the aqueous dissolution experiments.18 

The significance and take home point of these findings is that it runs contrary to the 

popular belief that salts are more preferable to cocrystals for drug formulation.  

4.4 Conclusions 

Cocrystallization with a few coformers was evaluated as a pharmaceutical development 

methodology to control the hydration and dissolution behavior of Nitrofurantoin.18 All 

the adducts except NF methanolate were found to be stable at ambient temperature and 

humidity conditions. Crystal structure analysis of the cocrystals NF–PABA and NF–urea 

suggest a possibility of polymorphs for the cocrystals based on the lack of expected 

supramolecular synthons in the manifested structures. Both the cocrystals come under 

the category of pharmaceutical cocrystals29,32 because of the GRAS (Generally 

Recognized as Safe) status of the coformers.33 The two cocrystals showed desirable 

physicochemical properties viz. hydration stability (NF–PABA) and lower dissolution 

rate (NF–urea) compared to NF–L-Arg–H2O salt. Among the three adducts, NF–PABA 

cocrystal is least susceptible to transformation to NF monohydrate II in the three media 

of different pHs. PABA was found to control hydration of NF both as an additive (from 5 

to 50% of NF) and a coformer (57.6% of NF) by forming NF–PABA cocrystal. Thus, 

NF–PABA combination can be useful as a novel/alternate formulation that can control 

hydration and dissolution and consequently the absorption rate of the drug.18 The amount 

of actual drug absorbed can be adjusted by modifying PABA content in the NF drug 

formulation. This limited study suggests that, in some cases, the relatively new cocrystals 

methodology can be advantageous than the conventional salt forms for controlling the 

physicochemical properties of drugs. 

4.5 Experimental Section 

Materials and Methods: Commercially available Nitrofurantoin (Alfa Aesar) was used 

without further purification. All other chemicals were of analytical or chromatographic 

grade. Water filtered through a double deionized purification system (Milli Q Plus Water 

System from Millipore Co., USA) was used for experiments. 
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Crystallization of the molecular adducts 

NF–PABA: NF (23.8 mg, 0.1 mmol) and PABA (13.7 mg, 0.1 mmol) were dissolved in 

5 mL hot acetonitrile and left for slow evaporation at room temperature. Brownish red 

crystals were formed after a few days upon solvent evaporation. The cocrystal has no 

definite melting point and started to decompose from 210 °C (m.p. of NF 263 °C, m.p. of 

PABA 186 °C).  

NF–Urea: A powdered mixture of NF (46.8 mg, 0.2 mmol) and urea (12 mg, 0.2 mmol) 

was dissolved in 4 mL hot DMF−−−−dioxane solvent mixture (1:1 v/v) and left for slow 

evaporation at room temperature. Yellow crystals were formed after few days upon 

solvent evaporation. The cocrystal has no definite melting point and started to 

decompose at 160 °C (m.p. of urea 133 °C).  

NF–L-Arg–H2O: A powdered mixture of NF (23.8 mg, 0.1 mmol) and L-arginine (17.4 

mg, 0.1 mmol) was dissolved in 6 mL of hot 1:1 acetonitrile−−−−isopropanol solvent 

mixture (1:1 v/v). Brown crystals of 1:1:1 NF–L-Arg–H2O were formed after a few days 

upon solvent evaporation at room temperature. The salt has no definite melting point and 

started to decompose at 170 °C (m.p. of L-arginine 222 °C). 

NF–MeOH: 50 mg NF was dissolved in 15 mL hot methanol and left for slow 

evaporation at room temperature. Yellow crystals in equilibrium with the mother liquor 

formed after one day were filtered and used for characterization and experiments. 

Grinding: The cocrystals were prepared in bulk quantity by neat grinding and the 

hydrates (salt hydrate and NF monohydrate II) by water-assisted grinding. About 200 mg 

of the components, combined together as per the stoichiometric ratio in the crystal 

structure, was ground for 15-20 min using a mortar-pestle. 8-10 drops water was added 

during grinding in case of water-assisted grinding. PXRD and melting point of the 

ground material was recorded to confirm complete reaction of starting materials and 

formation of a new crystalline phase. 

X-ray Crystallography: X-ray reflections were collected on Bruker SMART-APEX 

CCD diffractometer equipped with a graphite monochromator and Mo-Kα (λ = 0.71073 

Å) fine-focus sealed tube. Data reduction was performed using Bruker SAINT software. 

Intensities were corrected for absorption using SADABS. Structures were solved and 

refined using SHELX-97 with anisotropic displacement parameters for non-H atoms. 

Hydrogen atoms on O and N were experimentally located in difference electron density 
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maps. All C–H atoms were fixed geometrically using HFIX command in SHELX-TL. 

The final CIF files and hydrogen bond geometries were validated in PLATON. X-Seed 

was used to prepare packing diagrams. 

Powder X-ray Diffraction: Powder X-ray diffraction of the samples were recorded on 

Bruker D8 Advance diffractometer using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV 

and 30 mA. Diffraction patterns were collected over 2θ range of 5-50° at scan rate of 1° 

min–1. Powder Cell 2.4 was used for Rietveld refinement. 

Thermal Analysis: DSC was performed on a Mettler Toledo DSC 822e module and 

TGA on a Mettler Toledo TGA/SDTA 851e module. The typical sample size is 3-5 mg 

for DSC and 8-12 mg for TGA. Samples were placed in sealed pin-pricked aluminum 

pans for DSC experiments and alumina pans for TGA experiments. A heating rate of 5 

°C min–1 in the temperature range 30-300 °C was applied. Samples were purged by a 

stream of dry nitrogen flowing at 80 mL min–1 for DSC and 50 mL min–1 for TGA. 

CHN Analysis: Microanalysis was performed on ThermoFinnigan/EA 1112 CHNS 

analyzer on a 5 mg sample.  

Equilibrium solubility and Intrinsic dissolution measurements: Prior to solubility 

and dissolution measurements, calibration curves of each of the compounds in all the 

three media (water, 0.1 N HCl and pH 6.8 buffer) were obtained and their molar 

extinction coefficients were determined spectrophotometrically (Table 4.5) on a Thermo 

Scientific Evolution 300 UV-Vis spectrometer based on the absorbance at 368 nm (λmax 

of Nitrofurantoin devoid of interference from other compounds). The respective molar 

extinction coefficients of the compounds were used to estimate solubility and dissolution 

values. Equilibrium solubility was determined in water using the shake-flask method.34 

100 mg of powdered compound was added to 5 mL water and the resulting suspension 

was stirred at 25 °C for 24 h. The suspension was equilibrated for one hour and then 

filtered through 2.5 µm Whatman filter paper. The concentration of the solution thus 

obtained was determined spectrophotometrically after appropriate dilution using the 

molar extinction coefficients of the respective compounds. IDR experiments in water, 

0.1 N HCl and pH 6.8 buffer were carried on a USP certified Electrolab TDT-08L 

Dissolution Tester for 4 hours by the disk intrinsic dissolution rate (DIDR) method.35 

The pH 6.8 buffer was prepared as per the International Pharmacopoeia (3rd edition, 

2003).36 For IDR testing, 100 mg of the compound was taken in the intrinsic attachment 
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and compressed to a 0.5 cm2 disk using a hydraulic press at a pressure of 2.5 ton inch–2 

for 5 min. The intrinsic attachment was placed in a jar of 500 mL medium preheated to 

37 °C and rotated at 150 rpm. Aliquots of 5 mL were collected at specific time intervals 

and concentration of the aliquots was determined spectrophotometrically using the molar 

extinction coefficients of the respective compounds. The linear region of the dissolution 

profile (regression >0.99) was used to determine the IDR of the compound as (slope of 

the amount dissolved ÷ surface area of the disk) per unit time. The identity of the 

undissolved materials after solubility and dissolution experiments was established 

through PXRD. There is no transformation of the compounds upon compression. 
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5.1 Introduction 

Pyrazinamide (PZA) and Isoniazid (INH) are the first-line anti-tuberculosis drugs 

administered with Rifampicin and Ethambutol dihydrochloride in fixed dose 

combination (FDC).1 All the four drugs are on the WHO Model List of Essential 

Medicines.2 Multi-drug therapy is important for tuberculosis (TB), HIV, malaria and 

cardiovascular targets to treat the disease in a comprehensive way.3 Several combination 

formulations marketed as polypills are also on the WHO Model List of Essential 

Medicines2 and combination drugs for multiple disease conditions are being studied.4 

The advantages of combination drugs are better drug management, coping with drug 

resistance, as well as intellectual property reasons.3 However, on the down side, FDCs 

pose drug compatibility, dosage, and pharmacokinetic problems.5 A fall in the 

bioavailability of isoniazid and rifampicin due to drug–drug interactions in the anti-TB 

FDC products was noted.6 As a consequence, individual drugs of the anti-TB FDC 

formulations are separately coated with polymers to avoid mutual interaction and then 

blended to make up the final product formulation.7 

 The conventional approach in combination drug therapy is to physically blend 

the drugs as a solid mixture. Covalent joining of the drugs through a labile linker is a 

recent synthetic approach for drug combinations.4,8 The non-covalent approach (i.e. co-

crystallization methodology that involves no making or breaking of covalent bonds)9 of 

combining the drugs was pursued in this study. Even as extensive literature is reported 

on drug cocrystals,10 mainly in the last decade,10c-m drug–drug cocrystals11 and drug–drug 

eutectics12 are, as such, less explored. PZA and INH make a model system to study the 

potential of co-crystallization in physical property enhancement for combination drugs. 

Even though PZA and INH are not currently marketed as a two drug FDC formulation, 

their combination therapy was reported to be effective long ago.13  

 PZA is known to be tetramorphic14 but INH has no polymorphs so far. Both the 

drugs were reported to form cocrystals independently11a,b,15 but they did not co-crystallize 

into a drug–drug cocrystal.11a In this work, attempts to make a binary cocrystal of PZA 

and INH by solution crystallization and by classical mechano-chemical grinding16 (solid 

state grinding technique – detailed in Experimental Section) were unsuccessful but led to 

a 1:1 binary eutectic PZA–INH17 (discussed later). Then, the classical and robust 

carboxylic acid–pyridine heterosynthon18 was thought of to build a ternary cocrystal 
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involving PZA and INH through a dicarboxylic acid, based on the presence of pyridyl 

moiety in both the drugs (Figure 1). Compounds with pyridyl group are known to form 

2:1 (or 1:0.5) binary cocrystals with homologous alkanedicarboxylic acids, wherein the 

carboxylic acid groups on either side of the diacid hydrogen bond to each of the pyridyl 

moieties of two coformer molecules.18c,d 1:0.5 binary cocrystals of INH with succinic 

acid and few other diacids were reported by Simonov et al.15c and Lemmerer et al.15d 

independently. In this background, at first, co-crystallization of PZA and INH with 

succinic acid (SA) and fumaric acid (FA), both are GRAS coformers19, was carried out in 

this study to see the occurrence of acid–pyridine synthon in the binary cocrystals. As 

anticipated, binary cocrystals of the composition PZA–(diacid)0.5 and INH–(diacid)0.5 

sustained by acid–pyridine synthon were obtained17 (Figure 5.2). Crystallization details 

of the cocrystals are given in Experimental Section. Basing on these cocrystal structures, 

the possible role of these dicarboxylic acids as non-covalent linkers for PZA and INH to 

form ternary cocrystals via the acid–pyridine synthon was explored17 (Figure 5.1). 

N
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H
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N
N
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C2 C3

C2 C3

Pyrazinamide (PZA) Isoniazid (INH)Dicarboxylic acid
Succinic acid (SA):
Fumaric acid (FA):

 
Figure 5.1 Proposed assembly of a ternary drug−drug cocrystal through a linear non-
covalent linker via the carboxylic acid–pyridine synthon. 
  

(a) (b) 

(c) (d) 
Figure 5.2 Carboxylic acid–pyridine synthon in the crystal structures of 1:0.5 binary 
cocrystals. (a) PZA–SA, (b) INH–SA, (c) PZA–FA, and (d) INH–FA. 



 

122 
 

 Solid state grinding of PZA and INH with the diacid (SA or FA) in 1:1:1 molar 

stoichiometry (detailed in Experimental Section) did not result in a new cocrystal phase. 

Instead 1:1:1 ternary eutectics of PZA and INH with SA (PZA–SA–INH) and FA (PZA–

FA–INH) were obtained and each phase was characterized by DSC, PXRD, ss-NMR and 

FT–IR.17 These three component solid phases of fixed stoichiometry were found to be 

eutectic composition of their respective binary cocrystals (i.e. PZA–SA–INH is 

composed of PZA–(SA)0.5 and INH–(SA)0.5 and PZA–FA–INH is composed of PZA–

(FA)0.5 and INH–(FA)0.5). These ternary eutectics are the first examples of cocrystals 

making novel eutectic phases.17 Solubility and dissolution experiments on the novel 

phases showed that their intrinsic dissolution rates (IDRs) are in the order, PZA–SA–

INH > INH > PZA–INH > PZA–FA–INH > PZA. Thus, all the new eutectics have faster 

dissolution than PZA and overall PZA–SA–INH ternary eutectic has faster dissolution 

than the parent drugs and also the binary cocrystals.17 

5.2 Crystal structures of Binary Cocrystals 

X-ray crystal structures of the newly obtained 1:0.5 binary PZA−SA, PZA−FA and 

INH−FA cocrystals were determined in this work. The INH–SA cocrystal reported by 

Lemmerer et al. (collected at 173 K)15d was redetermined at 298 K.17 The nature of an 

adduct can be predicted, as being salt (ionic), cocrystal (neutral) or intermediate/mixed 

ionization complex, based on the ‘∆pKa rule’ when the parent compounds are basic (here 

PZA and INH) and acidic (here SA and FA) in nature.20 In this case, all the adducts are 

expected to be cocrystals (neutral species) since the ∆pKa values are negative (Table 

5.1). All the adducts, except INH−FA, are cocrystals and the latter is found to be a mixed 

ionic complex wherein the proton is shared between O (carboxylic acid of FA) and N 

(pyridine of INH) atoms17 (Figure 5.2d). Although an isolated case, this example 

demonstrates the difficulty in anticipating the nature of an adduct (whether ionic, neutral 

or mixed ionic) with respect to carboxylic acid–pyridine synthon from the ‘∆pKa rule’. 

Table 5.1 pKa values and nature of O–H···N interaction in the molecular adducts. 

