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Abstract 

Eutectics are a long known class of multi-component solids with important and useful 

applications in daily life. In comparison to other multi-component crystalline solids, such 

as salts, solid solutions, molecular complexes and cocrystals, eutectics are less studied in 

terms of molecular structure organization and bonding interactions. Classically, a eutectic 

is defined based on its low melting point compared to the individual components. In this 

article, we attempt to define eutectics not just based on thermal methods but from a 

structural organization view point, and discuss their microstructures and properties as 

organic materials vis-a-vis solid solutions and cocrystals. The X-ray crystal structure of a 

cocrystal is different from that of the individual components whereas the unit cell of a 

solid solution is similar to that of one of the components. Eutectics are closer to the latter 

species in that their crystalline arrangement is similar to the parent components but they 

are different with respect to the structural integrity. A solid solution possesses structural 

homogeneity throughout the structure (single phase) but a eutectic is a heterogeneous 

ensemble of individual components whose crystal structures are like discontinuous solid 

solutions (phase separated). Thus, a eutectic may be better defined as a conglomerate of 

solid solutions. A structural analysis of cocrystals, solid solutions, and eutectics has led to 

an understanding that materials with strong adhesive (hetero) interactions between the 

unlike components will lead to cocrystals whereas those having stronger cohesive 

(homo/self) interactions will more often give rise to solid solutions (for similar structures 

of components) and eutectics (for different structures of components). We demonstrate 

that the same crystal engineering principles which have been profitably utilized for 

cocrystal design in the past decade can now be applied to make eutectics as novel 

composite materials, illustrated by stable eutectics of the hygroscopic salt of the anti-

tuberculosis drug ethambutol as a case study. A current gap in the characterization of 

eutectic microstrutcure may be fulfilled through pair distribution function (PDF) analysis 

of X-ray diffraction data, which could be a rapid signature technique to differentiate 

eutectics from their components.    
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Introduction 

Eutectics find several applications in diverse fields of daily life.1 From the traditional 

refrigeration and snow removal (sodium chloride–water eutectic) and anti-freeze 

(ethylene glycol–water eutectic) in vehicles2 to the more recent energy storage devices,3 

and from conventional soldering materials (lead–tin alloy) to novel materials in ceramics 

and glass industry,1 eutectics are present in day-to-day materials as well as in 

pharmaceutical formulations.4 For example, a eutectic composition of the local anesthetic 

drugs Lidocaine and Prilocaine (trade name EMLA®) is used to enhance the transdermal 

permeation of Lidocaine.5 These drugs when administered individually have a slower 

skin penetration because their melting points (Lidocaine, 68 °C; Prilocaine, 38 °C) are 

higher than the body temperature (37 °C); the 1:1 eutectic with a low melting point of 22 

°C has faster skin permeation and rapid pharmacological action. The high thermodynamic 

functions of eutectics, such as free energy, enthalpy, and entropy,6 can confer solubility 

and dissolution advantage to poor solubility drugs,4b,c similar to the more popular 

amorphous solids and solid dispersions (dispersion of one or more components in a solid 

matrix).4a Occasionally, solid dispersions of drugs exhibit a eutectic-like behavior and 

solubility improvement,4a,7 e.g. Fenofibrate–Polyethylene glycol.7e On the down side, 

however, the low melting point of organic eutectics (usually below 100 °C) can pose 

stability issues.8 Eutectics have often been confused with solid dispersions and vice-

versa,4a,7,8a,b and therefore the problems associated with one of these materials were 

erroneously ascribed to the other category. The absence of a clear distinction between 

eutectics and solid dispersions in the literature mean that the time is right to revisit 

eutectics and appraise their structural details and potential benefits in pharmaceutical and 

materials fields. The scientific question posed in this article is if crystal engineering 

principles9 can be adapted to design eutectic systems, understand their structural details, 

and correlate with their properties. We answer the above question in the affirmative by 

highlighting the importance, utility and potential of eutectics as novel pharmaceutical 

solids. The writing of this article was motivated by recent observations from our 

laboratory,10,11 and those of others,12 in which intended cocrystallization experiments 

resulted in eutectic compositions instead of the targeted cocrystals.  

Eutectics are basically multi-component crystalline solids closely related to solid 

solutions.1,13 Both are well-documented in inorganic systems as alloys.1,14 Several 

definitions of eutectics based on their composition and low melting behavior are known 

in the literature (Table 1). The word eutectic is derived from the Greek word eutectos, 

which means easily fused.1 However, the structural organization of eutectics has not been 

studied in as much detail as solid solutions, which are defined based on the arrangement 

of a major (solvent) and a minor (solute) component in the crystal lattice.1,14 Despite their 
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long history, internal structural details of eutectic compositions are scarce, in contrast to 

the many X-ray crystal structure reports of solid solutions.15 Similar to the famous lead–

tin eutectic which is exhaustively studied as an inorganic example,1,14 a molecular level 

understanding is necessary for organic eutectics and drug eutectic compositions.  

Eutectics have been observed alongside solid solutions and the recently 

popularized cocrystals for organic systems and pharmaceuticals.13,16 Moreover, cocrystals 

are reported to form solid solutions17 as well as eutectics.10 However, the exact reasons 

for their formation were not dissected at the molecular level. Eutectics were proposed as 

intermediates on way to certain cocrystals12a,18 and solution eutectic constants were noted 

to be crucial for cocrystal formation and stabilization in solution.19 Thus, cocrystals and 

solid solutions and eutectics are intimately related to each other but studies20 to 

differentiate these multi-component crystalline solids have mainly focused on the binary 

compositions properties and their phase diagrams. We discuss structural inter-

relationships of the above solids and propose modified definitions based on the internal 

organization of the components. 

To strengthen the link between cocrystals and eutectics, a few literature examples 

are discussed. This is the first report on (i) the design aspects of eutectics, (ii) retro-

engineering of a specific property (hygroscopic stability) in a eutectic, and (iii) the 

potential of eutectics as improved pharmaceutical solids. Stable eutectic compositions of 

the hygroscopic anti-tuberculosis drug ethambutol dihydrochloride (discussed at the end 

of this article) suggest a way forward for further explorations. 

 

Table 1 Literature definitions of Eutectic (including reactivity). 

Oxford Dictionary21 

Relating to or denoting a mixture of substances (in fixed 

proportions) that melts and freezes at a single temperature 

that is lower than the melting points of the separate 

constituents or of any other mixture of them. 

Encyclopaedia Britannica22 

The one mixture of a set of substances able to dissolve in 

one another as liquids that, of all such mixtures, liquefies at 

the lowest temperature. 

IUPAC Gold Book23 

An isothermal, reversible reaction between two (or more) 

solid phases during the heating of a system, as a result of 

which a single liquid phase is produced. 

Essentials of Materials 

Science and Engineering 

(2nd Edition)1 

A three phase, invariant reaction in which one liquid phase 

solidifies to produce two solid phases. 

Foundations of Materials A phase transformation in which all the liquid phase 
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Science and Engineering 

(4th Edition)14 

transforms on cooling into two solid phases isothermally. 

