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Introduction
The term polymorph has been derived from a Greek word 

“poly”, which means “many”, and “morph” “implying “form””. 
Hence, polymorphism refers to different structural forms 
of a chemical substance. It is defined as the ability of a solid 
material to exist in two or more crystalline forms with different 
arrangements or conformations in the crystal lattice. More than 
50% of active pharmaceutical ingredients (APIs) are estimated 
to have more than one polymorphic form [1,2]. Polymorphism 
and pseudomorphism are very common amongst drugs and are 
responsible for differences in many properties [3]. Generally, 
polymorphism is considered to be of two types, viz. monotropic 
systems and enantiotropic systems. In the former type, only one 
polymorphic form is stable at the temperatures below the melting 
point of the solid drug. However, in the latter, no such phenomenon 
is observed, though different forms can be stable than the others 
irrespective of any noticeable temperature pattern. These forms 
exhibit a temperature, where two polymorphic forms have same 
free energy, termed as transition temperature [4,5]. Though 
chemically same, the polymorphs have different lattice structures 
and subsequently differ in the physicochemical properties. Table 
1 enlists various physiochemical and pharmaceutical properties, 
which are the functions of polymorphism of the APIs [6].

For the compounds exhibiting polymorphism, the knowledge 
of the thermodynamic stability and thermokinetics is desired for 
the better understanding of the transformations and the time 
span required for these transformations [7]. Existence of two 
basic polymorphic forms, viz. monotropes and enantiotropes is 
assumed on these bases. The relative stability and driving force 
for the polymorphic transformations at constant temperature 
and pressure is determined by Gibbs free energy (ΔG); the 
internal energy available for chemical work [8], as portrayed by 
equation 1:

 ∆ = ∆ − ∆G H T S 				              (1)

Where ΔH signifies the enthalpy change, while ΔS accounts for 
the entropy change. Negative value of ΔG assures the spontaneity 
of the polymorphic transitions, whereas the positive value renders 
the process non-spontaneous. Figure 1 depicts the influence of 
various thermokinetic and thermodynamic parameters on the 
molecular attributes resulting in polymorphic transitions. The 
graphs between ΔG versus temperature give the quantitative 
information about the stability of polymorphs. The former can be 
easily extracted from various studies viz. melting point, enthalpy 
of transformation (if available), enthalpy of fusion, and the van’t 
Hoff plots. The data obtained from melting point is relatively 
easy to generate as it requires less quantity of the substance vis-
à-vis the van’t Hoff solubility studies. On contrary, it also poses 
the challenge of potential chemical degradation induced by high 
temperature. The latter method offers the advantage of studying 
the possibility for solution-mediated transformations or solvate 
formation during solubility measurement over a considerable 
temperature range and various solvent systems [8-10].

Pseudopolymorphs, i.e., co-crystals are also studied along with 
polymorphism, which are solid crystalline materials comprising 
two or more molecules or atoms in the same crystal lattice [11]. 
Co-crystals are also generally characterized as hydrates (solvent 
trapped), solvates (solvent present), and clathrates (molecules 
trapped) [12]. The first co-crystals reported were the co-crystals 
of hydroquinone and quinone in 1844 by Friedrich Wöhle [13]. 
Co-crystals directly affect the solid-state properties in terms of 
solubility and bioavailability. Co-crystals are frequently designed 
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for pharmaceutical formulations and many pharmaceutical 
products like tropomyosin and troponin, have been already 
designed by virtue of the co-crystal phenomenon [14]. For better 
understanding, various solid state arrangements pertinent to 
polymorphs and co-crystals have been portrayed in Figure 2. The 
stereochemistry of the polymorphs and pseudopolymorphs is 
also a crucial parameter. The molecular dissymmetry and chirality 
associated is now being employed in the pharmaceutical drug 
development. Racemic mixtures are frequently characterized 
by their melting point phase diagram [15]. Each optically active 
compound has different pharmacological activity and it has 
been proved that chirality with dissymmetry, directly affects the 
pharmacological activity [16].