S. No. Drug Coformer pKa1 
(base) 

pKa1 
(acid) 

∆pKa = 
pKa (base) – pKa (acid) 

O–H···N 
interaction 

1 PZAa SAb 0.5 4.21 –3.71 neutral 
2 PZA FAb 0.5 3.02 –2.52 neutral 
3 INHc SA 1.8 4.21 –2.41 neutral 
4 INH FA 1.8 3.02 –1.22 mixed ionic 

a Ref 21a; b Ref 21b; c Ref 21c. 
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 In the crystal structures of the binary adducts, both the diacids, SA and FA, lie 

about an inversion centre. Thus, each half of the diacid molecule is connected to a full 

molecule of the drug such that each diacid molecule connects two drug molecules on 

either side through the carboxylic acid–pyridine synthon17 (Figure 5.2). Thus, the molar 

ratio of these binary adducts can be designated as ‘1:0.5’ or ‘2:1’ stoichiometry. X-ray 

crystallographic parameters are shown in Table 5.2 and hydrogen bonds in Table 5.3. 

PZA−SA and PZA−FA cocrystals are isomorphous22 (same space group and unit-cell 

dimensions, Table 5.2), as well as isostructural,23 with a unit-cell similarity index (Π) of 

0.0021. In both the structures, each of the diacid connects two PZA molecules on either 

side through acid–pyridine synthon to form a zigzag tape that propagates through PZA 

amide 2
2R (8) dimers (Figure 5.3). Adjacent tapes are non-planar (each of which along 

(11–2) and (–112) planes make an angle of 22.1° in PZA–SA and 21.9° in PZA–FA) and 

form criss-cross structures through N–H···O and C–H···O interactions in 3D (Figure 5.3). 

Thus, the two cocrystals of their isomorphous nature can form solid solutions. 

 In INH–SA cocrystal, linear tapes are formed by INH N–H···O 2
2R (10) dimers 

connected by carboxylic acid–pyridine synthon (Figure 5.4). Such linear tapes form a 2D 

sheet through INH hydrazide N–H···N 2
2R (6) dimers and auxiliary C–H···O bonds 

(Figure 5.4). INH–FA is a sheet structure (Figure 5.5), similar to INH–SA cocrystal, but 

is formed by zigzag tapes contrast to linear tapes of the latter. The INH–FA adduct is an 

exceptional case which is found to violate the ‘∆pKa rule’20 by forming a mixed 

ionization complex. The ∆pKa value is negative (–1.22, Table 5.1) and is expected to be 

a cocrystal just as the above three cases. But, surprisingly, there is a partial proton 

transfer from acid (FA) to pyridine (INH) resulting in O···H···N intermediate ionization 

state (Figure 5.2d). The shared proton is closer to the carboxyl O atom in the 298 K 

structure but moved closer to pyridine N atom in the 100 K structure (Table 5.3),17 which 

in agreement with several structures of this kind in the literature.11a,24 The salt–cocrystal 

continuum was well characterized by variable temperature diffraction studies,11a,24 which 

show that temperature affects the hydrogen location between the donor and acceptor and 

emphasizes that an ionization state cannot be categorically assigned in some cases. This 

illustrates the role of factors other than ∆pKa, in these cases temperature, on proton 

location.20a Examples of this kind play a crucial role in the ongoing exercise on the 

classification of multi-component crystalline solids.25 
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Table 5.2 Crystallographic parameters. 

Molecular adduct PZA−SA INH−SA PZA−FA INH−FA INH−FA 

empirical formula C5H5N3O− 
(C4H6O4)0.5 

C6H7N3O− 
(C4H6O4)0.5 

C5H5N3O− 
(C4H4O4)0.5 

(C6H7N3O)2 
−(C4H4O4) 

(C6H7N3O)2 
−(C4H4O4) 

formula weight 182.16 196.19 181.16 390.36 390.36 
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 
space group P21/n P21/n P21/n P21/n P21/n 

Za 6 6 6 6 6 
T/K 298(2) 298(2) 298(2) 298(2) 100(2) 
a/Å 3.8701(4) 6.971(6) 3.7408(7) 8.1339(3) 7.883(2) 
b/Å 17.3536(18) 19.508(17) 17.352(2) 8.7424(4) 8.697(3) 
c/Å 12.4978(13) 7.260(6) 12.558(2) 12.4779(5) 12.506(4) 
α/° 90 90 90 90 90 
β/° 95.859(2) 114.603(13) 95.760(16) 96.933(4) 97.74(3) 
γ/° 90 90 90 90 90 

V/Å3 834.97(15) 897.7(13) 811.0(2) 880.81(6) 849.5(4) 
Dcalc/g cm–3 1.449 1.452 1.484 1.472 1.526 

µ/mm–1 0.116 0.113 0.119 0.115 0.120 
reflns collected 8467 9228 3083 3941 8546 
unique reflns 1655 1784 1656 1794 1677 

observed reflns 1433 1563 1194 1512 1557 
R1[I>2σ(I)] 0.0424 0.0486 0.0520 0.0366 0.0397 

wR2 [all] 0.1038 0.1301 0.1146 0.0897 0.0942 
goodness-of-fit 1.056 1.085 1.040 1.052 1.114 

diffractometer Bruker Smart-Apex Bruker Smart-Apex Oxford Xcalibur 
Gemini 

Oxford Xcalibur 
Gemini Bruker Smart-Apex 

CCDC no.b 849831 849829 849830 849828 849827 
a Z = Z'' (no. of crystallographically non-equivalent molecules of any type in the asymmetric unit)26 × no. of independent general positions of the 
space group; b Ref. 17. 
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Table 5.3 Hydrogen bonds in crystal structures of the adducts. 

Interaction H···A/Å D···A/Å ∠∠∠∠D–H···A/° Symmetry code 
PZA−SA 

O2−H2···N3 1.80(2) 2.700(2) 174(2) a 

N1−H1A···O2 2.31(2) 3.053(2) 140(2) 3/2−x, 1/2+y, 1/2−z 
N1−H1B···O1 1.96(2) 2.910(2) 173(2) 1−x, 1−y, −z 
N1−H1A···N2 2.30(2) 2.720(2) 108(1) b 

C5−H5···O3 2.61 3.272(2) 128 a 
C3−H3···O3 2.53 3.438(2) 164 3/2+x, 1/2−y, 1/2+z 
C4−H4···O1 2.39 3.304(2) 169 1/2+x, 1/2−y, 1/2+z 

INH−SA 
O3−H3A···N3 1.66(3) 2.621(3) 171(3) a 
N1−H1A···O1 2.24(3) 3.008(3) 146(2) −x, −y, 1−z 
N1−H1B···O3 2.29(3) 3.120(3) 152(2) −x, −y, 1−z 
N2−H2···N1 2.16(2) 2.940(3) 152(2) 1−x, −y, 1−z 
C4−H4···O2 2.32 3.128(3) 144 −1/2+x, 1/2−y, −1/2+z 
C5−H5···O2 2.72 3.339(3) 125 a 

PZA−FA
O2−H2···N3 1.74(3) 2.686(2) 174(3) a 

N1−H1A···O2 2.27(3) 3.073(3) 140(2) 1/2−x, −1/2+y, 1/2−z 
N1−H1B···O1 1.93(3) 2.913(3) 172(2) 1−x, −y, 1−z 
N1−H1A···N2 2.29(3) 2.726(3) 107(2) b 

C5−H5···O3 2.56 3.224(2) 128 a 

C3−H3···O3 2.44 3.344(2) 163 −3/2+x, 1/2−y, −1/2+z 
C4−H4···O1 2.38 3.304(3) 171 −1/2+x, 1/2−y, −1/2+z 

INH−FAc

O3···H3A···N3 1.22(2), 1.33(3) 2.542(2) 172(2) a 

N1−H1A···O1 2.30(2) 3.048(2) 142(2) 1/2+x, 3/2−y, −1/2+z 
N1−H1B···O3 2.28(2) 3.047(2) 143(2) 3/2−x, 1/2+y, 3/2−z 
N2−H2···O2 2.01(2) 2.873(2) 163(2) x, −1+y, z 
C4−H4···O2 2.86 3.439(2) 121 a 

C4−H4···N1 2.67 3.534(2) 155 x, −1+y, z 

C5−H5···O1 2.61 3.500(2) 161 −1/2+x, 3/2-y, 1/2+z 
C6−H6···O2 2.57 3.353(2) 142 x, 1+y, z 

INH−FAd

O3···H3A···N3 1.30(3), 1.23(3) 2.523(2) 171(2) a 

N1−H1A···O1 2.19(2) 3.015(2) 148(2) −1/2−x, 3/2+y, 3/2−z 
N1−H1B···O3 2.20(2) 2.987(2) 146(2) −3/2+x, 5/2−y, 1/2+z 
N2−H2···O2 2.00(2) 2.832(2) 163(2) x, −1+y, z 
C4−H4···O2 2.77 3.365(2) 121 a 

C4−H4···N1 2.62 3.503(2) 154 x, −1+y, z 

C5−H5···O1 2.52 3.432(2) 162 −1/2+x, 3/2-y, 1/2+z 
C6−H6···O2 2.55 3.341(2) 141 x, 1+y, z 

a Molecules in the same asymmetric unit; b Intramolecular hydrogen bond; c 298 K data;  
d 100 K data. 
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(a) (b) 
Figure 5.3 Isostructural cocrystals (a) PZA−SA and (b) PZA−FA are characterized by 
homologous crisscross structures formed by zigzag tapes (shown in ball-stick and 
capped-stick models for clarity) of acid–pyridine synthon connected amide dimer PZA 
molecules. 
 

 
Figure 5.4 Linear tapes of acid–pyridine synthon connected N–H···O dimer INH 
molecules form a sheet structure through INH N–H···N dimers and auxiliary C–H···O 
interactions in INH−SA cocrystal. 
 

 
Figure 5.5 N–H···O bonded INH molecules form zigzag tapes through acid–pyridine 
synthon and make a sheet structure through N–H···O and C–H···O bonds in INH−FA 
mixed ionic complex. 
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5.3 Characterization of Eutectics of PZA–INH combination 

As discussed in Chapter 1, a eutectic is ‘a conglomerate of solid solutions’ or ‘a 

conglomerate of lattice structures of two or more components’. A solid solution 

essentially retains the lattice structure of its parent components, as the inclusion of minor 

component happens substitutionally or interstitially in the lattice structure of the major 

component.27 Hence, there will be no significant change in the bonding patterns and 

crystal packing arrangement in the overall parent lattice. As a result, no appreciable 

change can be observed in the diffraction and spectroscopic patterns of a solid solution 

or eutectic compared to its parent materials unlike other multi-component crystalline 

solids such as salts, cocrystals, complexes etc. In the latter cases, adhesive (hetero) 

interactions replace cohesive (homo/self) interactions and lead to distinct bonding 

interactions between the components and, thus, can direct the crystal packing such that 

their packing arrangement can be different from that of the parent components. Thus, 

these materials can exhibit characteristic diffraction and spectroscopic patterns. In 

contrast, a eutectic exhibits close diffraction and spectroscopic patterns to its component 

materials. The only unambiguous characterization of a eutectic, so far in published 

literature, is melting point analysis through a phase diagram27 as discussed in Chapter 1. 

A eutectic exhibits characteristic low melting point compared to its components because 

of its excess thermodynamic functions (free energy, enthalpy and entropy)28 originating 

from weak and imperfect interactions between the solid solution domains.27 In this work, 

the ternary eutectics (PZA–diacid–INH), characterized by low melting points, were 

found to be composed of binary adducts (drug–(diacid)0.5) but not the pure starting 

materials through X-ray diffraction and spectroscopic analysis.17 Thus, the diffraction 

and spectroscopic techniques are found to be useful in assessing the components of a 

eutectic, whether made up of pure starting materials or adducts. 

5.3.1 X-ray diffraction analysis 

Single crystal X-ray diffraction is the principal technique to characterize crystalline 

solids, more importantly multi component species since it reveals the identity and 

bonding interactions and structural organization of the components in the lattice. An 

adduct structure can be ascertained20 as being a salt, cocrystal, complex or solid solution. 

Generating diffraction quality single crystals is central in this technique. Unlike other 

multi-component crystalline solids, eutectics are heterogeneous in nature (composed of 
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different solid solutions) and hence do not tend to afford single crystals. The inherent 

entropy/disorder between the component solid solution domains27 seems not to aid the 

formation of diffraction quality single crystals. Apart from few inorganic materials (for 

e.g. Lead-Tin system),27a eutectic microstructure is poorly understood in organic 

materials. The lack of crystal structure of a eutectic, despite its long history, emphasizes 

the difficulty in generating single crystals of a eutectic, otherwise its lattice structure 

would have been determined just like other crystalline solids. The current challenge is to 

dissect the organic eutectic materials into solid solutions and assess their domain 

structure as established for a few inorganic materials.  

 Mechano-chemical grinding is a well established technique for the synthesis of 

adducts such as salts and cocrystals.16,29 In this study, cocrystals were prepared by solid 

state grinding17 (detailed in Experimental Section). The sequence of establishing the 

adduct nature is as follows: (i) At first, the solid ground products of drug (PZA or INH) 

and coformer (SA or FA), in 1:0.5 stoichiometry, were assigned to be novel materials 

basing on their distinct diffraction and spectroscopic patterns and melting points 

compared to the parent materials, (ii) afterwards single crystals of these materials were 

grown and were found to be cocrystals (mixed ionic complex in case of INH–FA) 

through their X-ray crystal structures and (iii) finally the solid ground products were 

established as cocrystals by PXRD profile match with that of the calculated lines from 

the respective X-ray crystal structures. 

 In this work, the original goal was to make drug-drug cocrystals of PZA and 

INH with or without using a non-covalent linker.17 The same solid state grinding 

technique was applied to make a binary PZA–INH and ternary PZA–diacid–INH adducts 

(detailed in Experimental Section). But, surprisingly, despite the potential to form 

cocrystals through strong heteromolecular interactions, the solid ground materials did not 

exhibit any new diffraction peaks in the PXRD. The ground product of PZA and INH 

showed a PXRD pattern that matched with that of the pure drugs (Figure 5.6). In the 

latter cases (PZA–diacid–INH), the ground product showed a PXRD pattern that 

matched with peaks corresponding to the binary cocrystals but not the pure components 

(i.e. PZA–diacid–INH = PZA–(diacid)0.5 + INH–(diacid)0.5 and not PZA + diacid + INH) 

(Figure 5.7). But, the ground products (PZA–INH and PZA diacid–INH) exhibited 

characteristic lower melting points than their components in the DSC (discussed next). 