 
 

Discussion 

Eutectic Microstructure 

We begin the discussion with the structural integrity of solid solutions and eutectics in the 

better-studied inorganic systems. Inorganic alloys are classified as (i) solid solution 

alloys, and (ii) eutectic alloys.1 Traditionally both these materials were prepared by the 

fusion of two or more solids in different ratios to give a product which was characterized 

by melting point and a solid–liquid phase diagram.1,14 The typical phase diagram of a 

solid solution and a eutectic are exemplified by the copper–nickel solid solution alloy 

(Figure 1) and the lead–tin eutectic alloy (Figure 2). A solid solution, in general, exhibits 

a melting/freezing range and the temperature below which the material is a solid is called 

the solidus, and liquidus is the temperature above which it is a liquid (Figure 1a). 

Between solidus and liquidus, the solid and liquid phases coexist. On the other hand, a 

eutectic exhibits a characteristic lower melting point than its components (Figure 2a). Its 

melting point is sharp and not in a range, i.e. the solidus and liquidus temperature is at the 

same point.   

A solid solution is made up of a major phase (solvent) and a second minor phase 

(solute). It is often formed by isomorphous crystals (i.e. crystal structures having the 

same space group and unit cell dimensions)24 according to the Hume–Rothery rules1,13,14 

(similar crystal structure and valence, and similar size and electronegativity of metals). In 

contrast, non-isomorphous crystals can give rise to a eutectic. Such crystal structure–

product structure correlations to give a solid solution or a eutectic system have been 

extensively studied for metal systems, but not explored so well for organic and 

pharmaceutical materials. This topic will be discussed in the subsequent sections. When 

the interacting materials have similar size and crystal structures, they can have unlimited 

solubility and accommodate well in the crystal lattice, either substitutionally or 

interstitially, without disturbing the parent lattice structure and thus form continuous solid 

solutions (from 1:99 to 99:1 ratios), as in the case of copper–nickel system (Figure 1b). 

When nickel (Ni, Z = 28) is added to copper (Cu, Z = 29), or vice-versa, both having a 

face-centered cubic (fcc) crystal structure, the elements mix in any amount and randomly 

distribute within the fcc crystal structure. They form a homogeneous phase or solid 

solution, designated as α, throughout the lattice, wherein no interface exists between the 

copper and nickel atoms. 
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When the materials have atomic/molecular size/shape mismatch and asymmetry 

in the crystal structures, they have limited solubility and thus cannot fit beyond a 

threshold in the crystal lattice of each other, since this will cause strain and 

disorganization of the lattice structure. Such systems cannot form continuous solid 

solutions and instead tend to form eutectics exemplified by the lead–tin system.1,14 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. Tin being 

smaller in size has higher solubility in lead (0 to 19%) whereas the larger lead has lower 

solubility in tin (0 to 2.5%). 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 2), which 

retains the lattice structure of lead since it is the major component (81%). Similarly, 2.5% 

solid solution of lead in tin, represented as β, retains the crystal structure of tin, the latter 

being the major component (97.5%). 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 solid solution (α or β) segregates and reorganizes into two different 

phases or solid solutions (α+β, each of which is rich in a particular element and retains 

the parent lattice structure), which are bound together and constitute the eutectic phase 

(Figure 2b).1,14 Thus, the distinction of components as solvent and solute is superficial in 

continuous solid solutions, since they can mix in any proportion. The components of 

eutectic solid solutions can be differentiated as solvent/solute because of limited 

solubility in one another. Therefore, a eutectic can be envisaged as an ensemble of 

many/different solid solutions which are discontinuous. The individual components retain 

their crystal structures as discontinuous solid solutions (containing only limited quantity 

of solute) and form the eutectic crystal lattice. A eutectic’s microstructure may be more 

precisely defined as ‘a conglomerate of solid solutions’ or ‘a conglomerate of lattice 

structures of different materials, elements or compounds’.   

The eutectic microstructure consists of domains of solid solutions held together 

by weak inter-phase boundaries (the line between α and β phases, Figure 2b & 2c) along 

which atoms can diffuse and redistribute in the solid solutions.1,4a The inherent strain in 

the solid solution domains (due to accommodating non-isomorphous solids), maximized 

by the imperfect atomic arrangements and poor inter-phase bonding25 across the domain 

boundaries, lead to high thermodynamic functions such as free energy, enthalpy and 

entropy6 of the eutectic phase, and hence the characteristic lower melting point relative to 

the components.1 At 61.9% tin in lead or 38.1% lead in tin, the eutectic microstructure 

has the lowest melting point (183 °C) for the alloy compared to the pure elements (Sn = 

232 °C, Pb = 327 °C) and also other mixed compositions (Figure 2a). Many eutectic 

systems adopt a lamellar or plate-like arrangement of component solid solution domains 
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including the lead–tin system (Figure 2c & 2d).1,14 The phase diagram (Figure 2a) shows 

that other compositions can exhibit solidus-liquidus melting behavior typical of solid 

solutions or lower melting point than the parent elements but these temperatures are 

higher than that of the eutectic composition. These compositions too can be composed of 

different amounts of solid solutions (as shown in Figure 2b) with varying degrees of 

domain organization and inter-phase interactions in the crystal lattice. 

 

 

 

(a) (b) 

Figure 1 (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) Liquid copper and liquid 

nickel are completely soluble in each other and occupy random lattice sites in the copper–

nickel solid solution alloy. Adapted from Ref. 1. 
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(a) (b) 

  
(c) (d) 

Figure 2 (a) Phase diagram of lead–tin eutectic alloy. The 61.9:38.1 tin–lead composition 

exhibits the characteristic lower melting point (183 °C) than the parent materials (tin = 

232 °C, lead = 327 °C) and also other compositions. (b) The microstructure of lead–tin 

eutectic alloy to show solidification and growth of solid solutions. (c) 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. 

(d) Photomicrograph of lead–tin eutectic microconstituent. Adapted from Ref. 1. 

 

Cocrystals, Solid solutions and Eutectics 

Cocrystals are the subject of intense studies in the past decade as promising novel 

materials in pharmaceutical development.16,26 A cocrystal is a multi-component 

crystalline solid which was defined by Shan and Zaworotko26c as “a multiple component 

crystal in which all components are solids under ambient conditions when in their pure 

form. These components co-exist as a stoichiometric ratio of a target molecule or ion and 
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a neutral molecular cocrystal coformer(s)”. Jones et al.27 elaborated cocrystal as “a 

crystalline complex of two or more neutral molecular constituents bound together in the 

lattice through noncovalent interactions, often including hydrogen bonding.” A more 

inclusive and broader definition of cocrystals and salts26h emerged after a recent Indo-US 

discussion meeting. The supramolecular synthon and molecular recognition principles of 

crystal engineering are the lynchpin for cocrystal design (Scheme 1).9 Desiraju coined the 

term supramolecular synthon and defined them as “structural units within supermolecules 

which can be formed and/or assembled by known or conceivable intermolecular 

interactions.”28 Depending on the type of functional groups involved in the hydrogen 

bonds which lead to the supramolecular assembly, synthons were categorized by Walsh 

et al.29 as homosynthon (self-complementary moieties, such as carboxylic acid and 

carboxamide dimer), and heterosynthon (two different functional groups associate as in 

acid–pyridine and acid–amide) (Scheme 1). A quantitative understanding of the 

supramolecular behavior of a given functional group is facilitated by the Cambridge 

Structural Database (CSD), a repository of over half a million small-molecule X-ray 

crystal structures.15 The current version of the CSD contains over 250 000 crystal 

structures of organic compounds, which provide information about “how often” a given 

supramolecular synthon occurs in the CSD, statistics that are integrated into the cocrystal 

design strategy (Scheme 1). For example, if a molecule contains a carboxylic acid group 

one can choose a partner molecule, popularly called as cocrystal former or simply 

coformer,16,30 with complementary functionality such as acid, amide or pyridyl group to 

make a cocrystal, and the preference order based on CSD frequency is pyridine > amide 

> acid (Scheme 1). 

