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Abstract
 
Formulators are charged with the responsibility of formulating 
a product which is physically and chemically stable, and bio-
available. Solid-state properties including polymorphism, 
solvate and salt formation can have a profound impact on 
important properties (solubility & stability) that are essential 
for successful development of drug candidates. Crystalli-
zation of pharmaceutically active ingredients, particularly 
those that possess multiple polymorphic forms, are among 
the most critical and least understood pharmaceutical 
manufacturing processes. Many process and product failures 
can be traced to a poor understanding and control of 
crystallization processes. Most drugs exhibits structural 
polymorphism and it is desirable to develop the most 
thermodynamically stable polymorph of the drug to assure 
reproducible bioavailability of the product over its shelf-life 
under a variety of real world storage conditions. There are 
occasional situations in which development of a meta-stable 
crystalline or amorphous form is justified to achieve the 
desired medical benefit. Such situation includes those in 
which faster dissolution rates or higher concentrations are 
desired in order to achieve rapid absorption and the efficiency 
or to achieve acceptable systemic exposure for low solubility 
drugs. This article briefly reviews the basic principle of 
polymorphism, different classes of phase transformations, the 
underlying transformation mechanisms with respective kinetic 
factors and hence the impact of polymorphism on 
pharmaceutical formulations. 
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Introduction 
 
It has been known since the middle of 18

th
 

century that many substances could be 
obtained in more than one crystalline form [1] 
but the subject of drug polymorphism has 
received extensive academic and industrial 
attention since the early pionering reports of 
Aguiar and colleagues at Parke – Davis, in 
which effect of polymorphism on dissolution 
and bioavailability were highlighted for 
chloramphenicol palmitate [2,3]. It is the well-
known fact that nature of structure adopted 
by a given compound on crystallization 
would have a profound effect on the solid-
state properties of the system. It was found 
that various polymorphs could exhibit 
different solubilities and dissolution rates and 
these differences sometimes lead to the 
existence of non-equivalent bioavailabilities 
for different forms. Polymorphism in 
crystalline solid is defined as materials with 
the same chemical composition different 
lattice structures and/or different molecular 
composition [4,5,6,7]. Pseudopolymorphism 
is a term that refers to crystalline forms with 
solvent molecules as an integral part of the 
structure. [8,9] Knowledge of crystal 
structure has also been applied to further 
understand chemical stability and 
dehydration or solvent loss [9].  
 
There is a renewed interest in polymorph; 
this is partly due to increased economic 
pressure faced by pharmaceutical 
companies and the greater awareness of the 
effect that polymorphs may have on the 
bioavailability, manufacturability and stability 
of the product. This is also reflected in 
regulatory recommendations with regard to 
polymorphism appearing in both ‘new drug 
application’ (NDA) and ‘abbreviated new 
drug application’ (ANDA) particularly those 
for solid dosage form [10,11,12]. 
 
Once the diversity of solid state form is 
known, a decision can be made as to which 
crystal form should be selected for further 
development during preclinical & clinical 
testing. This decision must ultimately be 
based upon the physico- chemical attributes 

of various crystal forms including their 
solubility and physical and chemical stability. 
Many drug candidates occur in number of 
polymorphic forms (Table 1). 
 
Table 1: Drug and their number of Polymorphs. 
 

Drug  
No of 
polymorph 

Chloramphenicol Palmitate 2 
Mefanamic acid 2 
Oxytetracycline 2 
Carbmazepine 4 
Phenyl butazane 5 
Sulfapyridine 7 
Nabumetone 2 
Terfenadine 3 
Spiranolactone 6 
Ritonavil 2 
Lamivudine 2 
Enalapril maleate 2 
Ranitidine HCL 2 
Terazosin HCL 3 
Tolsemide 2 
Warfarin VA 2 
Cefurozime Axetil 2 
Metaprotol tartarate paracetamol 2 
2-Amino 5-Nitropyridine 3 
Prednisolone tetra butylacetate 2 
Primidone 2 
Eztrene 3 
Probucel 2 
Ampicillin 3 