Thus, PZA−INH and PZA−diacid−INH are inferred as eutectic compositions with the 
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5.3.2 Thermal analysis 

Eutectics are traditionally prepared by co-melting and solvent-mediated co-precipitation 

of the components.27b,30 These methods generally give rise to a precipitate-kind of 

material, which is characterized as a eutectic when the material exhibits characteristic 

lower melting point than that of the components. It is not clear whether co-precipitation 

can really result in eutectic formation, since a eutectic-forming physical mixture too 

upon heating results in a eutectic. A eutectic composition and a eutectic-forming physical 

mixture both exhibit close melting points, PXRD and spectroscopic patterns. As per 

conventional wisdom, a physical mixture has heterogeneous distribution and random 

interactions. Thus, subtle differences exist between pre-formed eutectic and eutectic-

forming physical mixture with respect to their homogeneity and integrity. These 

differences were quantified by DSC with respect to peak broadness and offset of eutectic 

endotherm by Mingda Bi et al.31 They showed that compaction, a widely used technique 

in pharmaceutical manufacturing, can result in eutectic formation. With an increase in 

the compaction force, the intimate contact area between the components improved such 

that the compressed material showed lower melting temperature compared to a physical 

mixture.31 This means that a pre-formed eutectic (whether formed by co-melting or any 

other method) exhibits lower melting compared to a eutectic-forming physical mixture. 

 Grinding,16 a physical stress technique just like compaction, resulted in the 

formation of both cocrystals and eutectics in this study.17 It is understood that the weak 

interactions in a eutectic develop as a result of molecular mobility and reorganization 

during the heating process; similar interactions can possibly be induced by grinding. 

Generally, random interactions are characteristic of a physical mixture at ambient 

temperature. However, the physical mixture can attain non-random interactions through 

molecular mobility and reorganization at higher temperature and thus give rise to 

eutectics or adducts.10h,i The same non-random interactions that can develop during 

grinding process to give a salt/cocrystal29,32 are perhaps giving the eutectic composition 

in these cases. When grinding results in the formation of salts/cocrystals (having strong 

interactions) it is not unusual that it can induce the formation of eutectic structures (with 

weak interactions) such that the components are accommodated in the lattice, if the 

process is entropically driven. Thus, grinding and compaction assume to be new 

techniques that can lead to an unambiguous formation of a eutectic as well as applicable 
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PZA−SA−INH 
PZA−FA 
INH−FA 

PZA−FA−INH 
a Ref 21a; b Ref 21c; c Dis

 

(a) 
Figure 5.10 DSC of (a)
physical mixture of PZA–
pure compounds PZA, SA
The melting endotherm o
eutectic-forming physical 

132 
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rnary PZA–SA–INH eutectic formed by grinding
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d INH–FA (green). 

(DSC) and solubility (water) and IDR (pH 1.2 HC

Melting point 
(°C) 
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(mg mL–1) 

IDR 
(mg cm–2 mi

190 22a 3.3 
172 125b 12.9 
142 c 8.3 
188d 83d e

287d 6f e 
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120 c 21.7 
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Table 5.5 FT–IR spectral bands of compounds. 

IR 
vibration 

PZA 
(pure) 

INH 
(pure) 

SA 
(pure) 

FA 
(pure) 

PZA−INH 
(eutectic) 

PZA−SA 
(cocrystal) 

INH−SA 
(cocrystal) 

PZA−SA−INH 
(eutectic) 

PZA−FA 
(cocrystal) 

INH−FA 
(cocrystal) 

PZA−FA−INH 
(eutectic) 

N–H 
(stretch) 

3414, 
3162 

3304, 
3111 --- --- 3412, 3302, 

3162, 3111 3424, 3169 3303, 3220 3425, 3304, 
3219 3426, 3183 3323, 3166 3403, 3325, 

3219 
O–H 

(stretch) --- --- 3037 3083 --- 2932 2933 2937 2810 2819 2810 

C=O 
(stretch) 1716 1667 1731, 

1693 1675 1715, 1668 1712 1708, 1682 1709, 1681 1710, 1693 1681 1712, 1682 

N–H 
(bend) 1611 1635, 

1602 --- --- 1635, 1611 1610 1635, 1609 1635, 1609 1603 1637, 1581 1638 

O–H 
(bend) --- --- 1419 1426 --- 1420 1426 1427 1434 1414 1413 

C–N 
(stretch) 1379 1412 --- --- 1412, 1379 1380 1410 1409, 1382 1383 

1323 
1377 

C–O 
(stretch) --- --- 1310 1320 --- 1325 1331 1325 1313 1321 
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Table 5.6 13C ss-NMR chemical shifts (δ, ppm scale) of compounds. 

PZA 
(pure) 

INH 
(pure) 

SA 
(pure) 

FA 
(pure) 

PZA−INH 
(eutectic) 

PZA−SA 
(cocrystal) 

INH−SA 
(cocrystal) 

PZA−SA−INH 
(eutectic) 

PZA−FA 
(cocrystal) 

INA−FA 
(cocrystal) 

PZA−FA−INH 
(eutectic) 

166.8 164.3 180.1 172.1 166.7 174.4 175.3 174.3 166.7 169.5 170.0 
147.9 151.4 28.2 136.1 164.1 167.1 166.3 166.6 146.1 165.0 167.1 
143.3 149.4   151.1 145.5 149.3 149.5 144.8 146.1 165.4 

 139.1   148.5 139.1 144.7 145.1 138.8 143.1 146.5 
 125.3   143.4 29.8 140.9 141.3 135.1 136.4 143.4 
 119.0   139.8  121.5 139.0  125.1 136.6 
    125.6  29.6 121.7  122.4 125.5 
    119.6   29.6   122.5 

 

Table 5.7 15N SS-NMR chemical shifts (δ, ppm scale) of compounds. 

PZA 
(pure) 

INH 
(pure) 

PZA–INH 
(eutectic) 

PZA–SA 
(cocrystal) 

INH–SA 
(cocrystal) 

PZA–SA–INH 
(eutectic) 

PZA–FA 
(cocrystal) 

INH–FA 
(cocrystal) 

PZA–FA–INH 
(eutectic) 

–29.9 
(N3-non 

intramolecular 
hydrogen bonded 

pyrazine N) 

–42.1 
(N6-pyridine N) 

–251.9 
(N5) 

–72.8 
(N3) 

–92.3 
(N6) –73.4 (N3) –280.2 

(N1) 
–121.4 
(N6) –121.4 (N6) 

–279.1 
(N1-Amide NH2) 

–252.3 
(N5-hydrazide 

secondary amine) 

–279.2 
(N1) 

–280.2 
(N1) 

–253.9 
(N5) –91.1 (N6)  –250.4 

(N5) –250.0 (N5) 

 
–322.5 

(N4-hydrazide 
primary amine) 

–321.9 
(N4)  –324.5 

(N4) –252.8 (N5)  –327.8 
(N4) –278.1 (N1) 

     –280.4 (N1)   –327.0 (N4) 
     –324.6 (N4)    
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5.4 Solubility and Dissolution study 

Eutectics have excess thermodynamic functions (free energy, enthalpy and entropy) due 

to weak and imperfect intermolecular interactions28 and, thus, these materials can confer 

higher solubility and faster dissolution rate compared to other crystalline modifications, 

akin to amorphous forms. Both PZA and INH are highly soluble and rapidly dissolving 

drugs.21a,c In this work, the solubility and dissolution behavior of newly prepared 

cocrystals and eutectics was studied.17 Equilibrium solubility measurements in water 

(detailed in Experimental Section) were unsuccessful in four cases out of seven systems 

because they are incongruently dissolving,10k,l i.e. the solubility of one component is 

much higher than the other. Solubilization of the more soluble component in water 

resulted in precipitation of the less soluble component of the adduct, and hence their 

solubility could not be determined. The binary cocrystal PZA–SA and eutectics PZA–

INH, PZA–SA–INH and PZA–FA–INH are incongruently dissolving systems and 

dissociated in the aqueous slurry medium resulting in precipitation of the less soluble 

species. The solid residue at the end of the experiment was confirmed to be PZA (first 

three cases) and PZA–FA (last case) by PXRD. The aqueous solubility of PZA and 

fumaric acid is lower than that of INH and succinic acid (PZA 22 mg/mL,21a FA 6 

mg/mL,10c INH 125 mg/mL,21c SA 83 mg/mL21b) (Table 5.4). The dissociated 

components resulted in the less soluble PZA–FA cocrystal in the last case. Equilibrium 

solubility for the other three binary adducts could be measured because of their stability 

(INH–SA 155.8 mg/mL, PZA–FA 8.7 mg/mL and INH–FA 49.5 mg/mL) (Table 5.4). 

The adducts follow the ‘coformer solubility rule’:36 the more soluble succinic acid 

coformer improved the solubility of INH and the less soluble fumaric acid gave low 

solubility adducts (Table 5.4). The higher stability of INH–SA and PZA–FA cocrystals is 

possibly a result of closer solubility of the components. INH–FA is expected to be less 

stable because of large difference in the solubility of its components but the observed 

stability was ascribed to the partial ionic state in the crystal structure (salt like nature). 

 As discussed in Chapter 4, even though a solid form dissociates during 

equilibrium solubility conditions, the same material can still be useful if it facilitates 

drug release within a desirable time-frame before it is destabilized.10a,b A dissolution 

study serves the purpose by evaluating the drug release from the formulation into the 

medium.37 A biowaiver is recommended by the WHO to a solid oral dosage form in the 

Model List of Essential Medicines if its in vitro dissolution tests comply with in vivo 
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bioavailability specifications.38 According to the WHO biowaiver dissolution criterion, 

an immediate release (IR) solid oral dosage form should exhibit ‘very rapid’ (no less 

than 85% of the drug must be dissolved in 15 minutes) or ‘rapid’ (no less than 85% of 

the drug must be dissolved in 30 minutes) in vitro dissolution kinetics. In this context, 

dissolution behavior of the adducts was compared with pure drugs in pH 1.2 HCl 

solution at 37 °C by rotating disk intrinsic dissolution rate (DIDR) method39 (detailed in 

Experimental Section). The extent of solid form dissolved in 30 min was: INH–SA 94%, 

PZA–SA–INH 92%, INH 73%, PZA–INH 64%, INH–FA 62%, PZA–FA–INH 50%, 

PZA–SA 36%, PZA 25%, and PZA–FA 15% (Figure 5.18). Thus, INH–SA cocrystal and 

PZA–SA–INH eutectic qualified the criterion of ‘rapid’ dissolution, but pure drug forms 

did not clear the bar in the tested conditions.17 Dissolution of INH increased from 73% to 

94% (in INH–SA cocrystal) and the two-drug combination of PZA and INH increased 

from 64% (in PZA–INH eutectic) to 92% in the ternary eutectic (PZA–SA–INH). PZA–

SA–INH eutectic dissolved 3.7 times faster than PZA and 1.3 times faster than INH; 

PZA–INH and PZA–FA–INH eutectics dissolved 2.5 and 2.0 times faster than PZA 

respectively. The dissolution improvement for pure PZA in its SA cocrystal was 

moderate (25% to 36%). The ternary eutectic PZA–SA–INH exhibited faster dissolution 

for the first 15 min but dropped below INH–SA cocrystal between 15–30 min (Figure 

5.18). Calculated IDR values followed the order: PZA–SA–INH (21.7 mg cm–2 min–1) > 

INH–SA (18.2) > INH (12.9) > PZA–INH (8.3) > INH–FA (7.9) > PZA–FA–INH (6.7) 

> PZA–SA (4.6) > PZA (3.3) > PZA–FA (1.9 mg cm–2 min–1).  

 
Figure 5.18 Dissolution curves of the compounds in pH 1.2 aq. HCl solution. 
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 There is a semi-empirical inverse relationship between melting point and 

solubility,10c,40 and these systems showed mixed results.17 INH–SA cocrystal with lower 

melting point showed higher solubility with respect to INH following the inverse 

relation. But PZA–FA and INH–FA exhibited lower solubility though their melting point 

is lower than the parent compounds (Table 5.4). A similar effect of coformer solubility 

vs. melting point on the dissolution rates was observed in these systems.17 All the 

succinic acid adducts (PZA–SA, INH–SA and PZA–SA–INH) having lower melting 

points showed faster IDRs with respect to their parent drugs. However, fumaric acid 

adducts (PZA–FA, INH–FA) showed slower IDRs despite having lower melting points 

than the parent drugs (Table 5.4). On the other hand, IDRs of PZA–FA–INH and PZA–

INH eutectics are in-between PZA and INH. It appears that the compensation of 

solubility of INH (high) and PZA (low) resulted in intermediate values for these cases. 

These results show that the coformer solubility (high/low) has a greater influence on 

solubility/dissolution (high/low) than melting point (low/high) for a multi component 

system as noted by Good et al.36 Thus, the applicability of ‘coformer solubility rule’ was 

extended to IDRs of both cocrystals and eutectics in this study.17 The inclusion of high 

soluble succinic acid coformer facilitated faster dissolution for PZA and INH (in binary 

cocrystals) and PZA–INH combination (in ternary eutectic). The less soluble fumaric 

acid gave the opposite effect of decreasing dissolution rates of the adducts. Thus, a 

control over the solubility/dissolution of the drugs was achieved through cocrystals and 

eutectics in this study. 

5.5 Conclusions 

Co-crystallization of the two anti-tuberculosis drugs pyrazinamide and isoniazid gave 

surprising but important results.17 Co-grinding not only resulted in drug cocrystals but 

also drug eutectics. This study shows that grinding can produce long-range order (to give 

a cocrystal) or short range order (to give a eutectic) depending on whether adhesive or 

cohesive interactions dominate. Very often the products of co-grinding experiments are 

discarded without further analysis when no cocrystal formation is observed by diffraction 

and spectroscopy. This study suggests that even failed co-crystallization experiments 

should be ascertained for eutectic formation. On the other hand, reporting unsuccessful 

co-crystallization experiments will have broad implications in understanding co-

crystallization processes and stimulates efforts to gain further insights into the design and 
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outcome of cocrystals.41 For example, the seemingly straightforward benzamide–benzoic 

acid cocrystal42 does not actually manifest due to the absence of auxiliary interactions43 

apart from the viable amide–acid heterosynthon44 and thus the system makes a 

eutectic.28b Eutectics are well studied in inorganic materials where asymmetry, mismatch 

and misfit between the components induce eutectic structures such that the components 

are accommodated in the lattice through weak interactions.27 Thus, the factors of lack of 

auxiliary interactions, misfit and mismatch between the components appear to have 

resulted in eutectic compositions in this study. This study was started with the intent of 

making drug−drug cocrystals but the results were drug−drug eutectics.17 Though 

superficially it appears that the design aspect is lacking in the synthesis of eutectics 

unlike cocrystals, careful analysis of the plausible supra/hetero molecular interactions 

will give some lead whether or not the materials can form eutectics. Thus, the same 

cocrystallization experiment can result in the formation of cocrystals/eutectics depending 

on the interactions (adhesive or cohesive) that dominate, provided the process is 

entropically favorable; other the system will make a simple mixture. Further studies of 

these phenomena are needed to understand and predict cocrystal/eutectic formation. 