 
Scheme 1 A few supramolecular synthons with their probability of occurrence (%) in the 

CSD.26f,31 

O

O

H O

OH

O

O

H N

H
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H O
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 However, not all molecules having complementary functional groups can be 

partnered to make cocrystals. Apart from giving a cocrystal, the cocrystallization product 

can be a solid solution, a eutectic, or even a simple physical mixture of unreacted 

compounds.32 A solid solution occurs between materials that are isomorphous (having 

same space group and unit cell dimensions and/or almost same type and position of atoms 

or functional groups),24 or isostructural (having same structure but not necessarily the 

same unit cell dimensions).33 Thus, solid solutions are sustained by strong cohesive 

interactions and retain the lattice structure of the parent (major) component as the 

inclusion of the second (minor) component happens substitutionally or interstitially in the 

parent crystal lattice.1,13,14,17,33b,c,d,e In case of a eutectic, the adhesive (heteromolecular) 

interactions are relatively weaker as they are formed between non-isomorphous materials 

(having size/ shape mismatch between the components), the structure lacks a unique 

lattice arrangement distinct from the individual components and retains the cohesive 

interactions in its solid solutions. In comparison, a cocrystal is formed when the adhesive 

interactions can overcome the size/shape mismatch features of the components, and the 

resultant crystal packing is distinct from the parent components. Thus, the X-ray 

diffraction pattern and spectroscopic signature peaks of a cocrystal, with its unique 

crystalline arrangement mediated by hydrogen bonds and intermolecular interactions, is 

different from that of the individual components. In contrast, solid solutions and eutectics 

exhibit close similarity to the patterns of the pure constituents. 

We illustrate the structural boundary between cocrystal and eutectic through two 

systems. Benzoic acid combines with structural analogues 4-fluorobenzoic acid, 

pentafluorobenzoic acid, and benzamide to form a solid solution,34 a cocrystal,35 and a 

eutectic,6b respectively. Since 4-fluorobenzoic acid and benzoic acid are isomorphous 

(hydrogen in para position is replaced by isosteric fluorine), they form continuous solid 

solutions (Figure 3a).34 In case of benzoic acid–pentafluorobenzoic acid, the cocrystal 

structure is formed due to the crucial stabilization from auxiliary C–H···F interactions to 

the primary carboxylic acid synthon (Figure 3b).35 The integrity of benzoic acid–

benzamide system has been studied with different interpretations.6b,36 In 2008, Singh et 

al.6b reported that benzamide and benzoic acid form a eutectic system. A year later, 

Brittain36a claimed the formation of a cocrystal between benzamide and benzoic acid 

based on minor changes in spectroscopic and diffraction patterns compared to the parent 

compounds. The conclusions were tentative in the absence of X-ray crystal structure. In 

2011, Seaton et al.36b concluded that in the absence of secondary/auxiliary interactions, 

which can extend the finite structural motif of amide···acid heterodimer, the benzamide–

benzoic acid product is a eutectic. These three graded systems suggest that weak adhesive 
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interactions are the key to determining the classification of benzamide−benzoic acid 

structure. 

 

   

Benzoic acid 
Benzoic acid–4-fluorobenzoic acid 

0.268:0.732 solid solution 

Benzoic acid–4-fluorobenzoic acid 

0.557:0.443 solid solution 

(a) 

 

 

(b) (c) 

Figure 3 (a) Benzoic acid–4-fluorobenzoic acid solid solutions (CSD Refcodes: 

SATHOK & SATJAY) retain the same zigzag tape motif of carboxylic acid dimer and 

C–H···O interactions, present in the parent benzoic acid structure (CSD Refcode: 

BENZAC12). (b) Growth of the benzoic acid–pentafluorobenzoic acid dimer in the 

cocrystal structure (CSD Refcode: UKOKIO01) is sustained by C–H···F and F···F 

interactions. (c) The absence of such auxiliary interactions in benzoic acid−benzamide 

system means that instead of a cocrystal the product is a eutectic. The powder X-ray 

diffraction patterns of the compounds are shown in Figures S1-S3, Supplementary 

Information. 

 

In the second illustration, curcumin combines with isomeric dihydroxybenzenes 

to give different products. It forms a cocrystal with resorcinol37 (1,3-dihydroxybenzene) 

but a eutectic with hydroquinone11 (1,4-isomer) (Figure 4). In the crystal structure of 

curcumin (1,3-diferuloylmethane),38 linear tapes of O–H···O bonded molecules are 

connected through C–H···O interactions involving the carbonyl groups (Figure 4). When 
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curcumin is combined with resorcinol, the strong O–Hresor···O=Ccur adhesive interactions 

replace the C–H···O=Ccur and O–H···O–Hresor cohesive bonds, consistent with the oft-

quoted Etter’s rule of the best donor−best acceptor pairing of hydrogen bonds.39 The 

strong heteromolecular interactions together with conformation change of resorcinol OH 

groups give good molecular packing in the cocrystal structure. However, the higher 

symmetry of p-substituted hydroquinone together with lower symmetry of the β-keto-

enol structure in curcumin gives shape mismatch for efficient packing as compared to 

resorcinol (Figure 4), and therefore the product is a eutectic. The PXRD plots and DSC 

thermograms of compounds are shown in Figures S4-S7, Supplementary Information. 

 
Figure 4 Curcumin–Resorcinol cocrystal structure (CSD Refcode: AXOGIE) is sustained 

by the dominance of strong O–Hresor···O=Ccur adhesive interactions over the cohesive C–

H···O=C and O–H···O–H bonds in Curcumin (CSD Refcode: BINMEQ02) and 

Resorcinol (CSD Refcode: RESORA03) respectively. In the cocrystal, anti-parallel tapes 

of curcumin (shown in CPK and blue colors) lie at a distance of 3.44 Å and resorcinol 

molecules connect alternate curcumin tapes. 