 

Aspects of Polymorphism 
 
Structural aspects of polymorphism 
 
An ideal crystal is constructed by the regular 
spatial repetition of identical structural units. 
In the structures of organic molecules, 
different modification can arise in two main 
distinguishable ways. One behavior is 
termed as packing polymorphism in which 
molecules exhibit as rigid grouping of atoms 
that may be stacked in different motifs to 
occupy the points of different lattices. The 
other behavior is termed as conformational 
polymorphism in which molecule is not rigidly 
constructed and can exist in distinct 
conformational states so that each of these 
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conformationally distinct modifications may 
crystallize in its own lattice structure [13]. 
 
Thermodynamics of polymorphism 
 
When a compound exists in various solid 
state forms two important questions to be 
considered are  
 
1. What is their relative thermodynamic 

stability or the condition and direction in 
which a transformation can occur, and  

2. How long it will take the transformation to 
reach equilibrium. 

 
The main approach used to asses 
thermodynamic stability relationships of 
polymorphism are based on thermodynamics 
rules according to Burger and Ramberger 
[14] and free energy change temperature 
diagram. The former distinguishes between 
monotropic and enantiotropic systems while 
the later in addition to this allows for 
calculation of the transition temperature. 
 
Kinetics of polymorphism 
 
While the thermodynamics establishes the 
stability domain of the various solid states, a 
metastable domain once encountered, the 
kinetic pathway will determine which form will 
be created and for how long it can survive. It 
is essential to consider the structural 
elements of the molecular assembly 
processes that lead to crystallization and 
their control. Etter [15] considered the 
process of crystallization in terms of 
molecules arranging themselves into 
energetically suitable packing patterns by 
non-covalent forces especially hydrogen 
bonds. A major conclusion of the work was 
to establish a connection between the 
molecular assembly processes that precede 
nucleation and molecular arrays in the 
crystal states. These findings motivated 
investigations on the supramolecular aspects 
of crystallization processes and have found 
great utility in explanning the appearance or 
disappearance of polymorphs, [4] the role 
that solvents and additives have on the 

directed nucleation of polymorphs [5,16,17] 
and the kinetic stability of metastable forms 
including amorphous solid [18]. 
 
Crystallization involves both nucleation and 
growth of a phase. Studies of growth kinetic 
and crystal morphology are useful in 
characterizing intermolecular interaction on 
specific crystal planes and as a 
consequence in identifying additives or 
solvents that may promote the crystallization 
of particular polymorph. 
 

Nucleation 
 
Nucleation mechanism can be divided into 
two main categories that are homogeneous 
and heterogeneous [19,20,21,22]. Homoge-
neous nucleation rarely occurs in large 
volume (quarter than 100 µl) since the 
solution contains random impurities that may 
induce nucleation [23,24]. 
 
A surface or interface of composition and/or 
structure different from the crystallizing 
solute may serve as nucleation substrate, by 
decreasing the energy barrier for the 
formation of a nucleus that can grow into a 
mature crystal. Nucleation that is promoted 
by crystals of crystallizing solute is known as 
secondary nucleation. These mechanisms 
are thoroughly described by Zettlemayer, 
[19] Mullin [20] and Myerson [22]. Nucleation 
mechanisms have been of great utility in 
controlling the nucleation and transformation 
of polymorphs and solvents, isolating 
metastable solid phases in confined space, 
[25] diverting nucleation of polymorphs using 
solid substrates that template certain crystal 
structure [26-28] and in controlling 
transformations during dissolution of 
metastable solid phases [29-31]. 
 
In recent years various new techniques for 
nucleations have been developed  
 
Newer techniques in nucleation 
 

Scientists have yet to achieve a satisfactory 

degree of control over polymorphism and in 
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particular there is no method to guarantee 

the production of even the most 

thermodynamically stable form of compound. 