 For the first time, a control over the solubility/dissolution of drugs is achieved 

via cocrystals and eutectics through this study.17 The two ternary eutectics PZA–SA–

INH and PZA–FA–INH were established to be eutectics of the corresponding binary 

cocrystals through X-ray diffraction and spectroscopy. All three eutectics (including 

PZA–INH binary eutectic) exhibited superior IDR than PZA (the less soluble drug) and 

were stable in laboratory storage conditions of ambient temperature (15–40 °C) and 

humidity (30–70% RH) in the investigated period of one year. PZA–SA–INH eutectic 

and INH–SA cocrystal conform to the WHO biowaiver dissolution criterion whereas 

pure INH and PZA did not qualify the criterion in the tested conditions.17 Thus, eutectics 

can confer dual advantages of solubility/dissolution (because of high thermodynamic 

functions) and stability (because of crystalline nature), which are the prime issues in drug 

research and development, in a novel drug formulation. 

 In addition to making ternary cocrystals20c,45 and drug–drug cocrystals,11 the 

present approach of blending drugs into a eutectic composition (with or without a 

coformer) can be utilized for combination drugs that fail to co-crystallize.17 Whether the 

drug material is amorphous, salt, cocrystal, eutectic or any complex, the objective is to 

develop a drug formulation with improved physico-chemical properties, and this end 
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goal was achieved, in part, in this study. Even though dosage aspects of the FDC 

formulation (PZA–INH in 5:1 ratio)1b,2 are still to be realized in PZA–INH drug eutectic 

(1:1 ratio), a practical approach of potential utility in pharmaceutical property 

management was demonstrated through eutectics in this study. 

5.6 Experimental Section 

Materials and Methods: PZA and INH were purchased from Acros Organics and used 

without further purification. All other chemicals were of analytical or chromatographic 

grade. Water purified from a deionizer cum mixed bed purification system was used for 

experiments. 

Co-crystallization: Drug and coformer were taken in 1:0.5 molar stoichiometry (about 

200 mg combined together) and subjected to solid state grinding using a mortar-pestle 

for 15 minutes. The resultant ground product was used for crystallization and scaled up 

for analytical characterization and experiments. 

PZA–SA (C7H8N3O3): Solid ground mixture of PZA (24.6 mg, 0.2 mmol) and SA (11.8 

mg, 0.1 mmol) was dissolved in 5 mL hot isopropanol and left for slow evaporation at 

room temperature. Colorless rod crystals were obtained after a few days upon solvent 

evaporation. 
1H NMR (DMSO-d6): δ 2.40 (2H, s), 7.86 (1H, s), 8.27 (1H, s), 8.70 (1H, s), 8.84 (1H, 

s), 9.16 (1H, s). OH (succinic acid) exchange in solvent. 
13C NMR (DMSO-d6): δ 29.25, 143.86, 144.05, 145.50, 147.86, 165.57, 174.05. 

INH–SA (C8H10N3O3): Solid ground mixture of INH (27.4 mg, 0.2 mmol) and SA (11.8 

mg, 0.1 mmol) was dissolved in 4 mL hot acetonitrile and left for slow evaporation at 

room temperature. Colorless plate crystals were obtained after a few days upon solvent 

evaporation. 
1H NMR (DMSO-d6): δ 2.40 (2H, s), 7.71 (2H, s), 8.69 (2H, s). OH (succinic acid) and 

NHs (INH) exchange in solvent.  
13C NMR (DMSO-d6): δ 29.83, 122.09 (2C), 141.34, 151.18 (2C), 165.02, 174.73. 

PZA–FA (C7H7N3O3): Solid ground mixture of PZA (24.6 mg, 0.2 mmol) and FA (11.6 

mg, 0.1 mmol) was dissolved in 5 mL hot methanol and left for slow evaporation at 

room temperature. Colorless plate crystals were obtained after a few days upon solvent 

evaporation. 
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1H NMR (DMSO-d6): δ 6.61 (1H, s), 7.85 (1H, s), 8.25 (1H, s), 8.70 (1H, s), 8.84 (1H, 

s), 9.17 (1H, s). OH (fumaric acid) exchange in solvent. 
13C NMR (DMSO-d6): δ 134.45, 143.86, 144.07, 145.54, 147.86, 165.56, 166.45. 

INH–FA (C8H9N3O3): Solid ground mixture of INH (27.4 mg, 0.2 mmol) and FA (11.6 

mg, 0.1 mmol) was dissolved in 4 mL hot methanol and left for slow evaporation at 

room temperature. Colorless plate crystals were obtained after a few days upon solvent 

evaporation. 
1H NMR (DMSO-d6): δ 6.61 (1H, s), 7.71 (2H, s), 8.70 (2H, s). OH (fumaric acid) and 

NHs (INH) exchange in solvent. 
13C NMR (DMSO-d6): δ 121.47 (2C), 134.45, 140.72, 150.67 (2C), 164.36, 166.46. 

Eutectic composition: Compounds were taken in equimolar ratio (about 200 mg 

combined together) and subjected to solid state grinding using a mortar-pestle for 15 

minutes. The resultant ground product was scaled up and used for analytical 

characterization and experiments. 

PZA–INH (C11H12N6O2) 
1H NMR (DMSO-d6): δ 4.61 (2H, s), 7.70 (2H, s), 7.84 (1H, s), 8.26 (1H, s) , 8.68 (3H, 

s), 8.83 (1H, s), 9.17 (1H, s), 10.01 (1H, s). 
13C NMR (DMSO-d6): δ 121.48 (2C), 140.73, 143.86, 144.03, 145.49, 147.86, 150.65 

(2C), 164.42, 165.61. 

PZA–SA–INH (C15H18N6O6)  
1H NMR (DMSO-d6):  δ 2.40 (4H, s), 7.70 (2H, s), 7.86 (1H, s), 8.27 (1H, s), 8.70 (3H, 

s), 8.84 (1H, s), 9.17 (1H, s). OHs (Succinic acid) and NHs (INH) exchange in solvent. 

 13C NMR (DMSO-d6): δ 29.22 (2C), 121.46 (2C), 140.71 (1C), 143.86 (1C), 144.06 

(1C), 145.53 (1C), 147.86 (1C), 150.67 (2C), 164.36 (1C), 165.56 (1C), 174.08 (2C). 

PZA–FA–INH (C15H16N6O6) 
1H NMR (DMSO-d6): δ 6.61 (2H, s), 7.71 (2H, s), 7.86 (1H, s), 8.27 (1H, s), 8.70 (3H, 

s), 8.84 (1H, s), 9.17 (1H, s). OHs (Fumaric acid) and NHs (INH) exchange in solvent. 
13C NMR (DMSO-d6): δ 121.47 (2C), 134.45 (2C), 140.71 (1C), 143.86 (1C), 144.07 

(1C), 145.54 (1C), 147.86 (1C), 150.67 (2C), 164.36 (1C), 165.55 (1C), 166.45 (2C). 

X-ray Crystallography: X-ray reflections for PZA–SA, INH–SA and INH–FA (100 K) 

were collected on Bruker SMART-APEX CCD diffractometer equipped with a graphite 
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monochromator and Mo-Kα fine-focus sealed tube (λ = 0.71073 Å). Data reduction was 

performed using Bruker SAINT software. Intensities were corrected for absorption using 

SADABS. Structures were solved and refined using SHELX-97. X-ray reflections for 

PZA–FA and INH–FA (298 K) were collected on an Oxford Xcalibur Gemini Eos CCD 

diffractometer using Mo-Kα radiation. Data reduction was performed using CrysAlisPro 

(version 1.171.33.55). OLEX2-1.0 and SHELX-97 were used to solve and refine the 

structures. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms on O 

and N were located from difference electron density maps and all C–H atoms were fixed 

geometrically using HFIX command in SHELX-TL. The final CIF files and hydrogen 

bond geometries were validated in PLATON. X-Seed was used to prepare packing 

diagrams. 

Powder X-ray Diffraction: PXRD were recorded on Bruker D8 Advance diffractometer 

using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Diffraction patterns were 

collected over 2θ range of 5-50° at scan rate of 1° min–1. Powder Cell 2.4 was used to 

plot diffraction patterns. 

Spectroscopy: IR spectra were recorded on samples dispersed in KBr pellets on a 

Nicolet 6700 FT-IR spectrometer. Solution and solid state NMR spectra were recorded 

on a Bruker Avance spectrometer at 400 MHz. SS-NMR spectra were recorded on a 

Bruker 4 mm double resonance CP-MAS probe in zirconia rotors at 5.0 kHz with a 

cross-polarization contact time of 2.5 ms and a recycle delay of 8 s. 13C CP-MAS spectra 

were recorded at 100 MHz and referenced to the methylene carbon of glycine, and then 

the chemical shifts were recalibrated to the TMS scale (δglycine = 43.3 ppm). Likewise, 
15N CP-MAS spectra were recorded at 40 MHz and referenced to glycine N atom, and 

then the chemical shifts were recalibrated to nitromethane N (δglycine = –347.6 ppm). 

Additionally the identity and stoichiometry of the components in the eutectics and binary 

adducts was established through solution 1H NMR integration and 13C NMR spectra. 

Thermal Analysis: DSC was performed on a Mettler Toledo DSC 822e module on a 

typical sample size of 3-5 mg in the temperature range 30-200 °C @ 5 ºC/min. Samples 

were placed in crimped but vented aluminum pans and purged by a stream of dry 

nitrogen flowing at 80 mL/min. 

Equilibrium Solubility and Intrinsic Dissolution Measurements: Prior to solubility 

and dissolution measurements in the particular medium, standard curves of the 
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compounds were obtained and their molar extinction coefficients were determined 

spectrophotometrically on a Thermo Scientific Evolution 300 UV-Vis spectrometer 

based on the absorbance at 268 nm. The respective molar extinction coefficients of the 

compounds were used to estimate solubility (water: INH–SA 22.46, PZA–FA 46.08, 

INH–FA 23.73 mL mg–1 cm–1 respectively) and dissolution (pH 1.2 HCl solution: PZA 

57.59, INH 36.45, PZA–INH 48.22, PZA–SA 43.06, INH–SA 27.21, PZA–SA–INH 

34.23, PZA–FA 45.67, INH–FA 28.11, PZA–FA–INH 35.45 mL mg–1 cm–1 respectively) 

values. Equilibrium solubility was determined in water using the shake-flask method.46 

Excess amount of powdered compound was added to 5 mL water to result in a 

suspension which was stirred at room temperature for 24 h. The suspension was 

equilibrated for one hour and then filtered through 2.5 µm Whatman filter paper. The 

concentration of the solution thus obtained was determined spectrophotometrically after 

appropriate dilution using the molar extinction coefficients of the respective compounds. 

IDR experiments in pH 1.2 HCl solution were carried on a USP certified Electrolab 

TDT-08L Dissolution Tester for one hour by the disk intrinsic dissolution rate (DIDR) 

method.39 For IDR testing, 200 mg of the compound was taken in the intrinsic 

attachment and compressed to a 0.5 cm2 disk using a hydraulic press at a pressure of 2.5 

ton inch–2 for 5 min. The intrinsic attachment was placed in a jar of 900 mL medium 

preheated to 37 °C and rotated at 75 rpm. Aliquots of 5 mL were collected at specific 

time intervals and concentration of the aliquots was determined spectrophotometrically. 

The linear region of the dissolution profile (regression > 0.99) was used to determine the 

IDR of the compound as [slope of the amount dissolved ÷ surface area of the disk] per 

unit time. There is no transformation of the compounds before (upon compression) and 

after the dissolution experiment as analyzed by IR and PXRD profiles.  
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CHAPTER SIX 

 

ETHAMBUTOL DIHYDROCHLORIDE EUTECTICS 

 

 

 

COMPOUND 0 DAY AT 30 DAYS AT 60 DAYS 

EDH 

 

EDH–SA 

   

EDH–FA 

  
 

Snapshots of ethambutol dihydrochloride (EDH) and its eutectics viz. 

ethambutol dihydrochloride–succinic acid (EDH–SA) and ethambutol 

dihydrochloride–fumaric acid (EDH–FA), subjected to accelerated stability 

testing conditions of 40 °C and 75% RH (relative humidity) for two months. 

The eutectics exhibit greater hygroscopic stability compared to the parent drug. 
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6.1 Introduction 

Tuberculosis (TB) is the second largest killer disease in the world after HIV/AIDS and is 

the top three causes of death for women in the age group 15 to 44.1 In 2010, about 1.4 

million people died from TB. BCG (Bacillus Calmette-Guérin) vaccine, the only licensed 

vaccine, is effective against childhood TB but its efficacy declines after 10-20 years.2 

Thus, chemotherapy forms the crucial mode of treatment for the disease but development 

of drug resistance warrants sound strategies to contain it. The World Health Organization 

(WHO), in 1995, developed a strategy called DOTS (Directly Observed Treatment, 

Short-course) to control TB and drug resistance due to monotherapy.1,3 According to this, 

a standard six-month course of four drugs namely Rifampicin, Isoniazid, Pyrazinamide 

and Ethambutol (dihydrochloride) in a fixed dose combination (FDC) formulation is 

administered to treat TB in a comprehensive way.3 Through this approach, even if 

tubercle bacteria develop resistance to one or more of these drugs, they will succumb to 

remaining drugs of the combination. Since 1995, an estimated 7 million lives were saved 

through the use of DOTS polytherapy.1 However, multidrug-resistant strains evolved 

through the course of time leading to multidrug-resistant tuberculosis (MDR-TB).1,4 The 

primary causes of MDR-TB are incomplete/inadequate treatment, mismanagement of the 

course regimen and use of poor quality medicines.1 Apart from nonadherence to the 

GMP (Good Manufacturing Practice) standards in the production of medicines,5 the 

inherent drug-drug interactions5b,6 and consequent degradation in the combination 

formulation was reported to be responsible for sub-standard or poor quality anti-TB FDC 

products. The hygroscopicity of ethambutol dihydrochloride (abbreviated as EDH), one 

of the components of the FDC, is found to catalyse the degradation of rifampicin and 

isoniazid in the formulation resulting in instability and loss of quality of the FDC 

products upon storage.7 As a consequence, individual drugs of the FDC formulation are 

separately coated with polymers to avoid mutual interaction and water uptake and then 

blended to make up the final product formulation.8 It seems by the time the quality 

problems of the anti-TB FDC formulations were realized, damage has been done due to 

inadequacy of drug dosage (because of decomposition upon storage) and thus leading to 

MDR-TB. Thus, new formulations that can minimize drug-drug interactions and sustain 

the potency of the drugs are the need of the hour. Therefore, controlling the 

hygroscopicity of ethambutol dihydrochloride can lead to quality sustenance of the anti-

TB FDC formulations. 
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6.2 Solid form screening 

Salt screening of ethambutol base (abbreviated as EMB) with the intent of obtaining less 

hygroscopic salts, and thus provide alternatives to the existing hydrochloride salt 

formulation, resulted in hygroscopic salts and ionic liquids (discussed in Chapter 3). 