 

These examples suggest that the formation of cocrystal or eutectic is difficult to 
anticipate from knowledge of the molecular components. Eutectics tend to form when the 
simplistic functional group complementarity recognition model fails to give cocrystals 
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due to subtle structural factors, which became apparent only post facto in the curcumin 
study. To our understanding there are no ground rules or structural guides as to the point 
at which the cohesive interactions dominate over the adhesive ones (to give a eutectic) 
and vice-versa (to give a cocrystal). The lack of detailed structural information on the 
micro/nano-structure of eutectics (single crystal X-ray structure is not possible because 
they are phase separated solids) is the single-most factor that makes analysis of eutectics 
circumstantial in the absence of molecular packing details. The take home lesson from 
our preliminary analysis is that cocrystal and eutectic products result from a fine balance 
between interactions (adhesive or cohesive) and size/ shape (geometric fit) of the 
molecular components. Very strong adhesive interactions give a cocrystal product 
irrespective of size/shape/symmetry factors. When the cohesive interactions are strong 
but auxiliary interactions are weak to nil, then the result is a solid solution (shape 
similarity) or a eutectic (mismatched shape). To cite an example, sulfamethazine (4-
amino-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide) and sulfamerazine (4-amino-
N-(4-methylpyrimidin-2-yl)benzenesulfonamide) have the same hydrogen bonding 
groups but sulfamethazine is more symmetric (with two meta-dimethyl groups) whereas 
sulfamerazine has a slightly awkward shape (with a single meta-methyl group). This 
slight difference is sufficient to result in the formation of a cocrystal between 
sulfamethazine and 4-aminobenzoic acid whereas sulfamerazine with the same coformer 
gave a eutectic.12b The above trends are summarized in Table 2. 

 

Table 2 Comparison of cocrystals, solid solutions and eutectics. 

Solid 
Nature of 

Components 

Nature of 

Interactions 

Lattice 

Structure 
Examples 

Cocrystal 

Can be 

similar or 

dissimilar 

Predominantly 

adhesive 

Different from 

components 

Benzoic acid–Pentafluorobenzoic acid35 

Curcumin–Resorcinol37 

Solid solution Isomorphous Cohesive 
Similar to 

components 

Benzoic acid–4-Fluorobenzoic acid34 

sym-Triiodophenol–Triiodoresorcinol33c 

Eutectic 

Can be 

similar or 

dissimilar 

Predominantly 

cohesive 

Similar to 

components 

(ensemble of 

solid solutions) 

Benzoic acid–Benzamide6b,36b 

Curcumin–Hydroquinone11 

 

Classification of Solid Materials 

Our present understanding of various solid-state materials is depicted in Scheme 2. A 

solid is categorized as a single- component or a multi-component system. Elemental and 

molecular solids are single-component entities (e.g. metals, benzoic acid, benzamide, 
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etc.). Multi-component solids contain two different chemical species, e.g. different metal 

atoms as in alloys and intermetallic compounds, ions or molecules of different 

compositions as in coordination compounds, salts, cocrystals, etc. Both elemental and 

compound solids can exist in crystalline and/or amorphous states (e.g. carbon40 and 

steel41). Again solids of the same chemical composition can exhibit different structures in 

the crystalline state, referred to as allotropism and polymorphism for elemental and 

molecular species, respectively.42 For example, carbon exists in three categories of 

allotropic forms, diamond, graphite, and fullerene.42a Glycine,43 a biomolecule, and 

calcium carbonate,44 a biomineral, exist in polymorphic forms. The discussion and 

examples of different solid-state forms are only illustrative of the diversity and by no 

means exhaustive. For the sake of brevity, we limit the subsequent discussions to the 

crystalline states of alloys, ionic and molecular solids.  

 

 
Scheme 2 Schematic representation of different solid-state forms. Salts and cocrystals 

have distinct crystal structures and can be polymorphic. Solid solutions and eutectics 

adopt the crystal structures of their parent components but the former are homogeneous 

throughout the crystal lattice whereas the latter are heterogeneous with incoherent 

interactions (dotted magenta line). 
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An alloy is a multi-component crystalline solid made up of different atoms of 

which at least one is a metal atom, e.g. steel. A multi-component crystalline solid formed 

by oppositely charged ions/molecular ions is a salt; sodium chloride (common salt) is 

different from cytosinium 4-aminosalicylate45a (a molecular salt).45 A coordination 

complex is one formed by coordination bonding between a metal center and an anion or a 

molecule. A stoichiometric multi-component molecular crystal wherein  different 

components are assembled by adhesive interactions is a cocrystal, e.g. carbamazepine–

saccharin,46 a hydrate/solvate when one of the components is water or a solvent, e.g. 

carbamazepine dihydrate and carbamazepine–acetone solvate.47 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 

and sustained by cohesive interactions, e.g. as in copper–nickel1 and sym-triiodophenol–

triiodoresorcinol33c solid solutions. A eutectic is a conglomerate of solid solutions or a 

conglomerate of lattice structures of different materials, elements or compounds, e.g. 

lead–tin,1 and KNO3–NaNO2–NaNO3 salt bath.48 Thus, solid solutions and/or eutectics 

possessing strong cohesive interactions and weak adhesive interactions retain their parent 

lattice structures (Scheme 2). The other multi-component crystalline solids, e.g. salts, 

cocrystals etc. have unique crystal structures as they are sustained by stronger adhesive 

interactions which direct their unique crystal structures. 

 

Eutectics in the Pharmaceutical Literature 

Historically, eutectics were studied and classified as solid dispersions and even related to 

solid solutions in the pharmaceutical literature.4a,b,c,7 A solid dispersion is a dispersion of 

one or more components in a carrier or solid matrix and is prepared by the same co-

melting and solvent-mediated co-precipitation methods employed for preparing 

eutectics.4a Furthermore, a eutectic and a solid dispersion share the common feature of 

heterogeneous structural organization (phase separation) in the crystal lattice. Solid 

dispersions have more structural aperiodicity and higher thermodynamic functions and 

hence exhibit faster dissolution rates, a property utilized for poorly soluble drugs.4a These 

common features meant that eutectics and solid dispersions were often studied together 

and the terms were synonymously used.4a,b,c,7 For example, fenofibrate–polyethylene 

glycol, marketed under the brand name Fenoglide,49 is a eutectic solid dispersion of the 

drug and a polymer.7e It is the dispersion of fenofibrate (drug) in polyethylene glycol 

(carrier polymer) matrix which exhibits the attributes of crystallinity and low melting, 

characteristic of a eutectic. Its eutectic microstructure is lamellar (Figure 5).7e In the past, 

eutectics and solid dispersions were explored as alternatives to the less stable amorphous 

drug formulations.7a The first generation pharmaceutical solid dispersions (1960s),7a,b 
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which contained both the drug and the carrier in a crystalline state, were prepared with 

the idea to improve drug bioavailability by exploiting the higher water-solubilizing effect 

of the carrier. However, the stability conferred by the crystallinity of the solid dispersion 

became its solubility limiting factor, with the result that drug release was slow compared 

to amorphous formulations. Thus, the latter generation solid dispersions (1970s-

present)7a,b were developed as amorphous solid dispersions by using amorphous polymers 

as carriers. A sufficiently high Tg (glass transition temperature) of 75 °C or higher of the 

amorphous polymer (e.g. Polyvinylpyrrolidone (PVP)50 or Hypromellose (HPMC)51) 

stabilize the highly soluble drug formulation.50,51 Today, amorphous solid dispersions 

have become a popular platform to overcome poor drug solubility and bioavailability in 

the pharmaceutical industry with several marketed drug formulations.49a,52 We emphasize 

that an authentic eutectic is different from a solid dispersion in terms of structural 

organization, molecular arrangement, and local ordering. A solid dispersion can be 

amorphous or crystalline with a higher degree of aperiodicity,4a but a eutectic is 

necessarily crystalline and composed of solid solutions. Therefore, eutectics will, in 

general, have higher stability functions than solid dispersions. 