The difference in the thermodynamic, as well as other 
properties of various polymorphs, ranges from minute 
to significant difference; implying the various degrees of 
transformation of one form to another. The metastable forms 
are thermodynamically unstable and can easily transform to the 
low energy and thermodynamically stable forms. Henceforth, 
it is crucial to perform suitable polymorphic selection for each 
active pharmaceutical ingredient (API) and select the most 
stable polymorph for the product development. The most stable 

polymorph should be employed in the marketed formulation 
to prevent polymorphic alterations during manufacturing, 
delivery, or storage. In general, the selected polymorph should 
be thermodynamically stable during the drug development 
process and remain stable during the manufacturing process 
too [17]. In this context, various federal agencies require the 
appropriate description of the solid state of the API employed 
in the formulation [18]. Table 2 illustrates a few drugs whose 
polymorphic forms have been analyzed.

As far as dosage form development is concerned, following 
general rules are advised for the APIs which show polymorphism: 
(a) Selection of the lowest energy polymorph as it is the most 
thermodynamically stable form; (b) Avoidance of the metastable 
forms, though they are more physically stable, but chemically 
less stable. Attempts should be made to play with the excipients 
to achieve the set pharmaceutical goals, instead of selecting 
the metastable form; (c) Maintenance of such conditions which 
will avoid transitions from metastable form to the stable 
form throughout the shelf-life of the product, if the former 
form is selected due to a particular reason like bioavailability 
enhancement; (d) Assurance of avoidance of any polymorphic 
transition in the dosage form throughout its shelf-life, if so, the 

Figure 1: Pictorial representations of the inter-relationship of the thermodynamic and thermokinetic parameters on the solid-state transforma-
tions[8].
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Figure 2: Pictorial representation (a) Amorphous form (b) Crystalline form (c) Hydrates and Solvates (d) Clathrates
  Drug molecule  

Solvent molecule 
 

   Trapped drug molecule

same should not significantly affect the product quality and 
bioavailability [19,20]. 

Methods of Polymorph Preparation

Most of the polymorphic transitions occur spontaneously 
or by induction of some specific conditions, and generally 
require a complete solid-state characterization of the API 
and the excipients. Now-a-days, there is an increased interest 
between the formulation and medicinal scientists to explore 
the various possibilities of the polymorphic transitions in-situ 
and ex-formulation, generally as a component of preformulation 
studies. Therefore, many new methods have been investigated 
to induce the polymorphic transitions and this section will 
discuss a few most employed ones in brief. Figure 3 highlights 
the frequently reported methods for the polymorphic transitions 
in the APIs or so-called methods to prepare polymorphs.Most 
of these methods are neither novel nor new, but extension of 
the routinely employed crystallization techniques for various 
organic molecules including proteins. Table 3 provides a general 
comparison between these methods for a quick reference.

Solvent evaporation method (Rota evaporation)

In this approach, the saturated solution of the drug is 

prepared in an appropriate solvent and the solvent is removed 
by rotatory evaporation. Air drying at various temperatures, can 
also be employed to obtain different potential polymorphs [41].

Slow cooling approach

This technique is frequently employed for the polymorphic 
forms of less soluble drugs in the solvent systems having boiling 
point range of 30 to 90°C. In brief, the solute is heated in the 
solvent just above the boiling point of the latter to produce the 
saturated solution. This solution is transferred to a stoppered 
tube and is connected to a Dewar flask containing water at a 
temperature just below the boiling point of the solvent. The 
Dewar flask is left in these conditions for several days. This 
technique may further be improved to obtain better crystal 
forms using different solvent mixtures of different polarities. 
Variation in the solvent composition may inhibit or promote 
growth of particular crystal faces and hence, can yield crystals of 

�� Crystal habit, Morphology, Hygroscopy, Tabletability
�� Refractive index/Optical properties/Melting point
�� Enthalpy, Spectral vibrational transitions
�� Dissolution rate, Molar volume and density
�� Stability, Compatibility, Hardness, Intrinsic solubility
�� Handling, Flowability, Blending, and Bioavailability

Table 1: Physicochemical and Pharmaceutical Properties of APIs 
influenced by Various Polymorphic Forms.
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the desired morphology. This approach is also called the solution 
growth approach [42,43].