Hence, the attention was turned to other solid forms that can solve the hygroscopicity 

problem of the drug. A scheme about the pros and cons of various solid forms was 

devised in this study (Table 6.1). Based on this, cocrystals and eutectics were pursued as 

they showed promising results in pharmaceutical property management of several drugs.9  

Table 6.1 Scheme of solid formulation options to tackle the hygroscopicity problem of 
EDH. 

API formulation EMB (base) EDH (salt) 

Amorph 
Not a viable option – because of 

its high thermodynamic functions, 
it can tend to be hygroscopic 

Not a viable option – because of 
its high thermodynamic functions, 

it can tend to be hygroscopic 

Salt 
Viable option – but salt screening 
resulted in hygroscopic salts and 

ionic liquids (Chapter 3) 
– 

Cocrystala Viable option Viable option 

Solid solutionb 
Viable option – but needs 

isomorphous solids to form 
Viable option – but needs 

isomorphous solids to form 

Eutecticc 

Since it is a low melting 
compound (88 °C), making a 

eutectic with still lower m.p. is 
not a viable option 

Though it has high 
thermodynamic functions, its 
crystalline nature makes it a 

viable option 

Solid dispersiond 
Viable option – but there is no 

design aspect 
Viable option – but there is no 

design aspect 
a A cocrystal is a stoichiometric multi-component crystalline solid.9a,10 
b A solid solution is a variable stoichiometry multi-component crystalline solid.9f,10,11 
c A eutectic is a conglomerate of solid solutions.10 
d A solid dispersion is a dispersion of two or more components in a solid matrix.9f,10,12 
 

 In this study, cocrystallization trials with ethambutol base with several coformers 

that cannot result in salt formation such as urea, nicotinamide, glycine, cytosine etc. did 

not succeed. Attempts were not made to ascertain any eutectic formation, because a 

eutectic with still lower melting point will bring on production-related stability problems 

for this already low melting compound (Table 6.1). Then, cocrystallization of ethambutol 

dihydrochloride (EDH) salt was attempted. GRAS dicarboxylic acid coformers (fumaric 
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acid (FA), succinic acid (SA) and L-tartaric acid (TA)13; Figure 6.1) were selected based 

on the non-hygroscopic nature and lack of hydrates for FA and SA;14,15 though L-tartaric 

acid hydrates,15 its cocrystal with piracetam was shown to exhibit hygroscopic stability.16 

The properties of partner molecules of cocrystals and eutectics are known to play a vital 

role in affecting their properties e.g. high soluble coformer can confer 

solubility/dissolution improvement to its cocrystal/eutectic.9a,e,17 Thus, these coformers 

can impart hygroscopic stability to their cocrystals/eutectics. Solid state grinding18 of 

EDH with FA/SA/TA in 1:1 ratio resulted in eutectic compositions (EDH–FA–G; EDH–

SA–G; EDH–TA–G; ‘G’ represents ground product). In addition, the traditional method 

of, co-melting9f,19 (in 1:1 ratio) also gave the eutectics (EDH–FA–M; EDH–SA–M; ‘M’ 

represents molten product) except in case of L-tartaric acid where the molten material 

did not solidify (perhaps because of supercooling).20 On the other hand, no attempts were 

made to ascertain the exact eutectic compositions through a phase diagram. For the ease 

of study and understanding, the components were taken in 1:1 molar ratio and 

ascertained as eutectic compositions in a broad sense. The novel eutectic compositions 

were found to exhibit greater hygroscopic stability compared to the parent drug 

(discussed later). 

OH
NH2+

NH2+
OH

HOOC

COOH

Cl
HOOC

COOH

HOOC

COOHOH

OH

Cl

EDH FA SA TA  
Figure 6.1 Molecular structures of the compounds of this study. 

6.3 Characterization of the EDH eutectics 

As discussed in Chapters 1 and 5, cocrystal/eutectic formation takes place depending on 

whether adhesive or cohesive interactions dominate between the components. The 

formation of eutectics of EDH with the dicarboxylic acid coformers (Figure 6.1) can be 

due to lack of strong heteromolecular interactions that can result in a cocrystal viz. (i) 

there are no viable acceptor groups in both the components to satisfy the strong hydrogen 

bond donor groups (carboxylic acid and hydroxyl) and (ii) no viable functional groups 

(such as amide and pyridine) that can break the acid dimer of the carboxylic acid, and 

(iii) more number of hydrogen bond donors (especially weak C–H donors) compared to 

acceptor groups. Hence, such a system will tend to form a eutectic. As per the Lead-Tin 
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the hygroscopic stability behavior improved from L-tartaric acid eutectic to fumaric acid 

eutectic (Table 6.2). EDH–TA–G eutectic with lowest melting point of the EDH 

eutectics was found to liquefy within 15 days (by visual inspection) and showed highest 

water uptake of 55% at the end of two months (Table 6.2). The molten product of EDH–

TA became semisolid upon cooling and hence not tested. On the other hand, differences 

in hygroscopic behavior between grinding-induced eutectic9e (ground product) and heat-

induced eutectic25 (molten product) were observed in the cases of EDH–FA and EDH–

SA systems. The heat-induced eutectics with less crystallinity compared to grinding-

induced eutectics (PXRD in Figure 6.4) have less hygroscopic stability. EDH–SA–M 

eutectic became pasty after 15 days and completely turned liquid with 48% water uptake 

by 60 days, while EDH–SA–G showed only 14% water uptake after 60 days and was 

semisolid (Figure 6.6, Table 6.2). Similarly, EDH–FA eutectics showed differences in 

water uptake behavior with EDH–FA–M 13% and EDH–FA–G 3% after 60 days (Figure 

6.6, Table 6.2). This indicates that there might be differences in the domain organization 

of grinding-induced and heat-induced eutectics with the result that they exhibited slightly 

different hygroscopic behavior. In all, both the EDH–FA eutectics and EDH–SA–G 

eutectic showed greater hygroscopic stability than EDH in the tested conditions. 

Compound 0 day At 30 days At 60 days 

EDH 

 

EDH–FA–G 

 

EDH–FA–M 

 

EDH–SA–G 

 

EDH–SA–M 

 
Figure 6.6 Snapshots of the compounds to show their relative hygroscopicity with EDH–
FA–G eutectic showing higher stability towards the accelerated stability testing 
conditions of 40 °C and 75% RH for two months. 
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Table 6.2 Melting points and hygroscopic behavior of the compounds. 

Compound 
Melting 

point 
(°C) 

% water uptake 
0 day At 15 days At 30 days At 60 days 

TGA KF TGA KF TGA KF TGA KF 
EDH 200 0.2 0.3 5.2 5.4 20.2 19.3 45.6 45.8 

EDH–FA–Ga 174 0.2 0.2 0.2 0.2 0.5 0.4 2.9 3.0 
EDH–FA–Mb 167 0.2 0.2 4.4 4.6 9.1 10.1 13.1 13.3 
EDH–SA–Ga 141 0.2 0.2 1.3 0.9 5.9 5.8 13.7 13.8 
EDH–SA–Mb 137 0.2 0.2 15.7 15.9 30.6 30.3 48.2 48.3 
EDH–TA–Ga 109 0.2 0.2 19.5 19.3 38.5 38.6 54.5 54.6 
 a eutectic obtained by grinding; b eutectic obtained by melting. 

 Hygroscopic stability testing of the eutectics was also carried out through a DVS 

(Dynamic Vapor Sorption) study. Samples were subjected to a 10-90-10% RH cycle at 

40 °C (detailed in Experimental Section) and their water adsorption/desorption behavior 

was studied. EDH was found to adsorb 106% water at 90% RH and retain 37% water 

upon coming back to 10% RH (Figure 6.7). EDH–FA–G eutectic showed a maximum 

water uptake of 60% (at 90% RH) and retained only 14% water at the completion of the 

experiment (Figure 6.8a). EDH–FA–M eutectic, which showed a maximum water uptake 

of 72%, retained only 1% water after the experiment (Figure 6.8b). Similarly for EDH–

SA system, grinding-induced eutectic showed comparatively lower water uptake (76%) 

than heat-induced eutectic (80%), but retained more water (23% vs. 4%) at the end of the 

experiment (Figure 6.9). The hygroscopic stability behavior of the eutectics in the DVS 

experiments is in line with the trend observed in accelerated stability testing conditions: 

(i) EDH being the most hygroscopic material, (ii) fumaric acid eutectics exhibiting 

greater hygroscopic stability than succinic acid eutectics as well as EDH and (iii) 

grinding-induced eutectics showing comparatively less water uptake than heat-induced 

eutectics. But, with respect to the desorption behavior in the DVS experiments, the heat-

induced eutectics showed lesser water retention upon desorption than the grinding-

induced eutectics, although they adsorbed more water at 90% RH (Figures 6.8 & 6.9). 

They were expected to be less prone to desorption and this behavior further demonstrates 

the differences in the domain organization of heat-induced and grinding-induced 

eutectics. In all, both fumaric acid and succinic acid eutectics (whether grinding-induced 

or heat-induced) displayed greater hygroscopic stability compared to EDH in the tested 

conditions. Importantly, the obtained results were in line with the proposition of stability 

advantage of eutectics and further demonstrated the utility of eutectics as novel solid 
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6.5 Conclusions 

In this study, dicarboxylic acid eutectics of ethambutol dihydrochloride, the marketed 

form of ethambutol drug, were obtained through co-grinding and co-melting techniques. 

In an analogy to cocrystals, this study was carried out on three propositions viz. (i) 

design aspect for eutectics or deliberate formation of eutectics, (ii) translating properties 

of a material to its eutectic and (iii) stability advantage of eutectics, and results are 

favorable. As per the understanding that materials with stronger adhesive (hetero) 

interactions can form cocrystals and those having stronger cohesive (homo) interactions 

can result in eutectics (discussed in Chapters 1 and 5), getting eutectics of EDH in this 

work is no surprise. The lack of potent functionalities in EDH that can break the strong 

acid homo dimer of carboxylic acids (FA/SA/TA) and the imbalance between donors and 

acceptors, understandably, minimized the possibility of heteromolecular interactions 

between the components and thus resulted in eutectics. It is not out of place to draw 

similarity between eutectics and ionic liquids (IL – salt with melting point less than 100 

°C)20b,c,27 since both of them have a common feature of low melting point. The reasons of 

molecular asymmetry, charge delocalization and lack of strong heteromolecular 

interactions between the components to result in ILs20b,c,27 are more or less true for deep 

eutectic solvents (DESs),28 a sub-category of eutectics, and happens to be the case for 

eutectics too. Also, supercooling or glass formation generally observed in ILs20 is also 

found in one of the eutectics of this work. 

 A correlation between the melting point of the eutectic and its hygroscopic 

stability is also observed with high melting eutectics showing greater stability to 

hygroscopicity. The non-hygroscopic and high melting fumaric acid imparted its 

properties to the eutectics. The EDH–FA eutectics have higher melting points and 

exhibited less hygroscopicity than EDH and other eutectics in the accelerated stability 

testing conditions as well as DVS experiments. In the current scenario of rising MDR-

TB,1 new formulations with superior properties are the need of the hour. Thus, the EDH–

FA eutectics become potential candidates for future anti-TB FDC formulations. In 

chapter 5, the solubility/dissolution advantage of eutectics was demonstrated and in this 

work the stability advantage was shown. Thus, the prime issues of solubility/dissolution 

and stability in drug research and development29 were addressed through eutectics. In all, 

eutectics were established to be novel/alternate solid forms of APIs that deem to be 

explored to modulate physico-chemical properties of the drugs. 
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 On the other hand, with the exception of melting point, eutectics cannot be 

characterized by routine analytical techniques of diffraction and spectroscopy used to 

characterize other multi-component crystalline solids (salts, cocrystals, complexes etc). 

This is because the inclusion of minor component happens substitutionally or 

interstitially in the major component thereby the lattice (domain) structure of each of the 

solid solutions in the eutectic material remains largely unaffected21 (Scheme 6.2). As a 

result, there will be no significant change in the diffraction and spectroscopic patterns of 

the eutectic compared to a physical mixture. Nevertheless, slight changes in these 

patterns can be characteristic of eutectics but this need to be established through 

statistical analysis on ample number of materials. Of late, the atomic pair distribution 

function (PDF) analysis, based on scattering and diffraction phenomena, which is known 

to appraise the local structure of crystalline and amorphous materials, has been proposed 

to be useful in understanding the eutectic microstructure.9f,30 Overall, the techniques for 

the characterization of eutectics need to be strengthened. 

 A descending trend in eutectic melting from physical mixture to ground mixture 

to melt was observed in this study and is consistent with the increase in the intimate 

contact area25 from physical mixture to ground mixture to melt-crystallized material. As 

such, slight differences in the diffraction and spectroscopic patterns between grinding-

induced and heat-induced eutectics of EDH were observed, which indicate differences in 

their domain organization. Also, these eutectics exhibited variations in their hygroscopic 

nature (in accelerated stability testing conditions) and desorption behavior (water 

retention in DVS experiments) which further demonstrates some kind of polymorphic 

behavior in them. But, as eutectic microstructure is poorly understood in organic 

materials, it is too hasty to arrive at polymorphism31 in eutectics. The current challenge is 

to dissect the organic eutectic materials into solid solutions and assess their domain 

structure as established for inorganic materials. Whether polymorphism in eutectics/solid 

solutions is probable or not will be a question for future studies. 