 

  
(a) (b) 

Figure 5 (a) Phase diagram of Fenofibrate–Polyethylene glycol solid dispersion. (b) 

Eutectic of 15% w/w composition at 57 °C shows a lamellar microstructure. Extracted 

from Ref. 7e. 

 

 The literature on drug eutectics dates back to the early 1960s starting with 

publications from Sekiguchi4b and Goldberg4c who prepared sulfathiazole–urea and 

chloramphenicol–urea, respectively, by the fusion method for dissolution and 

bioavailability improvement. The phase diagram of sulfathiazole–urea system4b,c (Figure 

6) shows that the eutectic has a solid-solid solubility region. The maximum solubility of 

urea in sulfathiazole is 8% w/w (α solid solution with 92% sulfathiazole, point A of 
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Figure 6), whereas for sulfathiazole in urea is 10% w/w (β solid solution with 90% urea, 

point B of Figure 6). The eutectic composition consists of about 51 parts saturated α SS 

and 49 parts β SS. When this eutectic composition is placed in water, the highly soluble 

urea from the β SS phase dissolves quickly leaving about 10% sulfathiazole in a state of 

molecular sub-division which dissolves immediately. The presence of 10% urea in the α 

SS of 90% sulfathiazole weakens the crystal lattice and facilitates faster dissolution of 

sulfathiazole compared to the pure drug (but slower than the β phase). Thus the 

combination of solid solutions at the eutectic composition cause a substantial increase in 

the rate of gastrointestinal absorption of sulfathiazole.4b Administration of 

sulfathiazole−urea eutectic to human subjects exhibited higher amounts of drug 

absorption (in the blood) and excretion (from the urine) of the eutectic in the first 4-5 h of 

administration but after that time the results were comparable to the pure drug.4b In case 

of chloramphenicol–urea eutectic composition,4c the lower experimental solubility than 

the calculated values was attributed to stronger chloramphenicol···urea interactions in the 

β SS of the eutectic. A liquefied form (eutectic) of the well known analgesic Aspirin 

(acetylsalicylic acid) prepared by gentle mechanical mixing of 1 part aspirin with 2-3 

parts glycerin or propylene glycol (w/v) is useful as an ointment for topical applications 

and also to increase the shelf-life of aspirin by controlling its hydrolysis.53 The anti-

inflammatory drug Ibuprofen, which showed instability due to melting point depression 

caused by eutectic formation in the drug formulation,8d exhibited faster transdermal 

penetration as a eutectic with several terpenes.54 Fast forward to the current decade, drug-

drug eutectics5,8a,10 have gained importance in the context of multi-drug therapy, with 

focus on local anesthetic drugs for enhanced anesthetic and analgesic applications (e.g. 

Lidocaine–Prilocaine, and their combinations with Tetracaine, Bipuvacaine, etc.).5,55 

Anti-tuberculosis combination drugs are found to form eutectics upon thermal treatment 

(Pyrazinamide–Isoniazid10 and Rifampicin–Isoniazid56). Apart from the fusion- and 

solvent-based methods, eutectics can also be prepared by compaction (acetaminophen–

propylphenazone)8a and grinding (curcumin–hydroquinone).11 Aspirin eutectics are 

reported by melting53 and grinding57 techniques. 

Whereas the abovementioned drug eutectics fulfill the desired goal of enhanced 

physico-chemical properties, the design element was more semi-empirical and trial-and-

error rather than chemical and deliberate. Eutectics are not so popular as solid dispersions 

and the more recent cocrystals, even though they appear to have the potential of 

imparting solubility and stability advantage to drugs. There will be always a few down-

side issues with any technology, and eutectics are no exception. The slight aversion to 

eutectics in the pharmaceutical industry could possibly be due to the lack of a proper 

understanding of their microstructures and difficulties in their complete characterization. 
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We attempt to improve the current understanding of eutectics in terms of structural 

design and function, with the intent to pave the way for a proper appreciation of eutectics 

in the pharmaceutical and materials field. 

 

 
Figure 6 Phase diagram of Sulfathiazole–Urea system. Extracted from Ref. 4c. 

 

Design and Characterization of Eutectics 

The benzoic acid–benzamide eutectic6b,36 discussed earlier elucidates two important 

points: (1) selection of the partner molecules by design, and (2) characterization of the 

microstructure. In the absence of strong adhesive interactions to give a cocrystal, the 

system organizes the components in phase separated domains to give a eutectic. In the 

latter case, the lack of quantitative analytical techniques for characterization, apart from 

simple melting point depression, need to be addressed with current day technologies. 

 Eutectics and solid solutions can be formed by unary (atom or molecule) as well 

as multinary (salt or cocrystal) species (Table 3). The deliberate design of eutectics is 

more subtle and challenging because one has to identify molecules with mismatched 

geometry and avoid strong heteromolecular synthons in the combination, in effect an 

anti-crystal engineering approach.58 Such strategies are not new but less studied, e.g. in 

ionic liquids (ILs) and deep eutectic solvents (DESs),58 amorphous materials59 and 

supramolecular gels.60 We successfully exploited the propensity for cohesive interactions 

in competition with weak adhesive interactions to give eutectics of the anti-tuberculosis 

drug ethambutol dihydrochloride (discussed later). 
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Table 3 Examples of Solid solutions and Eutectics. 

Solid 
Unary Multinary 

Atom Molecule Salt Cocrystal 

Solid 

solution 
Copper–Nickel1 

Benzoic acid– 

4-fluorobenzoic acid34 
NaCl–NaBr13 

(Isonicotinamide–Succinic acid)– 

(Isonicotinamide–Fumaric acid)17a 

Eutectic Lead–Tin1 
Benzoic acid– 

Benzamide6b,36b 

(KNO3)–

(NaNO2‒NaNO3)
48 

(Pyrazinamide–Succinic acid)– 

(Isoniazid–Succinic acid)10 

 

 The characterization of eutectics is a real challenge because depression in melting 

point by thermal methods (DSC, Kofler’s hot stage microscope, heat-cool-reheat) is the 

only indicator of eutectic formation. At next level, the phase diagram will show the extent 

of solid-solid solubility and the eutectic composition.1,4a,13,14 However, phase diagram 

plots are a full scale study on the composition of matter requiring significant amounts of 

samples and time, instead of a rapid analytical measurement. Powder X-ray diffraction 

and spectroscopy techniques, routinely used for the characterization of other multi-

component solids such as salts and cocrystals,61 are not sensitive enough to diagnose 

solid solution/eutectic formation. This is because the inclusion of a second (minor) 

component happens substitutionally or interstitially in the first (major) component, and so 

the molecular arrangement in the crystal lattice (domain structure) is largely unaltered 

compared to the individual components (Scheme 2). Consequently there is little change 

in the X-ray diffraction lines or spectral peaks for solid solutions/eutectics compared to 

the individual components. We feel that eutectics are formed more often than believed 

and perhaps overlooked as unintended products of cocrystallization because there is no 

simple and quick signature technique (other than thermal methods) to distinguish a 

eutectic from a physical mixture. The result is often erroneously interpreted as no 

cocrystal formation without making a serious effort to characterize the eutectic phase. An 

unfortunate casualty is that an excellent opportunity to prepare novel solid forms of 

improved physico-chemical advantage is lost. 