Most difficult encountered task for pharma-

ceutical companies is finding all forms of a 

compound that can exist under ambient 

conditions. There are various recent 

developments in crystallization techniques 

that contribute towards this goal. [32] The 

various techniques developed in this regard 

are: 

 

1. High throughput crystallization methods  

 

Are number of possible temperatures, 

concentrations and solvent combinations are 

often sampled in developing new 

polymorphs. In order to test thousands of 

conditions, a high throughput process of 

crystal growth and analysis has been 

developed [33]. Robotic liquid handling 

prepares individual solutions, which are 

subjected to various crystallization 

conditions. Crystals are screened by a 

combination of optical image analysis & 

Raman microscopy to differentiate 

polymorphs. The analysis of patterns of 

polymorph generation under a multitude of 

crystallization conditions provides a road 

map for generating the desired form [32]. 

 

2. Capillary Growth Methods 

 

Polymorphs generation from solution is 

dependant upon super saturation ratio. It is 

known that in order to access metastable 

forms of a compound, a high super 

saturation ratio is often required. 

Crystallization from capillaries is ideal for 

providing an environment with high super 

saturation because small volumes of solution 

isolates heterogeneous nucleants [22,23] 

and induce turbulence & convection. An 

additional advantage of this approach is that 

the crystals can be analyzed by Powder X-

ray diffractrometry (PXRD) in single X-ray 

diffraction. 

3.  Laser induced nucleation 

 

Non-Photochemical Laser Induced Nuclea-

tion (NPLIN) is a crystallization technique 

that has the potential to affect nucleation rate 

as well as polymorph produced. Initial 

experiments revealed a dramatic increase in 

nucleation rate for super saturated urea 

solution upon irradiation to plane polarized 

light [34]. This is proposed to occur by 

alignment of the prenucleating clusters in the 

applied optical field. Although this method 

has not yet been used in pharmaceuticals, 

the technique represents a promising area 

for polymorph solution and discovery. 

 

Heteronucleation on single crystal 

substrates: Organic and inorganic crystal 

substances have been used as substances 

to direct crystallization of many compounds 

by epitaxial mechanism. [35] In this process, 

the oriented growth of a substance on a 

surface occurs due to the alignment of their 

lattice parameters. Extension of this method, 

by employing a combinational library of 

surfaces, has been proposed for polymorph 

discovery [36,37]. 

 

4. Polymer heteronucleation 

 

The first combinational approach in control-

ling polymorphism that directly targets 

nucleation is polymer heteronucleation [28]. 

In this method compounds are crystallized in 

the presence of a chemically diverse library 

of polymer heteronuclei by solvent evapora-

tion, cooling sublimation or other traditional 

crystallization techniques. The polymer acts 

as an additional diversity element to affect 

the crystallization outcome. This technique 

has the potential for controlling the formation 

of established forms as well as discovery of 

unknown polymorphs without prior 

knowledge of solid-state structure. Over 30 

years of study on the solid state chemistry of 

carbamazepine has yielded three poly-

morphs. However a fourth polymorph [38] 
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was discovered using polymer hetero-

nucleation that remarkably proved more 

stable than the well-studied trigonal form 

[39]. 

 

Generation and Charecterization of 
Polymorph 
 

Generation of polymorphs [1]  
 
The primary method for production of 
polymorphs entails slow solvent evaporation 
of saturated solutions, with the rate of 
evaporation being adjusted by empirical 
means. Solvents routinely used for this 
purpose are  dipolar aprotic solvents like 
dimethyl formamide, acetonitrile, dimethyl 
sulphoxide, protic solvents like water, 
methanol, Levis acids like dichloromethane, 
chloroform, Levis bases like acetone, 2-
butanone, aromatic solvents like toluene, 
xylene and non-polar solvents like 
cylohexane and hexane. 
 