Solvent diffusion technique

This method is employed when the amount of drug available 
is less, and the drug is sensitive to air and/or solvent(s).  In this 
option, the solution is placed in a sample tube; subsequently a 
less dense solvent is carefully dripped down the sides of the tube 
using either a pipette or a syringe to form a discreet layer. The 
slow diffusion of the solvent results in the crystallization of API 

at the interface. Most employed solvent combination is CH2Cl2/
ethanol and is preferred one, provided the sample is insoluble in 
ether [44].

Vapor diffusion method

This method is analogous to the previous one and is also 
applicable for the less quantities of the sample. In this case, the 
concentrated drug solution (0.5 µL to approximately 20 µL) 
is placed as a drop hanging on the underside of a microscope 
cover slip. The cover slip with the hanging drop is sealed with 

S. No. Name of the API Number of 
Polymorphic forms Bioavailable form Advantages and significance

1 Cortisone acetate [21] 5 I Stable

2 Methylprednisolone [22] 2 I Higher dissolution

3 Sulphamethoxydiazine [23] 3 III Water stable form

4 Chlortetracycline [24] 2 (alpha and beta form) Beta form Absorbs faster in GIT

5 Phenylbutazone [25] 5 IV Most stable form

6 6-Mercaptopurine [26] 3 III Absorbs  more efficiently from 
GIT in comparison to form I  

7 Amobarbitol [27] 2 II Dissolution rate is high

8 Metoprolol tartrate [28] 2 I & II Better tabletability, 
compressibility and stability

9 Phenobarbitone [29] 6 I, II, IV(Form D), VI More stability

10 Tolbutamide [30] 4 II and IV High solubility, dissolution and 
oral absorption

11 Furosemide [31] 2 I Photochemical stability

12 Carbamazepine [32 - 34] 3 I and III Less degradation

13 Phenobarbital [35] 6 A,B and F More stability

14 Paracetamol [36-38] 2 II Good compressibility and plastic 
deformation properties

15 Cimetidine [39] 4 I and III
Thermodynamically more 

stable, Higher dissolution rate of 
polymorphs III vis-à-vis form I

16 Sulfathiazole [40] 3 I Stable

17 Sulfamerazine [41] 2 I Greater tensile strength,  
tabletability and compresibility

18 Enalapril maleate [42] 2 II Thermo-chemically stable

19 Pramocaine [43] 2 I More stable

20 Diflunisal [44] 4 IV High crystal density and 
intermolecular interactions

21 Chloramphenicol Palmitate [45] 3 II Thermodynamically stable and 
better bioavailability

22 Indomethacin [46] 3 I &  II Higher therapeutic efficiency

23 Huperzine [47] 3 III

Most thermodynamically stable 
under various conditions, higher 

solubility than the marketed 
formulations

24 Famotidine [48] 3 II Metastable and commercially 
available

25 Efavirenz [49] 6 I More thermodynamically stable

26 Barbital [50] 6 III Metastable, high kinetic stability  
and commercially available

Table 2: List of Various Drugs Studied for Polymorphism [21-50].
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silicon oil over a solution (approx. 1 mL; reservoir) containing 
high concentration of precipitant. Due to higher precipitant 
concentration, the latter has lower vapor pressure than the drug 
solution. This results in diffusion of the solvent from the drop 
towards the reservoir and subsequent crystallization of the API 
within hours to weeks [45]. 

Vacuum sublimation

Sublimation is known to offer excellent crystals of variety 
of compounds, especially. the air sensitive ones.This approach 
is frequently employed to induce crystallization with numerous 
variations of static or dynamic vacuum. A small amount of 
sample sealed under vacuum in a reactor is generally subject to a 
temperature gradient in numerous manners. Temperature of the 
order of 250°C can be easily employed at a pressure of around 
10-2 mm of Hg. The crystals grow from the wall to the center of 
the reactor [43,46].