 In reality, apart from a few inorganic systems,1,14 eutectic microstructures are 

generally poorly understood. X-ray crystal structure determination elucidates the identity 

and bonding interactions and structural organization of materials in the crystal lattice. 

The crystal structure of even a single eutectic is not known, despite their long history. 

Solid solutions are possible to characterize by single crystal X-ray diffraction as the site 
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occupancy factor (s.o.f.) of atoms can be used to determine the integrity and 

stoichiometry of the components.13,15 The absence of crystal structure data for eutectics 

arises from the inherent heterogeneity (different crystal structures) of its component solid 

solutions in the crystal lattice, which makes it a formidable challenge to assign the 

relative occupancies of the component solid solutions and to ascertain their domain 

organization. At the molecular level, the lattice positions of neighboring molecules, 

which are symmetry dependent within a solid solution domain, become symmetry 

independent with respect to the different solid solution domains. The current structure 

solution methods, which operate with single space group models,62 are therefore 

inadequate to solve the crystal structures of eutectic solids. Atomic pair distribution 

function (PDF) analysis,63 which is based on real space fitting for a pair of atoms 

separated by a distance ‘r’, is useful to probe the local structure (short range) of 

amorphous and crystalline (also nanocrystalline) solids.64 It is a method of significant 

potential to study the eutectic microstructure.4a,65 The PDF method is sensitive to local 

structure ordering, because its Fourier Transform includes the diffuse scattering intensity, 

in addition to the conventional Bragg reflections.63 PDF estimates the instantaneous 

atomic arrangements and reveals the local structure (low r region) from the average 

crystallographic structure (high r region). Frequent atom contacts register as distinct 

peaks to give the PDF, G(r), vs. the atomic radial distance (r) plot.63 The PDF method 

revealed the local structure of inorganic eutectics, such as gold–silicon and silver–

germanium (Figure 7),65 but this method has so far not been routinely applied to organic 

counterparts. The utility of PDF in the characterization of Felodipine–Eudragit E solid 

dispersion is an early pharmaceutical example,66 wherein conventional PXRD was 

inconclusive (Figure 8). However, the PDF approach has the intrinsic limitation of low 

intensity from a laboratory diffractometer, a feature which further attenuates the intensity 

of low symmetry organic materials which have many diffraction lines. Hence high energy 

flux and synthrotron sources are necessary for PDF quality data analysis.63,67 The related 

method of structure determination from powder diffraction (SDPD)68 is another technique 

that can shed light on the eutectic microstructure depending on the solid−solid solubility 

limits. Whereas homogeneity will be lost beyond a weak solid solution, say 10%, for a 

combination from either side of the phase diagram, the break point will give some 

information about the transformation of solid solution to heterogeneous eutectic solid 

solutions at the micro level. These methods can also unravel the less understood 

incoherent interactions25 that bind the solid solution domains of a eutectic. The challenge 

therefore is to dissect the eutectic material into solid solutions and understand their 

domain organization at a greater resolution and microscopic detail. 
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(a) Gold (dotted black); Gold0.81–Silicon0.19 eutectic 

(solid blue); Silicon (dotted green); solid red and 

black curves are of liquid eutectic. 

(b) Silver (dotted black); Silver0.76–Germanium0.24 

eutectic (solid blue); Germanium (dotted green); solid 

red and black curves are of liquid eutectic. 

Figure 7 Comparison of PDFs of eutectics with those of their parent components shows 

clear-cut differences in their local structure. Extracted from Ref. 65. 

 

 
 

(a) (b) 

Figure 8 (a) PXRD and (b) PDF of Eudragit E (top), Felodipine (lower) and 10% 

Felodipine–Eudragit E solid dispersion (middle). The former technique is insensitive 

while the latter plot is more diagnostic for solid dispersion. Extracted from Ref. 66. 
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Towards this last objective, which we project will be a significant advance in 

eutectics research using the new PDF technology compared to what is prior art,63a,64a-d a 

recent paper67 provides the resolution limits at which microstructures can now be 

analyzed. Billing et al.67 characterized melt-quenched carbamazepine (CBZ) as a 

nanocrystalline form of CBZ polymorph III (at 4.5 nm resolution) by collecting X-ray 

data on a synchrotron beamline with high scattering magnitude. To differentiate the PDF 

obtained on a conventional laboratory diffractometer, they refer to this approach as 

TSPDF (total scattering PDF).67 In this method, the scattering vector (Qmax) was achieved 

in the order of 20 Å to deduce both the structure function, F(Q), and TSPDF, G(r), each 

of which convincingly showed that the melt-quenched material has closer resemblance to 

CBZ III than that to polymorph I (Figure 9a). Furthermore, the TSPDF allowed a clear 

correlation between the melt-quenched material and CBZ III, and characterized it as 

nanocrystalline CBZ III with an average particle size of 4.5 nm (Figure 9b). 

Transforming F(Q) to G(r) allows comparison and interpretation in real space. The key to 

high quality TSPDF is not just synchrotron radiation but it is equally important to collect 

reflections to high Q with good statistics. This pioneering experiment67 highlights the 

significance of TSPDF to understand and differentiate the internal structure of 

nanocrystalline/ semi-crystalline materials and could provide a new direction to applying 

the same technique for the characterization of eutectics at a nano level, akin to the 

popular powder XRD for polycrystalline materials.  

    

 
 

(a) (b) 

Figure 9 (a) Total scattering diffraction F(Q) patterns and TSPDFs G(r) of CBZ samples. 

Panels (a) and (d) correspond to CBZ III, (b) and (e) to the melt-quenched sample and (c) 

and (f) to CBZ I; (a), (b), (c) show the F(Q) whilst (d), (e), (f) show G(r). (b) Comparison 

of G(r) of the melt-quenched sample (green) with CBZ III (blue) shows excellent 
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correlation (PolySNAP correlation coefficient is 0.8601) and match of the nanocrystallite 

material with CBZ III. Extracted from Ref. 67. 