The process of solution mediated 
transformation can be considered as the 
result of two separate events, beginning with 
dissolution of initial phase and completing 
with nucleation and growth of final, stable 
phase. 
 
Another commonly used crystallization 
method involves controlled changes in 
temperature. Slow cooling of hot saturated 
solution can be effective in providing crystals 
if the compound is more soluble at higher 
temperatures, while slow warming can be 
used if the compound is less soluble at 
higher temperatures. Sometimes it is 
preferable to heat the solution to boiling, filter 
to remove excess solute, and then quench 
cool using an ice bath or even a dry acetone 
bath. 
 
Hydrates are usually obtained by 
recrystallization from water. Trazodone 
hydrochloride tetrahydrate was prepared by 
dissolving the anhydrate in hot distilled water 
[40]. 
 

Phase transformation 
 
The active pharmaceutical ingredient (API) 
and the excipients in a solid oral dosage 
form may exist in different crystalline 
modification or may be amorphous. When a 
predefined solid phase of a drug substance 
or crystalline excipient in a solid formulation 
is subjected to a variety of processing 
conditions during dosage form manufac-
turing, many phase transformation may take 
place including interversion among 
polymorphs, solvates/ hydrates and the 
amorphous form [41]. 
 
During product development, one must 
identify both the solid phases and recognize 
the transitions among them under relevant 
conditions. The stability relationship between 
crystalline solid phases often changes 
depending on the temperature, pressure and 
relative humidity of the environment. The 
knowledge of mechanism of phase 
transformations is very helpful in identifying 
the potential for such transitions and factors 
affecting their kinetics. The four underlying 
mechanism have been listed in the Table 2. 
The stability relationship between a pair of 
polymorphs can be categorized as 
monotropic or enantiotropic. 
 
Monotropy: When a metastable polymorph 
is there, a polymorphic transition to the 
stable polymorph during processing can 
proceed via all four mechanism enlisted 
above. For an enatiotropic system, one 
polymorph is stable below the transition 
temperature (Tt), while the other is stable 
above Tt. Only one polymorph is stable 
throughout the temperature range for a 
monotropic system. 
 
Enatiotropy: If the temperature does not 
reach Tt during heating, the system is 
montropic for practical purpose. However if 
the temperature is raised above Tt, 
polymorphic transition between the two 
phases can proceed via any of the four 
mechanisms. 
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 Table 2: Mechanisms od phase transitions 
 

Mechanism Phase transition Factors influencing 

Solid -state Polymorphic transition Hydration/ 
dehydration amorphous 
crystallization/ vitrification 

Environment (Temperature, pressure, relative 
humidity etc.) presence of crystalline defects, 
particle size and distribution and impurities. 

Melt Polymeric transitions, vitrification Relative rates of nucleation, crystal growth, 
cooling and impurities and excipients 

Solution  Polymorphic transition Hydration/ 
dehydration, amporphous 
crystallization/ vitrification 

Rate of solvent removal, ease of nucleation, 
processing conditions, undissolved solids and 
excipients. 

Solution 
mediated 

Polymorphic transition Hydration/ 
dehydration amporphous 
crystallization/ vitrification 

Solubility and solubility difference between the 
phases, processing temperatures, contact 
surfaces, agitation and soluble excipients / 
impurities 

 

Preventing and anticipating phase 
transformations in process of develop-
ment 
 
To anticipate and prevent phase transitions 
during manufacturing it is important to have a 
thorough understanding of crystals forms 
and the amorphous phase of an API and 
excipients as well as the interconversion 
mechanisms and processing options. Phase 
transition in crystalline excipients and their 
impact on product performance cannot be 
also ignored. Induced hardening is 
anticipated in tablets may lead to a decrease 
in dissolution rates during storage of 
formulations containing a high level of 
crystalline excipients such as mannitol. If 
process induced hardening is anticipate, 
variable product dissolution can be 
minimized through the use of intragranular 
and extra granular super disintegrants or by 
selecting an alternative excipients. [41] In 
designing manufacturing processes for solid 
dosage forms, process induced phase 
transformation can be anticipated based on 
preformulation studies. These transforma-
tions can be controlled and circumvented by 
selecting the appropriate process. 
Acetylsalicylic acid is known to be prone to 
hydrolysis. Reports indicate that when roller 
compacted acetyl salicylic acid is used in 
formulation; moisture uptake of formulation 
increases leading to increase in hydrolysis 
[42]. This increased moisture uptake was 