Crystal engineering and supramolecular synthesis (co-
crystallization) are being used to enhance solubility, bioavailability, 
safety and efficacy of various APIs [57]. For instance, glutaric 
acid co-crystals with 2-[4-(4- chloro-2-fluorophenoxy) phenyl] 
pyrimidine-4-carboxamide have been developed and possess 
the marked potential to enhance the bioavailability [58]. Various 
techniques have been employed to control the polymorphism, like 
high throughput crystallization method, capillary growth method, 
laser-induced nucleation, and hetero nucleation on single crystal 
substrates [8]. High throughput crystallization methods have 
been developed to screen various conditions like temperature, 
concentration and solvent combinations. This screening pattern 
of polymorphs provides an atlas to develop the suitable form 
[59]. Polymorphs of ritonavir have been developed by high 
throughput screening methods [60]. Super saturation ratio is 
an influential parameter for the metastable crystal formation 
in a solution as well as in capillary. Capillary growth methods 
are frequently employed techniques to control polymorphism 
and during the process itself, the crystals can be analyzed in a 

capillary tube. Nabumetone metastable polymorphs have been 
reported to be developed by the capillary growth methods [61]. 
Non-photochemical laser-induced nucleation method has been 
used in supersaturated solutions of glycine and urea to result in 
the metastable polymorphs [62-63]. Heteronucleation on single 
crystal substrates is a crystallization technique used to prepare 
stable polymorphs by adding polymers in nucleation reaction 
[64]. Carbamazepine polymorphic form IV has been developed 
by this method [65].

Characterization techniques

Various techniques have been used to characterize the 
polymorphs like thermal analysis (differential scanning 
calorimetry (DSC), thermogravimetric analysis (TGA)), infrared 
(FT-IR) spectroscopy, Raman spectroscopy, powder X-ray 
diffraction (XRD), single crystal XRD, solid state NMR, tetrahertz 
spectroscopy, optical and electron microscopy, and incoherent 
inelastic neutron scattering (IINS). Thermal properties of 
polymorphs are an important aspect and are generally fetched by 
DSC and TGA [66-68]. Thermal properties of polymorphs are an 
important aspect and are generally fetched by DSC and TGA [66-
68]. FT-IR helps to identify the polymorphs by indicating changes 
in frequencies, relative intensities, band contours and the 
number of bands. Difference in spectra gives an inference to the 
internal arrangement of crystals [69-70]. Raman spectroscopy 
is analogous to FT-IR spectroscopy and is considered an ideal 
nondestructive tool for polymorphic studies. As far as distinction 
of various polymorphs and amorphous forms is considered, 
Raman spectroscopy offers better spectral selectivity [71-72]. 
XRD is the most widely employed and reliable technique to 
identify different crystal phases through different diffraction 
patterns. Changes in XRD pattern as may be new peak, shoulders, 
or a shift provides the proof of polymorphic transitions [73]. 
Single crystal XRD is a nondestructive technique, which provides 
internal lattice information of crystalline substances, as well as 
the unit cell parameters like bond length, bond angle and unit cell 
type [74]. Solid state NMR is a relatively newer, tough powerful 