6.6 Experimental Section 

Materials and Methods: Ethambutol dihydrochloride (Lot#090M0189V) was 

purchased from Sigma Aldrich and used without further purification. All other chemicals 

were of analytical or chromatographic grade. Water purified from a deionizer cum mixed 

bed purification system was used for experiments. 
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Ethambutol dihydrochloride (C10H26Cl2N2O2): 
1H NMR (DMSO-d6): δ 0.92 (3H, t, J 8), 1.68 (2H, m), 3.06 (1H, m), 3.71 (2H, m), 5.40 

(1H, s), 9.29 (2H, d, J 80 (N–H coupling)). Protons of –CH2 group (attached to –NH2
+ 

group) merged with dissolved water peak of DMSO-d6. 
13C NMR (DMSO-d6): δ 10.24, 20.78, 41.27, 57.99, 60.74. 

Preparation of Eutectics 

Co-grinding: EDH and diacid were taken in an equimolar ratio and subjected to neat 

grinding using a mortar-pestle for 15 min. 

Co-melting: Co-ground mixtures were taken in a sublimation tube and heated in an 

oil/salt bath beyond 10 °C of their observed melting point in the DSC. The tube was held 

until a uniform liquid with no trace of solid material is formed and then kept aside for 

ambient cooling. 

EDH–FA (C14H30N2O6): Both the eutectics obtained upon co-grinding and co-melting 

showed identical solution NMR spectra. 

1H NMR (DMSO-d6): δ 0.90 (3H, t, J 8), 1.65 (2H, m), 3.10 (1H, m), 3.64 (2H, m), 5.40 

(1H, s), 6.61 (1H, s), 9.27 (2H, s, br). Protons of –CH2 group (attached to –NH2
+ group 

of EDH) merged with dissolved water peak of DMSO-d6 and of carboxylic acid (FA) 

exchange in solvent.  
13C NMR (DMSO-d6): δ 10.22, 20.76, 41.25, 57.95, 60.72, 134.43, 166.40. 

EDH–SA (C14H32N2O6): Both the eutectics obtained upon co-grinding and co-melting 

showed identical solution NMR spectra. 

1H NMR (DMSO-d6): δ 0.90 (3H, t, J 8), 1.66 (2H, m), 2.39 (2H, s), 3.06 (1H, m), 3.65 

(2H, m), 5.40 (1H, s), 9.28 (2H, s, br). Protons of –CH2 group (attached to –NH2
+ group 

of EDH) merged with dissolved water peak of DMSO-d6 and of carboxylic acid (SA) 

exchange in solvent. 
13C NMR (DMSO-d6): δ 10.22, 20.76, 29.23, 41.23, 57.93, 60.71, 174.05. 

EDH–TA (C14H32N2O8): Both the eutectics obtained upon co-grinding and co-melting 

showed identical solution NMR spectra. 
1H NMR (DMSO-d6): δ 0.92 (3H, t, J 8), 1.66 (2H, m), 3.07 (1H, m), 3.64 (2H, m), 4.30 

(1H, s), 5.39 (1H, s), 9.10 (2H, s, br). Protons of –CH2 group (attached to –NH2
+ group 

of EDH) merged with dissolved water peak of DMSO-d6 and of carboxylic acid and 

hydroxyl groups (TA) exchange in solvent. 
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13C NMR (DMSO-d6): δ 10.21, 20.76, 41.26, 57.97, 60.76, 72.59, 173.54. 

Powder X-ray Diffraction: PXRD were recorded on Bruker D8 Advance diffractometer 

using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Diffraction patterns were 

collected over 2θ range of 5-50° at scan rate of 1° min–1. Powder Cell 2.4 was used to 

plot the diffraction patterns. 

NMR Spectroscopy: Solution and solid state NMR spectra were recorded on a Bruker 

Avance spectrometer at 400 MHz. SS-NMR spectra were recorded on a Bruker 4 mm 

double resonance CP-MAS probe in zirconia rotors at 5.0 kHz with a cross-polarization 

contact time of 2.5 ms and a recycle delay of 8 s. 13C CP-MAS spectra were recorded at 

100 MHz and referenced to the methylene carbon of glycine, and then the chemical shifts 

were recalibrated to the TMS scale (δglycine = 43.3 ppm). The identity and stoichiometry 

of the components in the eutectics was established through solution 1H NMR integration 

and 13C NMR spectra. 

Thermal analysis: DSC was performed on a Mettler Toledo DSC 1 module calibrated 

with indium (Tm = 156.60 °C; ∆Hf = 28.45 J g–1) and zinc (Tm = 419.50 °C; ∆Hf = 107.50 

J g–1) as per the manufacturer’s specifications. TGA was performed on a Mettler Toledo 

TGA/SDTA 851e module calibrated with indium (Tm = 156.60 °C) and aluminium (Tm = 

660.30 °C). The typical sample size is 3–5 mg for DSC and 6–8 mg for TGA and the 

temperature range used is 30–250 °C at 5 °C min–1. Samples were placed in crimped but 

vented aluminium pans for DSC and open alumina pans for TGA and were purged by a 

stream of dry nitrogen flowing at 50 mL min–1. 

Karl Fischer (KF) titration: Water content of the samples was determined using a 

Spectralab volumetric MA 101 C Karl Fischer titrator with KF reagent (single solution) 

as the titrant and anhydrous methanol as the solvent. About 50 mg of each sample was 

taken for analysis.  

Hygroscopic stability testing 

Accelerated stability testing: About 200 mg of each of the compounds were placed in a 

glass petri dish and stored without a lid in a Thermolab T-908 stability chamber pre-

maintained at 40 °C and 75% RH (as per the WHO/ICH guidelines)26 for 2 months. 

Percentage water uptake of the samples was assessed periodically at 15, 30 and 60 days 

by TGA and KF titration. The integrity of the samples was established by NMR and 

PXRD (wherever possible) before and after the study. 
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Dynamic Vapor Sorption (DVS) study: DVS measurements were performed on a TA 

Vapor Sorption Analyzer (Model - Q5000SA) at 40 °C. About 5 mg of the sample was 

placed in a metallic-quartz sample pan and subjected to relative humidity (RH) flux from 

10 to 90% and back to 10% RH with a step size of 10% RH. A dwell time of 60 min was 

used when % weight change is > 0.1% for adsorption/desorption in the particular RH. 
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CHAPTER SEVEN 

 

4-AMINOSALICYLIC ACID ADDUCTS 
 

 

 

 

 

 

Cyto+–PAS– Cyto+–PAS––Cyto–H2O 

 

Solution crystallization of p-aminosalicylic acid (PAS) and cytosine (Cyto) in 

1:1 ratio resulted in two different stoichiometry adducts viz. a 1:1 salt (Cyto+–

PAS–) and a 1:1:1:1 salt cocrystal hydrate (Cyto+–PAS––Cyto–H2O). 

Carboxylate–aminopyrimidinium synthon is present in the former and 

carboxylate–pyrimidinium and cytosinium–cytosine in the latter.  
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7.1 Introduction 

4-aminosalicylic acid, commonly known as p-aminosalicylic acid (abbreviated as PAS, 

Figure 7.1), is a second-line drug used in the treatment of multi-drug-resistant 

tuberculosis (MDR-TB)1 and is on the WHO Model List of Essential Medicines.2 It was 

also found to be effective towards ulcerative colitis3 and Crohn’s disease,4 the potent 

drug being its isomer 5-aminosalicylic acid4,5 (5-ASA or Mesalazine, Figure 7.1). Both 

these aminosalicylic acids are amphoteric compounds and have no polymorphs so far. 

But, interestingly one exists in an unionized state (PAS: 4-NH2C6H3(OH)COOH) and the 

other as a zwitterion/inner salt (5-ASA: 5-NH3
+C6H3(OH)COO–) in the solid state6 

(Figure 7.1). In buffer solutions, PAS is found to exist as different ionic species (a) as a 

diprotic acid (NH3
+C6H3(OH)COOH) below its pKa1 (=1.79), (b) as a zwitterion 

(NH3
+C6H3(OH)COO–) at its isoelectric point (pI = 2.71) and (c) as a diprotic base 

(NH2C6H3(OH)COO–) above its pKa2 (=3.63).7 PAS is found to decarboxylate to 3-

aminophenol (NH2C6H4OH) through the zwitterionic state7 and also upon melting.8 

About 13-25% of PAS is estimated to decompose in the pH range 1.3-4.2 in 24 h with 

the highest percentage of decomposition at its isoelectric point.7 PAS is being used since 

1940s,1 but there is no study on the control of its decomposition in aqueous media. In the 

recent past, drug-drug cocrystals with Pyrazinamide, Isoniazid9 and Sulfadimidine10 were 

reported which can have applications in multi-drug therapy. An amorphous form,11 

several salts (sodium8b, potassium, hydrochloride, sulfate, mesylate, ammonium etc.),12 

molecular salts13 (piperazinium, morpholinium) and a dioxane solvate14 of PAS were also 

reported by different groups, and among these ammonium salt is polymorphic.15 

However, crystal structures of many of these salts are not reported. In this study, X-ray 

crystal structures of sodium dihydrate, sulfate and mesylate salts were determined. In 

addition, a salt and a salt cocrystal with cytosine and a nicotinamide cocrystal were 

newly obtained upon solid form screening and their crystal structures were determined. 

 
(a) (b) 

Figure 7.1 (a) 4-aminosalicylic acid exists in an unionized form and (b) 5-aminosalicylic 
acid exists as zwitterion in the solid state. 
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7.2 Crystal Structures of the Adducts 

PAS of its rich functionalities (carboxylic acid, amine and phenol) can form a multitude 

of adducts16 with various coformers depending on the pKa differences17 and thus 

becomes a model compound of study. The same solid form screening experiments can 

result in the crystallization of its zwitterionic form or a new polymorph, which can be 

important as a novel form.18 Two cytosine adducts (a salt CYT+–PAS– and a salt 

cocrystal hydrate CYT+–PAS––CYT–H2O) and a nicotinamide cocrystal hydrate (PAS–

NAM–H2O) were obtained in this work. Further, the reported sodium dihydrate,8b sulfate 

and mesylate salts12 were reproduced, of which the anhydrate of sodium salt was newly 

isolated. Attempts to obtain zwitterionic form and polymorphs of PAS by different 

screening methods such as evaporative crystallization (in various solvents and different 

temperatures), sublimation,19 crystallization from aqueous HCl solutions of different pH 

and metathesis reactions using its adducts were unsuccessful. All the crystallization 

experiments are detailed in Experimental Section. 

Sodium-4-Aminosalicylate dihydrate (Na+–PAS––2H2O): When PAS was dissolved in 

NaOH solution and left for ambient crystallization, the salt dihydrate was obtained in the 

space group P21/c. X-ray crystallographic parameters are listed in Table 7.1 and 

hydrogen bonds in Table 7.2. It is a coordination compound wherein sodium (NaI) is six-

coordinated in a twisted-octahedral geometry. The six liganding positions are occupied 

by three PAS molecules (through COO–, OH, NH2 groups), one crystallographic unique 

water molecule and two waters which are also shared by neighbouring NaI atom (Figure 

7.2a). NaI atoms form a tape with PAS and water molecules and connect to adjacent 

tapes through channel waters along the a-axis (Figure 7.2b). 

(a) (b) 
Figure 7.2 (a) Six-coordinated sodium forms a tape with PAS and water molecules. (b) 
Adjacent tapes connected by channel waters along the a-axis make an angle of 33.7° 
with each other. 
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Table 7.1 Crystallographic parameters. 

Adduct Na+–PAS––2H2O 2PAS+–SO4
2– PAS+–CH3SO3

– Cyto+–PAS– Cyto+–PAS––Cyto–H2O PAS–NAM–H2O 
empirical formula C7H10NNaO5 C14H16N2O10S C8H11NO6S C11H12N4O4 C15H19N7O6 C13H15N3O5 

formula weight 211.15 404.35 249.24 264.25 393.37 293.28 
crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic triclinic 
space group P21/c Pba2 P21/c P21/c P21/n P 1  

Z* 16 12 8 16 16 6 
T/K 298(2) 298(2) 298(2) 100(2) 298(2) 100(2) 
a/Å 8.790(4) 15.7940(16) 5.3525(5) 12.6069(17) 7.4285(6) 6.750(2) 
b/Å 14.615(7) 19.897(2) 17.8159(12) 13.6925(18) 22.0769(18) 7.060(2) 
c/Å 6.955(3) 5.5179(6) 11.0537(10) 14.595(2) 10.9219(10) 14.809(4) 
α/° 90 90 90 90 90 95.977(4) 
β/° 97.799(8) 90 99.057(8) 110.973(3) 101.461(9) 97.899(5) 
γ/° 90 90 90 90 90 104.722(4) 

V/Å3 885.3(8) 1734.0(3) 1040.93(15) 2352.5(5) 1755.5(3) 668.9(3) 
Dcalc/g cm–3 1.584 1.549 1.590 1.492 1.488 1.456 

µ/mm–1 0.174 0.246 0.325 0.116 0.118 0.114 
reflns collected 9005 3402 4343 24058 6349 5351 
unique reflns 1749 3402 2132 4667 2992 2206 

observed reflns 1558 3244 1420 3233 1367 1653 
R1[I>2σ(I)] 0.0434 0.0443 0.0426 0.0856 0.0517 0.0400 

wR2 [all] 0.1015 0.1110 0.0982 0.1405 0.0664 0.0967 
goodness-of-fit 1.103 1.135 0.968 1.142 0.851 1.040 

diffractometer Bruker 
Smart-Apex 

Bruker 
Smart-Apex 

Oxford 
Xcalibur Gemini 

Bruker 
Smart-Apex Oxford Xcalibur Gemini Bruker 

Smart-Apex 
* Z = Z'' (no. of crystallographically non-equivalent molecules of any type in the asymmetric unit)20 × no. of independent general positions of the 
space group. 
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Table 7.2 Hydrogen bonds in crystal structures of the adducts. 