attributed to the presence of 10% amorphous 
acetylsalicylic acid, which was unintentionally 
generated during the roller compaction 
process. 
 
Hydration and dehydration during wet 

granualtion is probably most likely to result in 

phase changes via solution or solution 

mediated mechanism. These changes often 

occur when a compound forms stable 

hydrates at ambient conditions and when an 

anhydrous crystal form is supplied for 

granulation. In such cases solution mediated 

transformation to a hydrate can occur during 

granulation. Then depending on the speed 

and conditions of drying, the final phase can 

be the original anhydrous phase or a 

metastable anhydrate phase. For example, 

carbamazepine an anticonvulsant drug exists 

as three polymorphic anhydrate forms and 

as a dehydrate [43]. It is practically insoluble 

in water, is marketed as tablet with strength 

up to 400 mg [44]. For such compound wet 

granulation may be utilized to improve flow 

and compression properties of the 

formulation. One except that the poor 

solubility of carbamazepine should reduce 

the risk of solution mediated transformation. 

However Otsuka et al have demonstrated 

that solid phase transition can occur during 

wet granulation of this compound [45]. 
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Table 3: List of analytical techniques for polymorph characterization [41] 
 

Technique Advantages Disadvantages 

Powder X-Ray 
diffractomety (PXRD) 

Standard for phase identification, 
usually show significant difference 
among crystal forms 

Interference from crystalline 
recipients 

Single crystal X-ray 
diffractomety 

Ultimate phase identification (ID) in 
depth understanding of structure 

May be difficult to prepare single 
crystal 

Differential scanning 
calorimetry (DSC) 

Small sample size, information on 
phase transition, information on 
interference with recipients 

No information on the nature of 
transition, interference from both 
crystalline & amorphous 
recipients 

Thermogravimetry Analysis 
(TGA) 

Quantitative information on the 
stoichiometry of solvates / hydrates 

Only useful for solvates / 
hydrates, interference from 
water containing excipients 

Mid infrared (IR) Complementary phase ID method, 
ability to show the different states of 
water, sample size can be very 
small if coupled with microscopy 

Severe interference from 
moisture, interference from 
excipients, differences may be 
small 

NCAR IR (NIR) Complementary phase ID method, 
ability to penetrate through 
containers ability to show different 
states of water 

Low intensity, differences may 
be very subtle interference from 
excipient 

Raman Complimentary phase ID method, 
small sample size, minimum 
interference from water 

Interference from excipient 

Solid state nuclear 
magnetic resonance 
(SSNMR) 

Complimentary phase ID method, 
local environment of atoms 

Relatively long data acquisition 
time 

Polarized microscopy Information on crystal morphology 
and size, qualitative information on 
crystallinity. Complimentary 
information on phase transition 

Interference from excipient 

Hot stage microscopy Complimentary information on 
phase transition 

Interference from excipient 

Solvent sorption Excellent for detection of low level of 
amorphous phase, defining the 
liability of hydrates 

Interference from amorphous 
excipient, large hysteresis loop 
possible 

 

Characterization of polymorphs 
 
Once a variety of crystalline solids have 
been produced using a suitable polymorph 
protocol, it is very important to characterize 
these by proper techniques so that system 
can become better defined [2,46-49]. The list 
of various analytical techniques for 
characterization is as given in Table 3. 
 