S. No. Method Characteristics Advantages Disadvantages Pharmaceutical examples

1 Rota evaporation [51] Applicable for high 
melting substances High purity and yield

Desirability of 
recrystallization, small 
production volume and  

expensive

Famotidine

2 Slow cooling approach 
[52,53]

First choice due to the 
ease and simplicity

Large scale 
production and easily 

reproducible

Low yield, higher input, 
chances of disordered/

twinned crystals

Sodium chloride, Copper 
sulfate

3 Solvent diffusion 
technique [54]

Best for less quantity 
of substance and the 

materials sensitive to air 
and moisture

Larger surface area, 
higher solubility, high 
mechanical strength 

to crystals

Low production yield, 
tedious solvent selection

Tolbutamide, Pentacene and 
6,13-Pentacenequinone,

4 Vapor diffusion 
method [55]

Requires less amount of 
sample

Less quantity 
of sample for 

crystallization

Time consuming, difficult 
solvent selection, expensive 

and low yield
Proteins

5 Vacuum sublimation 
method [53-56]

Desired when quantity 
is less and the sample is 

thermolabile

Excellent crystal 
variety

Disordered or twinned 
crystals Haloprogin

Table 3: Rational for choice/selection of the methods for the preparation of polymorphs [51-56].
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tool to study crystalline polymorphs, relative crystallinity and 
amorphous content of pharmaceutical mixtures. This technique 
provides information about local structure of selected atoms/
nuclei. [44,75]. Terahertz pulsed spectroscopy (TPS) and 
terahertz pulsed imaging (TPI) are the techniques based on the 
utilization of the spectral information obtained in the far infrared 
region of the electromagnetic spectrum. These techniques 
are now being employed for the physical characterization of 
pharmaceutical solids. The spectral interpretation and the 
basic instrumentation are analogous to that of FT-IR and 
Raman spectroscopy. It gives information on low-frequency 
intermolecular vibrational modes, which are difficult to be 
assessed in Raman spectroscopy owing to the closeness of the 
laser exciting line [76-78]. Optical and electron microscopy 
provide the visible differences in topography and the structure 
of the crystal forms [72]. Recently, Tsapatsaris et al. employed 
IINS for the study of monoclinic and orthorhombic polymorphs 
of paracetamol and reported interesting findings [79]. Hot stage 
microscopy part of light microscopy is one of the oldest and 
powerful techniques to characterize the phase transitions of 
crystals as well as the optical properties. Temperature variations 
induced while microscopic view assists in the formation as 
well as detection of another crystal form(s). Nicotinamide and 
many more other crystal forms have been successfully studied 
employing hot stage microscopy [80]. Crystal forms differ from 
each other in size and shape, and this difference can be easily 
observed by scanning electron microscopy (SEM) [81]. 

Crystal structure prediction is a challenging task in 
crystallography. Computational prediction of polymorphs is 
many-a-times beneficial in the drug designing, screening of 
active forms and stable polymorphs as well as other properties 
including thermodynamics. Zero order models, CCDC (Cambridge 
crystallographic data centre) and blind tests are the recent 
computational techniques which are being used to predict the 
crystal structures [81, 82]. Older and newer aspirin polymorphs 
have been successfully predicted by these approaches and the 
newer developed polymorph is relatively more stable and active 
than the existing one [83-85].

Evaluation Techniques
Dissolution study

This study is generally performed in a suitable dissolution 
medium, generally phosphate buffer saline, pH 7.4. The time-
dependent solubility studies are performed and the dissolution 
profile of various polymorphs is compared. The dissolution 
pattern can be correlated with the enthalpies of fusion and 
melting point [86].

Temperature Dependent Solubility of Polymorphs: 
van’t Hoff Plot

van’t Hoff plot is an important approach to determine the 
values of dissolution enthalpy (ΔH) and dissolution entropy (ΔS), 
as per the equation 2:		

(ln solubility) ( / ) ( / )= − ∆ + ∆H RT S R  		            (2)

For the same, saturated solubilities at least three temperatures 

are determined and graph between loge of molar solubility and 
inverse of absolute temperature is plotted. The slope fetches 
with the enthalpy of dissolution, while the intercept provides the 
value change in entropy, as per equation 1 [48, 87]. 

Biological studies 

There are reports on the biological evaluation of the 
polymorphs in the specific animal model. For instance, Nagaraju 
et al. prepared polymorphs of famotidine and also evaluated them 
for antiulcer activity employing pylorus ligation model. They 
reported better in vivo performance of a particular polymorph 
vis-à-vis the pure drug [48]. These types of studies are important 
as they can provide proper understanding about the biological 
fate alterations owing to the physical form transitions. However, 
these studies are drug-type specific and are more significant for 
the stable polymorphic forms.Various physiochemical properties 
are responsible for failure of compounds in various preclinical 
and clinical stages. Polymorphic studies are crucial as these 
forms play a vital role in preclinical/clinical development. 