Interaction H···A/Å D···A/Å ∠∠∠∠D–H···A/° Symmetry code 
Na+–PAS––2H2O 

O4−H4A···O2 2.12(3) 2.895(2) 163(3) x, y, 1+z 
O4−H4B···O2 1.82(3) 2.745(2) 178(3) 1–x, –y, 1–z 
O3−H3···O1 1.69(4) 2.526(2) 156(3) a 

O5−H5A···O2 2.49(4) 3.137(3) 146(4) b 

O5−H5B···O2 2.06(4) 2.937(3) 176(3) x, 1/2–y, 1/2+z 
N1−H1A···O5 2.43(3) 3.234(4) 157(2) 1+x, 1/2–y, –1/2+z 

2PAS+–SO4
2– 

O1−H1···O7 1.58(4) 2.578(3) 158(4) b 
O4−H4A···O10 1.72(4) 2.619(3) 170(4) b 

O3−H3···O1 1.68(4) 2.605(4) 136(3) a 
O6−H6A···O5 1.90(5) 2.612(4) 143(4) a 
N1−H1A···O9 1.85(3) 2.763(4) 174(3) 1/2–x, 1/2+y, z 

N1−H1A···O10 2.57(4) 3.067(4) 115(3) 1/2–x, 1/2+y, z 
N1−H1B···O5 1.96(3) 2.833(4) 162(3) 1/2–x, 1/2+y, z 

N1−H3C···O10 1.99(4) 2.838(4) 155(3) 1/2–x, 1/2+y, –1+z 
N2−H2A···O8 2.13(5) 2.817(4) 147(5) 1/2–x, 1/2+y, –1+z 
N2−H2A···O9 2.56(5) 3.085(4) 126(4) 1/2–x, 1/2+y, z 
N2−H2B···O7 1.85(5) 2.810(4) 171(4) 1/2+x, 1/2–y, –1+z 
N2−H2C···O9 1.93(4) 2.867(4) 163(4) 1/2+x, 1/2–y, z 
C4−H4···O8 2.67 3.364(4) 132 x, y, –1+z 

C11−H11···O1 2.62 3.538(4) 169 b 
C14−H14···O3 2.36 3.278(4) 171 x, y, 1+z 

PAS+–CH3SO3
– 

O1−H1···O6 1.81(4) 2.649(3) 168(4) 1–x, –y, 1–z 
O3−H3···O2 1.78(4) 2.595(3) 151(3) a 

N1−H1A···O5 1.97(3) 2.818(3) 175(2) b 
N1−H1B···O4 2.25(3) 3.045(3) 151(3) 1+x, y, z 
N1−H1B···O5 2.41(3) 3.170(3) 147(3) 1+x, y, z 
N1−H1C···O2 2.34(4) 2.764(3) 104(3) 1–x, 1/2+y, 3/2–z 
N1−H1C···O4 2.14(4) 3.068(3) 152(3) 1+x, 1/2–y, 1/2+z 
N1−H1C···O6 2.59(4) 3.116(3) 113(3) 1+x, 1/2–y, 1/2+z 
C4−H4···O6 2.66 3.413(3) 159 b 
C6−H6···O5 2.68 3.568(3) 139 b 

C8−H8C···O3 2.55 3.460(4) 159 –x, 1/2+y, 3/2–z 
Cyto+–PAS–

O3−H3···O1 1.56(5) 2.497(4) 153(5) a 
O6−H6A···O4 1.53(5) 2.539(4) 159(5) a 
N1−H1A···O7 2.37(4) 3.123(5) 148(4) x, 1/2–y, 1/2+z 
N1−H1B···O6 2.45(4) 3.196(5) 136(3) –x, –1/2+y, 1/2–z 
N2−H2A···O8 2.22(5) 3.096(5) 158(4) 1–x, 1/2+y, 1/2–z 
N2−H2B···O4 2.52(4) 3.247(5) 142(3) –x, –1/2+y, 1/2–z 
N3−H3A···O2 1.76(4) 2.707(5) 170(4) b 
N4−H4A···O4 1.75(4) 2.726(4) 174(4) 1+x, –1+y, z 
N5−H5A···O5 1.71(5) 2.707(5) 175(4) 1+x, –1+y, z 
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N5−H5B···O3 2.03(4) 2.895(5) 172(4) 1+x, y, z 
N6−H5B···O7 2.09(5) 2.862(5) 148(4) b 
N7−H7A···O2 1.88(4) 2.801(5) 176(3) x, 1/2–y, 1/2+z 
N8−H8A···O1 1.69(5) 2.691(5) 173(4) x, 1/2–y, 1/2+z 
N8−H8B···O5 1.83(5) 2.737(5) 172(4) x, –1+y, z 
C4−H4···O6 2.45 3.286(5) 146 –x, –1/2+y, 1/2–z 

C13−H13···O8 2.34 3.170(5) 146 1–x, 1/2+y, 1/2–z 
C18−H18···O1 2.41 3.307(5) 157 1–x, 1–y, –z 
C22−H22···N1 2.47 3.240(6) 138 x, 1/2–y, –1/2+z 

Cyto+–PAS––Cyto–H2O
O3−H1···O1 1.15(4) 2.482(3) 165(3) a 

O6−H6A···O3 2.04(3) 2.831(4) 175(4) b 

O6−H6B···O2 1.94(4) 2.823(4) 177(5) 1/2+x, 1/2–y, 1/2+z 

N1−H1A···O1 2.28(3) 3.075(4) 150(3) –1/2+x, 1/2–y, 1/2+z 
N1−H1B···O3 2.56(2) 3.372(4) 158(3) –1+x, y, z 
N2−H2···O2 1.84(3) 2.767(4) 172(2) –1/2+x, 1/2–y, 1/2+z 
N3−H3···N6 1.52(4) 2.826(3) 177(3) –x, –y, –z 

N4−H4A···O4 2.06(3) 2.908(4) 150(3) 1+x, y, z 
N4−H4B···O5 1.89(4) 2.841(4) 171(4) –x, –y, –z 
N5−H5···O6 1.88(4) 2.770(4) 164(4) –1+x, y, z 

N7−H7A···O5 2.17(3) 2.935(4) 149(3) 1+x, y, z 
N7−H7B···O4 1.88(3) 2.857(4) 168(3) –x, –y, –z 
C6−H6···O1 2.55 3.401(4) 152 –1+x, y, z 

C10−H10···O2 2.51 3.425(4) 170 1/2+x, 1/2–y, 1/2+z 
C11−H11···O1 2.44 3.125(4) 131 –1/2+x, 1/2–y, 1/2+z 
C14−H14···O6 2.70 3.582(4) 159 b 

PAS–NAM–H2O
O1−H1···N3 1.63(2) 2.6402(19) 177(2) 1–x, 1–y, –z 
O3−H3···O2 1.69(2) 2.518(2) 156(2) a 

O5−H5A···O3 2.03(2) 2.825(2) 158(2) –1+x, y, z 
O5−H5B···O4 1.99(3) 2.819(2) 178(3) b 
N1−H1A···O5 2.14(2) 3.027(2) 168(2) 1–x, 1–y, 1–z 
N1−H1B···O4 2.30(2) 3.042(2) 150(2) x, –1+y, z 
N2−H2A···O4 2.03(2) 2.923(2) 172(2) 1–x, 1–y, 1–z 
N2−H2B···O5 2.00(2) 2.893(2) 158(2) x, –1+y, z 
C11−H11···O2 2.44 3.117(2) 128 1–x, 1–y, –z 
C13−H13···O5 2.70 3.609(2) 161 b 

a Intramolecular hydrogen bond; b Molecules/ions in the same asymmetric unit. 

 

Bis-4-Ammonium salicylic acid sulfate (2PAS+–SO4
2–): A 2:1 PAS sulfate salt was 

crystallized upon slow evaporation of a methanolic solution. The crystal structure was 

solved by removing vaguely resolved peaks possible of a solvent (detailed in 

Experimental Section). Each sulfate moiety connects the crystallographic unique PAS 

molecules through N+–H···O– and O–H···O bonds which make a zigzag chain (Figure 
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7.3a) along the b-axis. Such chains extend into a corrugated sheet-like structure through 

auxiliary interactions involving orthogonal oxygens of the sulfate group (Figure 7.3b). 

 
(a) 

 
(b) 

Figure 7.3 (a) Crystallographic unique PAS molecules (shown in different color) make 
zigzag chains through N+–H···O– and O–H···O bonds with sulfate groups. (b) Such chains 
form corrugated sheets along the a-axis. 
 

4-Ammonium salicylic acid mesylate (PAS+–CH3SO3
–): A 1:1 PAS mesylate salt was 

crystallized upon slow evaporation of a methanolic solution. Parallel tapes of N+–H···O– 

bonded PAS molecules are connected by mesylate molecules through N+–H···O–, O–

H···O and C–H···O interactions and extend into sheets (Figure 7.4) parallel to the (102) 

plane. Such sheets are connected by orthogonal oxygens of the mesylate moieties and lie 

at an interplanar separation of 3.53 Ǻ. 

 
Figure 7.4 Parallel tapes of PAS molecules are connected by mesylate molecules 
through N+–H···O–, O–H···O and C–H···O hydrogen bonds and make a sheet structure. 
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Cytosinium-4-Aminosalicylate (Cyto+–PAS–): Solution crystallization of PAS and 

cytosine in 1:1 ratio in methanol resulted in two different stoichiometry adducts viz. a 

1:1 salt and a 1:1:1:1 salt cocrystal hydrate from different batches. In the crystal structure 

of the salt, each of the two symmetry independent PAS and cytosine molecules were 

present. PAS was found to donate its proton to the pyrimidine N that flanks the amino 

group of cytosine (Figure 7.5a). Thus, the crystallographic unique PAS anions and 

cytosinium cations form heterodimers of carboxylate–aminopyrimidinium synthon. 

These finite heterodimers propagate perpendicular to each other through N–H···O and C–

H···O hydrogen bonds and make a maze-like structure in the 3D (Figure 7.5b). 

 

(a) (b) 
Figure 7.5 (a) Carboxylate–aminopyrimidinium synthon between PAS anion and 
cytosinium cation in the heterodimer. (b) These finite heterodimers exist between all the 
symmetry independent PAS and cytosine molecules (shown in different color) and 
propagate in a perpendicular fashion in the 3D. 
 

Cytosinium-4-Aminosalicylate cytosine hydrate (Cyto+–PAS––Cyto–H2O): Crystal 

structure of this adduct shows a PAS anion, a cytosinium cation and cytosine and water 

molecules in the asymmetric unit. Thus, the adduct is a salt cocrystal since cytosine 

manifested both in unionized and ionized states in the crystal structure. Contrast to the 

salt structure, PAS anion makes a carboxylate–pyrimidinium synthon (Figure 7.6a) and 

not the carboxylate–aminopyrimidinium synthon with the cytosinium cation, though the 

proton was transferred to pyrimidine N that flanks the amino group. The 

aminopyrimidinium group of the cytosinium cation makes a 3-point synthon with 

unionized cytosine where the pyrimidinium N–H is shared between the two moieties (N–

H distance: cytosinium cation = 1.31(4) Ǻ; unionized cytosine = 1.52(4) Ǻ). The 3-point 
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subjected to water assisted grinding) did not match with calculated powder pattern from 

the X-ray crystal structure. It is believed that the crystallization of this salt cocrystal is a 

kinetic effect. The pKa difference between cytosine and PAS is less (∆pKa = 4.4 

(conjugate acid of pyrimidine base of cytosine)24 – 3.63 (PAS carboxylic acid)7 = 0.77) 

and hence both ionized and unionized species can exist in solution to finally result in the 

crystallization of two different adducts (a salt and a salt cocrystal). 

 

4-Aminosalicylic acid–Nicotinamide hydrate (PAS–NAM–H2O): Similar to cytosine 

case, the pKa difference between nicotinamide and PAS is less (∆pKa = 4.2 (conjugate 

acid of pyridine base of nicotinamide)25 – 3.63 (PAS carboxylic acid)7 = 0.57) and hence 

salt/cocrystal formation cannot be predicted. A 1:1:1 cocrystal hydrate of PAS and 

nicotinamide was obtained upon crystallization from a methanolic solution. PAS 

molecules connect the amide dimer nicotinamide molecules through acid–pyridine 

synthon and extend into zigzag tapes through water molecules (Figure 7.7). Such tapes 

extend into 2D sheets parallel to the (–211) plane which are separated by an interplanar 

distance of 3.26 Ǻ. The water molecules form channels along the a-axis and connect the 

sheets through O–H···O hydrogen bonds. The same cocrystal hydrate was obtained upon 

water-assisted grinding of the components. Neat grinding of PAS and nicotinamide (to 

avoid water/moisture) did not afford any anhydrous cocrystal as monitored by PXRD. It 

seems that the adduct does not crystallize without a water of crystallization. 

 
Figure 7.7 Zigzag tapes formed by amide dimer nicotinamide molecules connected 
through acid–pyridine synthon with PAS molecules extend into a sheet structure through 
water molecules. 
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7.4 Conclusions 

Solid form space of PAS was explored and variable stoichiometry adducts of PAS with 

cytosine (a salt and a salt cocrystal) and sodium (anhydrate and hydrate salts) were 

obtained in this study. In addition, a nicotinamide cocrystal hydrate was also obtained 

and X-ray crystal structures of few known salts were determined. PAS has the tendency 

to form solvates/hydrates in its adducts as observed in four (including sulfate structure 

though the solvent could not be resolved) out of six cases studied in this work. PAS-

sodium salt was obtained both in hydrate and anhydrate forms in a controlled way. The 

ambiguity in the prediction of salt/cocrystal for the range 0 < ∆pKa < 317 is observed in 

the cases of cytosine and nicotinamide adducts. The manifestation of 2-point 

(carboxylate–aminopyrimidinium) synthon in the 1:1 cytosine salt and 3-point 

(cytosinium–cytosine) synthon in the 2:1 cytosine salt cocrystal is in line with the 

Cambridge Structural Database analysis by Sridhar et al.22 But, only the former was 

reproducible by grinding technique and not the latter. This example demonstrates the 

complexity of crystallization phenomenon and warrants more studies to understand and 

control crystallization outcomes for scale-up purposes. On the other hand, examples of 

this kind play a crucial role in the ongoing exercise on the classification of multi-

component crystalline solids.26 

 

7.5 Experimental Section 

Materials and Methods: 4-aminosalicylic acid was purchased from Shanghai Xunxin 

Chemical Co., Ltd, China, and used without further purification. All other chemicals 

were of analytical or chromatographic grade. Water purified from a deionizer cum mixed 

bed purification system was used for experiments. 