The most definitive of all these technique is 
single X-ray diffraction because it directly 
determines differences in packaging and 
conformation of molecules. Moreover, 
intermolecular interactions in the solids are 
elucidated with atomic resolution providing a 
wealth of chemical data. The important 
feature of this technique is that it can rule out 
pseudopolymorphism. 
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In cases, where single crystals of sufficient 
quality for structural determination are not 
available solvates and hydrates can often be 
identified by Thermo gravimetric analysis 
(TGA) or by spectroscopic technique such as 
infrared or Raman spectroscopy. Powder X-
ray diffraction, the most reliable technique for 
rapid polymorph identification, cannot easily 
differentiate between true polymorph and 
pseudo-polymorphism [32]. 
 

Polymorphism and Development 
of Formulation 
 
Polymorphism and solubility 
 
Since different lattice energies (and 
entropies) associated with different 
polymorphs not only gives differences in 
physical properties but also exhibit different 
solubilities and dissolution rates [61] and 
these variation in solubility may have impact 
on absorption of drug from its dosage form. 
A solid having higher lattice free energy (i.e. 
a less stable polymorph) will tend to dissolve 
faster, since the release of higher amount of 
stored lattice free energy will increase the 
solubility and hence driving force for 
dissolution. The concept of solubility implies 
the process of solution has reached an 
equilibrium state such the solution has 
become saturated.  
 
The most critical issue related to drug 
substance polymorphism is equilibrium 
solubility. Equilibrium solubility is the 
concentration of drug dissolved when there 
is an equilibrium between the solid drug 
substance and solution. Although drug 
dissolution testing is appropriate for drug 
product evaluation, equilibrium solubility is 
more reliable than dissolution rate for drug 
substance evaluation since dissolution rate is 
typically influenced by particle size and   
wettability [26]. The influence of wettability 
on the dissolution rate of pharmaceutical 
powders was studied by Lippold and Ohm 
[62]. It was determined that there is a 
correlation between wettability and 
dissolution rate. Particle size affects the rate 

of dissolution. Dissolution rate is proportional 
to the surface area and decreasing the 
particle size increases surface area. 
 
Equilibrium solubility studies can be 
conducted to assess the affect of crystal 
structure or polymorphism. Particle size and 
wettability can be modified by processing 
parameters but equilibrium solubility is 
determined by polymorphic form. Equilibrium 
solubility should be assessed according to 
procedures recommended in the 
Biopharmaceutical classification system 
(BCS) guidance. According to BCS 
guidance, the definition of a highly soluble 
drug is one that has solubility in excess of 
highest dose strength in 250 ml in aqueous 
media through the pH range 1.0 – 7.5. For 
drugs that are highly soluble, the effect of 
polymorphism on bioavailability is not 
anticipated, and therefore, no controls on 
polymorphism should be required provided 
that drug product is manufacturable. 
 
The most recent example of the impact of 
polymorphs on solubility and dissolution rate 
is the protease inhibitor Ritonavir. [63] A new 
thermodynamically stable form, form II was 
dissolved, two years after the launch of 
product using form I. The two crystals forms 
differ substantially in their physical properties 
such as solubility and dissolution rate. 
 
The intrinsic solubility of a substance 
depends on the particular solid phase 
(solvate or anhydrate) that is present [64]. 
Since lattice energies of physical forms 
(amorphous, polymorphs of solvates) are 
responsible for the difference in solubilities 
and dissolution ratio, the largest difference in 
solubility is observed between amorphous 
and crystalline materials [65-67]. The 
solubility difference between different 
polymorphs is typically less than 10 times 
whereas the difference between amorphous 
and crystalline material can be up to hundred 
times. 
 