Importance in Pharmaceutical Sciences
Polymorphism is an influential phenomenon especially in 

pharmaceutical sciences, as it can significantly influence variety 
of API properties including flowability, tableting, dissolution rate, 
solubility, stability and even biological performance including 
efficacy and toxicity [4, 88-90]. List of a few drugs explored 
for polymorphic transitions have already been listed in Table 
2. Literature is occupied with several examples dictating the 
influence of physical arrangement on various physiochemical and 
biological attributes of drugs and excipients. For instance, Wille et 
al. reported six polymorphs of cocoa butter and all the polymorphs 
have significantly different melting points. Hence, selection of a 
particular polymorphic form and prevention of intervention is 
crucial for development of formulations based on this excipient 
[91]. Nagaraju et al. prepared polymorphs of famotidine by 
solvent evaporation method. They reported that PVP polymorphs 
of famotidine offered better dissolution behavior and antiulcer 
effect vis-à-vis pure famotidine and its methanol polymorph [51]. 
Zhang et al. developed two polymorphs of lornoxicam, out of 
which the form II (orthorhombic form) offered higher solubility 
and exhibited higher dissolution rate. Henceforth, it was 
regarded as a better option for oral and injectable dosage forms 
of the drug [92]. Yadav et al. studied five different polymorphic 
forms of pefloxacin reported the crystal forms of pefloxacin. 
Interestingly, all the forms offered high dissolution behavior 
within 15 min, which was further stabilized to a constant value 
after 4 hours [93]. Polymorphic forms are established to alter the 
biological distribution and efficacy of chloramphenicol palmitate 
[94], phenylbutazone [95], amobarbitol [27], cimetidine[96], 
6-mercaptopurine[26] and chlortetracycline hydrochloride[24]; 
though established in animal models [97]. Despite preclinical 
studies, various clinical studies employing polymorphic forms 
of a variety of drugs is easily traceable. Examples include 
enhanced absorption of chloramphenicol palmitate and 
comparable bioavailability mefenamic acid polymorphs [98, 99, 
97]. For more details, one can refer to the review by Singhal et 
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Figure 3: General Methods to Prepare Polymorphs.

al [97]. Taking cognizance to this level of understanding, now-
a-days there are serious regulatory concerns pertaining to the 
physiochemical properties, stability and product performance 
of the pharmaceuticals prone to show polymorphism. The 
variations in the outcomes due to polymorphs are more vis-à-vis 
plain drug, and hence, are demanded to be incorporated in the 
dossiers being filed to regulatory bodies [100].

Conclusions
In the present era of evolving understanding, it is accepted 

that not merely chemical purity/integrity of the API is the sole 
dependable and formulation influential parameter. The physical 
arrangements of the constituents’ in the crystal lattice have 
immense potential to influence the physicochemical properties of 
the drugs and subsequently the therapeutic outcomes. Therefore, 
the study of polymorphic forms has become as important as any 
other branch of pharmaceutical sciences, as the former helps 
to embark upon the proper API/excipient form selection. This 
understanding will not only enhance the shelf-life of the product, 
but will help to maintain the potency, as planned/desired. On 
the regulatory fronts too, now-a-days there are concerns and 
guidelines to have clarity on the polymorphic transitions of 
the API as well as the potential excipients and the relevant 
information is mandatory for filing dossiers with the USFDA 
and other regulatory/federal agencies. to US-FDA and other 
federal agencies. Myriad of analytical techniques are available to 
study these minute transitions which can influence the overall 
performance of the pharmaceuticals. Simple spectroscopic 
techniques like FT-IR and Raman can be of the utmost importance. 
Many varieties of drugs are still unexplored for polymorphism 
and offer a huge scope for further research in a holistic manner.
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