 

Hygroscopic Stable Ethambutol Dihydrochloride Eutectics 

Ethambutol (abbreviated as EMB) is a frontline anti-tuberculosis drug administered with 

Rifampicin, Isoniazid and Pyrazinamide in Fixed Dose Combination (FDC) 

formulations.69 It is a chiral basic drug formulated as its dihydrochloride salt (S,S-EDH, 

Figure 10), which is synonymously used to represent the drug.69,70 Anti-TB FDC products 

are unstable due to drug-drug interactions between the component drugs.71 The 

hygroscopicity of ethambutol dihydrochloride accelerates degradation of rifampicin and 

isoniazid in the FDC formulation, resulting in the instability and loss of potency of the 

FDC products upon storage.69a,71 This problem is currently overcome by separately 

coating each drug with a polymer to minimize mutual interactions and water uptake by 

the FDC and then blended to make up the final product formulation.72 In a salt screen of 

ethambutol base, with the intent of obtaining a less hygroscopic salt of EMB as an 

alternative to the existing hydrochloride salt, we obtained several hygroscopic salts and 

ionic liquids.73 Related studies on EMB salts did not focus on their physico-chemical 

property improvement.74 A SWOT analysis (strengths, weakness, opportunity, threats) of 

different solid-state forms (Table 4) suggested cocrystals and/or eutectics as promising 

leads. Solid dispersions, cyclodextrin inclusion complexes, nanoparticles, etc.4a,7a,75 were 

excluded from the present study. Cocrystals and eutectics were shortlisted as the most 

suitable strategies to address the hygroscopicity problem of the marketed ethambutol 

dihydrochloride salt. Amorphous forms were downgraded because of stability concerns 

and gel-filled capsules due to degradation of TB-FDC drugs in a liquid-like formulation. 

  

OH

NH
2
+

NH
2
+

OH

HOOC

COOH

Cl

HOOC

COOH
Cl

EDH FA SA  
Figure 10 Molecular structures of the compounds of this study. 

 

Table 4 Scheme of solid formulation options to tackle the hygroscopicity problem of 

Ethambutol dihydrochloride. 

API form Ethambutol (base) Ethambutol dihydrochloride 

(salt) 
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Amorphous Possible option, but because of its 

high thermodynamic functions76 

the amorphous phase can 

transform or be hygroscopic. 

Not considered for the same 

reasons as mentioned in the left 

panel. 

Polymorph Possible option.a Already four polymorphs are 

reported.77 

Salt Salt screening resulted in 

hygroscopic salts and ionic 

liquids.73 

--- 

Cocrystal Possible option. Possible to make cocrystals of 

salt, e.g. as for Fluoxetine HCl.78 

Solid solution Possible option.b  Possible option.b  

Eutectic EMB is a low melting base (88 

°C),73a and a eutectic will lower 

the m.p. further. Gel-filled capsule 

is an option, but not related to the 

present goal. 

EDH has high m.p. (200 °C) and 

therefore its eutectics are possible 

option. The high thermodynamic 

functions6 will be advantageous 

for solubility and dissolution. 
 

a Polymorph screening is an exhaustive project and stability of the new form can be an 

issue. Hence this approach was not pursued in the present strategy. 
b Solid solution requires isomorphous solid partners1,24,33 from the safe list of chemicals,79 

which can be non-trivial, and hence this approach was not pursued.  

 

 Cocrystallization of ethambutol base with several coformers such as urea, 

nicotinamide, glycine, cytosine, etc. did not give a new cocrystal. Given the low melting 

point of EMB, and the fact that a low melting eutectic will have stability issues,80 the 

focus shifted to the HCl salt. Cocrystallization of ethambutol dihydrochloride (EDH) salt 

was then undertaken (Experimental details are given in the Supplementary Information). 

Dicarboxylic acid coformers fumaric acid (FA) and succinic acid (SA) (Figure 10), which 

are safe to use,79 were selected based on their non-hygroscopic81 and non-hydration 

nature.15 The properties of partner molecules are known to modulate the behavior of 

cocrystals and eutectics,10,11,19a,26a,b e.g. the high soluble succinic acid and low soluble 

fumaric acid imparted their solubility property to the respective cocrystals and eutectics 

with pyrazinamide and isoniazid.10 Solid state grinding10,11,57,82 of EDH with FA/SA in 

1:1 composition gave EDH–FA and EDH–SA within the eutectics phase space (see 

Figure S8 and S9 for DSC at three different drug : coformer compositions). Even though 

the exact eutectic composition was not determined by the phase diagram for the present 
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discussion, the 1:1 stoichiometry adducts of EDH with FA and SA appear to offer 

promise as low hygroscopicity formulations of ethambutol dihydrochloride. The 

structural aspects of EDH eutectics are discussed first and their hygroscopic stability is 

demostrated next.  

 In terms of understanding the outcome of cocrystallization, the formation of EDH 

salt eutectics with FA and SA (in this study) may be contrasted with the salt-cocrystal 

adducts of Fluoxetine HCl with the same diacids.78 A comparison of the crystal structures 

of Fluoxetine hydrochloride and Ethambutol hydrochloride explains the factors that 

govern these two distinct structural outcomes. In the crystal structure of fluoxetine 

hydrochloride,83 each Cl– ion is bonded to one protonated secondary NH2
+ group and 

four CHs while the other CHs make C–H···F interactions with the trifluoromethyl 

acceptor (Figure 11). The introduction of COOH group (of the coformer) means that 

strong OH donors can replace weak CHs bonded to Cl– ion of fluoxetine hydrochloride, 

and in effect provide the enthalpy gain (strong adhesive interactions) for cocrystal 

formation. The COOH homodimers (O–Hacid···Oacid bonds) of FA/SA are replaced by O–

Hacid···Cl– and N+–H···Oacid ionic hydrogen bonds in fluoxetine hydrochloride–diacid salt-

cocrystal (Figure 11). In the structure of EDH, each Cl– ion is bonded to alcoholic OH 

donor and a protonated secondary NH2
+ group (Figure 12).73a In this situation, the COOH 

group of FA/SA will be replaced with the an almost equivalent O–Hacid···Cl– hydrogen 

bond. At best, a few random interactions will provide the additional enthalpy to give a 

weak solid solution. Thus, the energy balance of H bonds and the overall size/ shape 

mismatch of EDH and diacid supermolecules for the combinations resulted in eutectic 

products due to the dominance of cohesive interactions (Figure 12). The analysis of 

fluoxetine HCl and EDH structures provides a rationalization for empirical design 

elements which lead to cocrystal or eutectic. 
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Figure 11 Fluoxetine hydrochloride–Fumaric acid salt-cocrystal (CSD Refcode: 

RAJFIS). The dominance of strong O–Hacid···Cl– and N+–H···Oacid adhesive interactions 

over the weaker cohesive C–H···Cl– bonds in Fluoxetine hydrochloride (CSD Refcode: 

FUDCOW) and the acid dimer of Fumaric acid (CSD Refcode: FUMAAC) explain the 

observed result. The succinic acid cocrystal structure is isomorphous and isostructural to 

that of fumaric acid.78 

 

 
Figure 12 A putative scheme to show the non-formation of a cocrystal between 

Ethambutol dihydrochloride (CCDC No. 929562, ref. 73a) and Fumaric acid (and also 

Succinic acid). The equivalent cohesive (O–Halcohol···Cl–) and adhesive (O–Hacid···Cl–) 

interactions provide no significant enthalpic drive for new adhesive interactions. Thus, 

each component retains its strong cohesive interactions in the eutectic product with weak 

adhesive interactions between the two species (a phase separated product). 