Weather differences in the solubilities of 
various polymorphs will have an effect upon 
drug product, bioavailability/bioequivalence 
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(BA/BE) is also dependent upon other 
factors that govern the rate and extent of 
drug absorption, including gastrointestinal 
motility and intestinal permeability. For a 
drug whose rate and extent of absorption is 
limited by its dissolution, large differences in 
the solubilities of various polymorphous 
forms are likely to affect BA/BE. On the other 
hand, for a drug whose rate and extent of 
absorption is only limited by intestinal 
permeability, differences in the solubilities of 
various polymorphs are less likely to affect 
BA/BE. Furthermore, when the solubilities of 
the polymorphic forms are sufficiently high 
and drug dissolution is rapid in relation to 
gastric emptying, differences in solubilities of 
the various solid-state forms are unlikely to 
affect BA/BE. 
 
Approaches to improve solubility of 
polymorphs 
 
Single component system 
   
Amorphous: Pharmaceutical glasses or 

amorphous solids present an alternative 

approach to drug delivery because of their 

improved bioavailability compared to their 

crystalline counter parts. Amorphous solids 

lack the three dimensional long range 

molecular order characteristics of crystal but 

may exhibit short range order [26,68,69]. 

Amorphous materials are further from 

equilibrium than crystalline materials, are 

higher energy states and as expected have 

faster dissolution rates and kinetics or 

metastable solubilities relative to 

corresponding crystals [67]. 

 

Multicomponent system 

 

Multi-component systems are molecular 

assemblies composed of an API and a 

complementary molecule (neutral or 

charged) such as solvent excipients and 

other substances. These solid-state super-

molecules are assembled from specific non-

covalent interactions between molecules 

including hydrogen bonds, ionic, Van Der 

Waals and pi – pi interactions. Thus 

intermolecular interactions can be used as 

key molecular recognition in the design of 

amorphous or crystalline multi-component 

system and in characterization of structures. 

It is important to note that the amorphous 

and crystalline solids share the same 

intermolecular bonds and differ mainly in the 

range of disorder. 

 

Amorphous: Multi-component system can 

be prepared as amorphous molecular 

dispersions. Homogeneous dispersion of API 

and other substances offer the advantages 

of the higher energy amorphous state, such 

as improved dissolution rates and 

bioavailability. Components used in 

formulation of solid dispersion include 

polymers such as PEG, [70,71], PVP [26, 72-

76], PVA [77], PVP/VA copolymers [78,79], 

cellulose derivatives [80,81], polyacrylates 

and polymethacrylates [82,83]. In contrast to 

single component amorphous solids, 

molecular dispersions can be designed with 

optimal stability and function. For instance 

relaxation times, molecular mobility and 

intermolecular interaction can be varied by 

choice of components [18,78]. 

 

Crystalline: Crystal engineering offers a 

rational approach to the design of new 

composition and crystal structures. Covalent 

as well as non-covalent bond can be 

exploited in the design of supramolecular 

structures. Hydrogen bonded networks are 

the most commonly studied since a certain 

degree of reliability and predictability exists 

regarding the interaction of donors and 

acceptors. [84] 

 

Co-crystals solvates: The drug develop-

ment process exposes pharmaceutical solids 

to solvents, organic and aqueous solvent 

during crystallization, wet granulation, 

storage and dissolution, that can lead to 

formation of solvated crystals by design or 

inadvertently. Crystalline forms of APIs with 

included solvent molecules differ in 

pharmaceutical performances, mechanical 

behaviour, stability, dissolution and often 
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from the unsolvated API crystal [85-87]. 

Choice of development of solvated or 

unsolvated form will depend on its 

pharmaceutical properties, how long it can 

survive and under what conditions. The 

propensity of an API molecule to form 

solvate has been related to molecular 

structures, hydrogen bond patterns and 

crystal packing [9, 86-89]. 

 
Chemical stability of polymorphs and 
amorphous forms 
 
The polymorphs (or pseudopolymorphs) of 
some drug have shown to exhibit different 
chemical stability. Examples are carbama-
zepine [90], paroxetine maleate [91], 
indomethacin [92], methylprednisolone [93], 
furosemide [94] and enalapril maleate [95]. 
For example, the photo decay of form II of 
carbamazepine was 5 and 1.5 fold faster 
than form I and III, respectively [83]. In 
addition to change in the rate decay, 
polymorphism may also affect the 
mechanism of decay as observed in the 
reactivity of different polymorphs of cinnamic 
acid derivatives [96]. 
 