Synthesis of Adducts 

a. Sodium-4-Aminosalicylate dihydrate (Na+–PAS––2H2O): 153 mg (1 mmol) PAS 

was dissolved in aqueous NaOH (40 mg or 1 mmol in 3 mL) solution and left for slow 

evaporation at room temperature. Brown colored crystals in plate morphology were 

formed after a few days. 

b. Bis-4-Ammonium salicylic acid sulfate (2PAS+–SO4
2–) and 4-Ammonium salicylic 

acid mesylate (PAS+–CH3SO3
–): PAS and acid (in 2:1 molar ratio for sulfuric acid and 

1:1 for methanesulfonic acid) were separately dissolved in acetone and kept at –20 °C for 
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10 minutes. After incubation, the two solutions were mixed and stirred for 5-10 minutes 

in an ice cold bath.  Salt obtained as a grayish precipitate in solution was filtered on a 2.5 

µm Whatman filter paper and washed with acetone and dried. Single crystals of sulfate 

salt as brownish needles were obtained, when 30 mg of the compound was crystallized 

from 5 mL warm methanol at room temperature. Similarly, the mesylate salt crystallized 

as brownish plates. 

c. Cytosinium-4-Aminosalicylate (Cyto+–PAS–) and Cytosinium-4-Aminosalicylate 

cytosine hydrate (Cyto+–PAS––Cyto–H2O): 30 mg (0.2 mmol) PAS and 22 mg (0.2 

mmol) cytosine were dissolved in 6-8 mL warm methanol and left for slow evaporation 

at room temperature. Two different stoichiometry adducts (1:1 and 2:1) both in brown 

color but the former in plate morphology and the latter in needle morphology were 

obtained from different batches. 

d. 4-Aminosalicylic acid–Nicotinamide hydrate (PAS–NAM–H2O): 30 mg (0.2 

mmol) PAS and 24 mg (0.2 mmol) nicotinamide were dissolved in 6 mL warm ethanol 

and left for slow evaporation at room temperature. Brown colored crystals in plate 

morphology were formed after a few days. 

Co-grinding: About 200 mg of the components, combined together as per the 

stoichiometric ratio in the crystal structure, was ground for 15-20 min using a mortar-

pestle. 8-10 drops solvent was added during grinding in case of solvent-assisted grinding. 

PXRD of the ground material was recorded to confirm complete reaction of starting 

materials and formation of a new crystalline phase. 

Polymorph screening experiments of PAS: PAS was crystallized from aqueous HCl 

solutions in the pH range 1.2–4.0 i.e. near its pKa values7 with the intent of isolating its 

zwitterionic form. Also metathesis reaction of Cyto+–PAS– salt with PAS hydrochloride 

salt (PAS+–Cl–, prepared as per the method by Forbes et al.),12 was carried out by 

grinding to induce the crystallization of its zwitterion. Apart from evaporative 

crystallization in several solvents and sublimation, the above experiments did not result 

in any polymorph/zwitterion of PAS as monitored by PXRD. 

X-ray Crystallography: X-ray reflections for sodium, sulfate and cytosine salts and 

nicotinamide cocrystal were collected on a Bruker SMART-APEX CCD diffractometer 

equipped with a graphite monochromator and Mo-Kα fine-focus sealed tube (λ = 

0.71073 Å). Data reduction was performed using Bruker SAINT software. Intensities 
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were corrected for absorption using SADABS. Structures were solved and refined using 

SHELX-97. The sulfate structure contained vaguely resolved peaks possible of a solvent 

which were removed by using ‘squeeze’ from Platon. X-ray reflections for mesylate salt 

and cytosine salt cocrystal were collected on an Oxford Xcalibur Gemini Eos CCD 

diffractometer using Cu-Kα radiation (λ = 1.5418 Å). Data reduction was performed 

using CrysAlisPro (version 1.171.33.55) and OLEX2-1.0 was used to solve and refine 

the structure. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms on 

heteroatoms were located from difference electron density maps and all C–H hydrogens 

were fixed geometrically. The final CIF files and hydrogen bond geometries were 

validated in PLATON. X-Seed was used to prepare packing diagrams. 

Powder X-ray Diffraction: PXRD were recorded on Bruker D8 Advance diffractometer 

using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Diffraction patterns were 

collected over 2θ range of 5-50° at scan rate of 1° min–1. Powder cell 2.4 was used to plot 

the diffraction patterns. 

Thermal analysis: DSC was performed on a Mettler Toledo DSC 1 module calibrated 

with indium (Tm = 156.60 °C; ∆Hf = 28.45 J g–1) and zinc (Tm = 419.50 °C; ∆Hf = 107.50 

J g–1) as per the manufacturer’s specifications. TGA was performed on a Mettler Toledo 

TGA/SDTA 851e module calibrated with indium (Tm = 156.60 °C) and aluminium (Tm = 

660.30 °C). The typical sample size is 3–5 mg for DSC and 8–10 mg for TGA. The 

temperature range used in both DSC and TGA is 30–250 °C at 5 °C min–1. Samples were 

placed in crimped but vented aluminium pans for DSC and open alumina pans for TGA 

and were purged by a stream of dry nitrogen flowing at 50 mL min–1. 

 

7.6 References 

1. (a) Para-aminosalicylic acid monograph, Tuberculosis, 2008, 88, 137; (b) M. -T. 

Gutierrez-Lugo and C. A. Bewley, J. Med. Chem., 2008, 51, 2606. 

2. WHO model list of Essential Medicines is available at 

http://www.who.int/selection_medicines/committees/expert/17/sixteenth_adult_l

ist_en.pdf. 

3. L. J. D. O’Donnell, A. S. Arvind, P. Hoang, D. Cameron, I. C. Talbot, D. P. 

Jewell, J. E. Lennard-Jones and M. J. G. Farthing, Gut, 1992, 33, 947. 

4. S. Schreiber, S. Howaldt and A. Raedler, Gut, 1993, 34, 1081. 



188 
 

5. W. J. Sandborn, B. G. Feagan and G. R. Lichtenstein, Aliment. Pharmacol. 

Ther., 2007, 26, 987. 

6. Cambridge Structural Database, ver. 5.33, ConQuest 1.14, November 2011 

release, May 2012 update; www.ccdc.cam.ac.uk. 

7. R. F. Rekker and W. TH. Nauta, J. Med. Pharm. Chem., 1960, 2, 281. 

8. (a) M. Wesalowski, Ther. Acta, 1977, 21, 243; (b) M. K. Rotich, B. D. Glass and 

M. E. Brown, J. Ther. Anal. Calor., 2001, 64, 681. 

9. P. Grobelny, A. Mukherjee and G. R. Desiraju, CrystEngComm, 2011, 13, 4358. 

10. M. R. Caira, J. Cryst. Spec. Res., 1992, 22, 193. 

11. A. P. Centolella, US Pat., 2844625, 1958. 

12. R. T. Forbes, P. York and J. R. Davidson, Int. J. Pharm., 1995, 126, 199.  

13. (a) D. Braga, L. Maini, G. de Sanctis, K. Rubini, F. Grepioni, M. R. Chierotti 

and R. Gobetto, Chem.–Eur. J., 2003, 9, 5538; (b) B. Sarma, N. K. Nath, B. R. 

Bhogala and A. Nangia, Cryst. Growth Des., 2009, 9, 1546; (c) S. N. Black, E. 

A. Collier, R. J. Davey and R. J. Roberts, J. Pharm. Sci., 2007, 96, 1053. 

14. V. André, D. Braga, F. Grepioni and M. T. Duarte, Cryst. Growth Des., 2009, 9, 

5108. 

15. V. André, M. T. Duarte, D. Braga and F. Grepioni, Cryst. Growth Des., 2012, 

12, 3082. 

16. Y. Qiu; Y. Chen and G. G. Z. Zhang, Eds., Developing Solid Oral Dosage 

Forms. Pharmaceutical Theory and Practice, Academic Press, New York, 2009. 

The word ‘adduct’ encompasses all multi-component systems whether ionic 

(salt), molecular (cocrystal) or ionic/molecular (salt cocrystal, salt solvate, 

cocrystal solvate etc.) in nature. 

17. (a) S. L. Childs, G. P. Stahly and A. Park, Mol. Pharmaceutics, 2007, 4, 323; (b) 

Handbook of Pharmaceutical Salts, Properties, Selection and Use, ed. P. H. 

Stahl and C. G. Wermuth, Wiley-VCH, 2002; (c) B. R. Bhogala, S. Basavoju 

and A. Nangia, CrystEngComm, 2005, 7, 551. 

18. N. K. Nath, S. S. Kumar and A. Nangia, Cryst. Growth Des., 2011, 11, 4594. 

19. (a) N. K. Nath, H. Aggarwal and A. Nangia, Cryst. Growth Des., 2011, 11, 967; 

(b) B. Sarma, S. Roy and A. Nangia, Chem. Commun., 2006, 4918; (c) R. A. E. 

Castro, T. M. R. Maria, A. O. L. Évora, J. C. Feiteira, M. R. Silva, A. M. Beja, J. 

Canotilho and M. E. S. Eusébio, Cryst. Growth Des., 2010, 10, 274; (d) J. L. 

Atwood, L. J. Barbour, A. Jerga and B. L. Schottel, Science, 2002, 298, 1000.  



189 
 

20. B. P. van Eijck and J. Kroon, Acta Crystallogr., 2000, B56, 535. 

21. (a) M. C. Etter, J. C. MacDonald and J. Bernstein, Acta Crystallogr., 1990, B46, 

256. (b) J. Bernstein, R. E. Davis, L. Shimoni, N.-L. Chang, Angew. Chem., Int. 

Ed., 1995, 34, 1555. 

22. B. Sridhar, J. B. Nanubolu and K. Ravikumar, CrystEngComm, 2012, DOI: 

10.1039/C2CE26076J. 

23. (a) A. Dilori, T. Friščić and W. Jones, CrystEngComm, 2012, 14, 2350; (b) A. V. 

Trask and W. Jones, Top. Curr. Chem., 2005, 254, 41; (c) N. Shan, F. Toda and 

W. Jones, Chem. Commun., 2002, 2372. 

24. V. Verdolino, R. Cammi, B. H. Munk and H. B. Schlegel, J. Phys. Chem. B, 

2008, 112, 16860. 

25. M. R. L. Stratford, M. F. Dennis, P. Hoskin, H. Phillips, R. J. Hodgkiss and A. 

Rojas, Brit. J. Can., 1996, 74, 16. 

26. Polymorphs, Salts, and Cocrystals: What’s in a Name?, Cryst. Growth Des., 

2012, 12, 2147. 



191 
 

 
CHAPTER EIGHT 

 

CONCLUSIONS AND FUTURE PROSPECTS 
 
 

The nature and properties of pharmaceutical solids are central to advances in 

pharmaceutical chemistry. Optimization of the solid drug formulation is crucial not only 

in drug research and development but also for oral administration and usage. An 

understanding of the phenomena that govern the physico-chemical behavior of 

pharmaceutical solids will lead to better medicines and aid ‘pharmaceutical form 

development’ and ‘intellectual property management’, and also avoid pit-falls in drug 

commercialization. 

 Several aspects of the solid state such as polymorphism, amorphous forms, salts, 

cocrystals and solid solutions/eutectics were studied in relation to pharmaceuticals. New 

definitions are proposed for multi-component systems to correlate cocrystals with 

eutectics. The factors that influence the formation of cocrystals and eutectics were 

explored and their utility as novel pharmaceutical solids was investigated. 

 The eutectic microstructure is poorly understood in organic materials and the 

current challenge is to analyze the organic eutectic materials in detail and assess their 

domain structure as established for inorganic materials. Polymorphism of solid 

solutions/eutectics will be a new topic for further explorations. On the other hand, with 

the exception of melting point, eutectics cannot be characterized by routine analytical 

techniques of diffraction and spectroscopy used for multi-component crystalline solids 

(salts, cocrystals, complexes etc). Thus, new techniques for the characterization of 

eutectics need to be developed e.g. atomic pair distribution function (PDF) analysis. 

 An API can give rise to a multitude of crystal forms upon solid form screening 

viz. polymorphs of the API itself; salts, hydrates/solvates, cocrystals and their 

polymorphs, solid solutions and eutectics. The inherent differences among these 
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crystalline forms, by virtue of their uniqueness, result in their varied physico-chemical 

properties which in essence is important for optimal solid form selection and 

development. Thus, each of these solid forms can be advantageous for specific and 

desirable applications in different systems. Extensive studies on various solid forms such 

as polymorphs, salts, ionic liquids, cocrystals and eutectics of several APIs were carried 

out with the intent of understanding and solving the problems associated with these 

APIs. 

 In chapter 2, the importance of establishing the relative stability of drug 

polymorphs in the real world conditions is discussed through the anti-TB drug 

Pyrazinamide. A control over polymorph crystallization was achieved through seeding, 

grinding and solvent-mediated processes. In chapter 3, salt screening of another anti-TB 

drug Ethambutol resulted in both high melting and low melting (ionic liquid) salts. The 

first case of polymorphism in an API ionic liquid Ethambutol dibenzoate which will alert 

the pharmaceutical community about polymorphism issues in ionic liquids is discussed. 

Thus, a study on polymorphism in both single and multi-component APIs is covered in 

chapters 2 and 3. 

 In chapter 4, the advantage of cocrystals over a salt form was studied in the case 

of anti-bacterial drug Nitrofurantoin (NF). The first of its kind study of additive/coformer 

effect of p-aminobenzoic acid (PABA) in controlling the hydration tendency of 

Nitrofurantoin through their cocrystal formation was carried out. NF–PABA 

combination can be useful as a novel/alternate formulation that can control hydration and 

dissolution and consequently the absorption rate of the drug. 

 The first examples of drug cocrystals forming eutectics and the importance of 

cocrystals and eutectics in modulating the solubility/dissolution of two anti-TB drugs 

Pyrazinamide and Isoniazid are discussed in chapter 5. Mechano-chemical grinding 

technique resulted in the formation of both cocrystals and eutectics respectively. The 

pharmaceutical formulation scope of the anti-TB drugs Pyrazinamide, Isoniazid and 

Ethambutol is broadened to cocrystals, eutectics and ionic liquids. 

 In chapter 6, in an analogy to cocrystals, the structure-property relationship in 

eutectics was studied with respect to (i) design aspect for eutectics or deliberate 

formation of eutectics, (ii) translating properties of a material to its eutectic and (iii) 
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stability advantage of eutectics, and results were favorable. This first of its kind study 

resulted in eutectics of the anti-TB drug Ethambutol dihydrochloride in the expected 

lines and the novel eutectics were found to control the hygroscopicity of the drug. Study 

on the effect of these eutectics in stabilizing the anti-TB FDC formulation of Rifampicin, 

Isoniazid and Pyrazinamide in accelerated stability testing conditions is ongoing. 

 In chapter 7, solid form screening of anti-TB drug 4-aminosalicylic acid resulted 

in various adducts such as salt, salt cocrystal, cocrystal, complex etc. and their crystal 

structures were determined. Since 4-aminosalicylic acid is found to partially decompose 

(to 3-aminophenol) in the pH range 1.3-4.2, a study on the effect of these adducts in 

controlling its decomposition can lead to a better formulation of the drug. 

 To conclude, physico-chemical properties of some important drugs were 

improved by new solid form modifications. 
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