 

Characterization and Hygroscopicity of EDH Eutectic Compositions  

The melting point of EDH eutectic-like compositions are lowered proportionally by the 

coformer (EDH 200 °C, FA 295 °C, SA 190 °C), with the fumaric acid adduct exhibiting 

a higher melting point than that of succinic acid (EDH–FA 174 °C, EDH–SA 141 °C; 

Figure 13). The PXRD patterns (Figure 14) and 13C ss-NMR spectra (Figure 15) of the 

1:1 compositions match closely with those of the components. All these plots suggest that 
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there is no cocrystal formation, and that the product microstructure matches with the 

lattice structures of the components as phase separated (solid solution) domains based on 

PXRD lines and NMR peaks comparison (similar to those displayed in Scheme 2).  

 

 
Figure 13 DSC of EDH (blue), FA (red), SA (black), EDH–FA (magenta) and EDH–SA 

(green). The small endotherm at 75 °C is a polymorphic phase transition of EDH (form II 

→ form I),77 which is also observed in the eutectic compositions. 

 

 

(a) 
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(b) 

Figure 14 PXRD pattern of (a) EDH–FA and (b) EDH–SA eutectics show good match of 

the diffraction peaks with those of the parent components. 

 
(a) 
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(b) 

Figure 15 
13C ss-NMR spectra of (a) EDH–FA and (b) EDH–SA eutectics show good 

match of chemical shifts with those of the individual components. 

 

 A study of EDH compositions of FA and SA (1:1 in each case) under accelerated 

stability conditions of 40 °C and 75% RH (WHO/ICH guidebook)84 for two months 

(Experimental details are given in the Supplementary Information) confirmed the 

superiority of EDH eutectics. The chemical stability of the samples was confirmed by 

PXRD and NMR and their water uptake behavior (hygroscopicity) was monitored by KF 

titration and TGA (Table 5). EDH absorbed 5% water in the above conditions at 15 days 

and became semisolid after 30 days (20% water content) and finally turned liquid-like at 

60 days (Figure 16). There is a qualitative trend between the melting point of the eutectic 

and its hygroscopic stability. The higher melting EDH–FA eutectic exhibited only 3% 

water uptake compared to 14% for the lower melting EDH–SA eutectic; the latter turned 

semisolid-like at 60 days (Figure 16, Table 5). Thus EDH–FA retained its solid-state 

integrity for 2 months in the stability chamber and is less hygroscopic compared to EDH–

SA, while both the eutectic structures are superior to the EDH salt. 

 

Table 5 Hygroscopic behavior of EDH eutectics at 40 °C, 75% RH. 

Compound 

% water uptake 

0 day At 15 days At 30 days At 60 days 

KF TGA KF TGA KF TGA KF TGA 

EDH 0.3 0.2 5.4 5.2 19.3 20.2 45.8 45.6 

EDH–SA 0.2 0.2 0.9 1.3 5.8 5.9 13.8 13.7 

EDH–FA 0.2 0.2 0.2 0.2 0.4 0.5 3.0 2.9 
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Compound 0 day At 30 days At 60 days 

EDH 

   

EDH–SA 

   

EDH–FA 

   
Figure 16 The physical state of EDH compounds to show their hygroscopic behavior at 

40 °C and 75% RH as a function of time. Both the eutectics exhibit greater hygroscopic 

stability than EDH. 

 

Conclusions and Future Directions  

Eutectics are a long-known class of multi-component crystalline solids but a proper 

understanding of their lattice structure and molecular organization at the nanoscale is still 

rudimentary. We hope to expand the understanding of the structures and properties of 

these important solid-state materials. Based on a knowledge of the eutectic microstructure 

in inorganic solids, the structural similarities (and differences) of eutectics, solid 

solutions and cocrystals were related to organic systems. This led us to propose modified 

definitions for these materials and we classify a eutectic as ‘a conglomerate of solid 

solutions’. It is well known for inorganic systems that atomic size and crystal structure 

match will lead to solid solution whereas the product is a eutectic when the structures are 

mismatched.1,14 We highlighted examples of cocrystallization experiments which resulted 

in cocrystal or eutectic depending on the nature and strength of adhesive and cohesive 

interactions by analyzing the role of (i) geometry of functional groups, (ii) intermolecular 

interactions strengths, and (iii) molecular shape and overall packing.  
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 Eutectics are generally not considered to be a part of crystal engineering.9 We 

now show that the design principles for cocrystals can be extended to eutectics in an 

empirical way. When the adhesive interactions dominate, the result is a cocrystal; when 

the adhesive and cohesive interactions are balanced and there is size/ shape match, the 

product is a solid solution; and when the cohesive interactions take over for size/shape 

mismatched components, the product is a eutectic. Secondly, eutectics will improve the 

success rate of cocrystal approach as alternate pharmaceutical materials. Moreover, 

eutectics strengthen the patentability criterion of non-obviousness for cocrystals.9c The 

last decade witnessed a major thrust on cocrystals, culminating with the recent US-FDA 

classification of pharmaceutical cocrystals as drug product intermediates.85 We project 

that the current decade will be about pharmaceutical eutectics86 on par with 

pharmaceutical cocrystals,26,30,85 salts87 and hydrates.88 There is rarely a one-size-fits-all 

solution to the problems arising from solid form efficacy of drugs, and hence a deeper 

understanding of eutectics will create new supramolecular space for exploration. The fine 

balance between the often opposing factors of solubility and stability in drug formulation 

research and development4a,26b,61b,89  may be optimizable for eutectics. The success with 

solubility/ dissolution enhancement of anti-TB drugs pyrazinamide and isoniazid through 

eutectics,10 together with hygroscopicity control in ethambutol dihydrochloride eutectics 

(reported in this study) provide an example of affordable solutions in human health for 

the developing world.90 To summarize, eutectics can confer the dual advantages of 

solubility (because of high thermodynamic functions) and stability (due to their 

crystalline nature) as bioavailable drug forms.  

 To exploit the full potential of eutectics as novel organic materials, advances in 

XRD techniques must dovetail into the preparatory and property studies on eutectics. The 

several reports of unsuccessful cocrystallization experiments12c,36b,91 could actually be 

latent eutectics,10,11 after a thorough analytical study. Synchrotron intensity data quality 

collected to high angle region (short intermolecular distances) followed by pair 

distribution function analysis (PDF/TSPDF)63-67 and structure determination from powder 

diffraction (SDPD)68 techniques will be able to provide detailed information about the 

eutectic microstructure at the nanoscale. A low cost alternative to PDF analysis of 

reasonably good quality and resolution is to collect XRD reflections using higher energy 

Mo-source instead of Cu anode.92 We believe that assimilation of advances in cocrystals, 

solid solutions and eutectics and characterization by XRD-PDF technique will lead to a 

profitable resurrection in eutectics research.  
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The combination of isomorphous solids gives rise to continuous solid solutions and solids 

in which the adhesive interactions outweigh the cohesive ones lead to cocrystals. With 

weak adhesive, strong cohesive and a geometric misfit, the product is eutectic. 
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