It is generally observed that the more 
thermodynamically stable polymorph is more 
chemically stable than a metastable 
polymorph. This has generally been 
attributed to higher crystal parking density of 
thermodynamically favored polymorph but 
current investigation suggests hat other 
factors such as optimized orientation of 
molecules and H-bonding and non-hydrogen 
bonds in crystal lattice plays a more 
important role. 
 
Indomethacin can exist as the metastable α-
form and thermodynamically favoured γ-
form. Although the metastable α-form has 
higher density, the α-form rapidly reacts with 
ammonia vapour while the γ-form is inert to 
ammonia. The lower reactivity of 
indomethacin polymorphs is due to 
differences in crystal packing/hydrogen 
bonding [93]. 
 

The intrinsic difference in chemical stability 
between 2 polymorphs Ex. α-γ indomethacin 
cannot be overcome, but less chemically 
stable polymorphs can often be formulated in 
a way, which results in acceptable shelf life. 
In comparison to crystalline polymorphs, the 
amorphous form of drug is generally 
accepted to be less chemically stable due to 
lack of 3-dimensional crystalline lattice, 
higher free volume and greater molecular 
mobility. As early as 1965, amorphous 
Penicillin G was shown to be less stable than 
crystalline sodium and potassium salts [97]. 
 
It should be pointed out that a major portion 
of any formulation effort is the choice of 
excipients and processes, which minimize 
the chemical instability of drug. If metastable 
polymorph (or amorphous form) is less 
chemically stable than the lowest energy 
form of the drug, than in many cases it will 
be possible to maximize the chemical 
stability of this metastable form through 
judicious formulation decision. [98-103] Thus 
reduced chemical stability of a metastable 
crystalline or amorphous form does not 
necessarily preclude its development as a 
product. 
 
Mechanical properties of polymorphs and 
amorphous drug forms 
 
Polymorphs can affect the mechanical 
properties of drug particles and thus may 
affect the manufacturability and physical 
attributes of tablets. For example, 
polymorphs of metaprotol tartarate [104]  
paracetamol [105-108], sulfamerazine [109], 
phenobalbitone [110], carbamazepine [111, 
112] and phenylbutazone [113] have been 
shown to exhibit different mechanical 
properties. A common effect of polymer-
phism is alteration of powder flow due to the 
difference in particle morphology of two 
polymorphs. Polymorphs with needle or rod 
shaped particles may have poor flow 
compared to polymorphs with low aspect 
such as cubic habit or irregular spheres. The 
effect of polymorphism on other mechanical 
properties such as hardness, yield pressure, 
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elasticity, compressibility and bonding 
strength is more complex. 
 
A simple general rule, although semi 
empirical proposed can be used to predict 
the effect of crystal packing of polymorphs 
on their compressibility and bonding strength 
[114-115]. The more stable polymorphs due 
to its higher packing density, is expected to 
form stronger interparticle bonds but is 
harder to deform [104,113,114]. Since an 
increase in the bonding surface area 
resulting from deformation of particles may 
have higher impact on tablet strength than 
interparticle bond strength, the more stable 
of two polymorphs may provide weaker 
tablets. 
 
Factors other than those accounted for by 
the general rule proposed by Summers et al 
[113] may also affect the mechanical 
properties of two polymorphs. For example, 
the presence of slip planes in form I of 
sulfamecazine was found to be the reason 
for its higher plasticity than form II, the more 
stable form at room temperature [109]. This 
higher plasticity results in greater 
compressibility and tabletability. 
 
For amorphous drug forms, mechanical 
properties may be different from those of 
crystalline drug due to the absence of long 
range packing. The mechanical attributes of 
amorphous forms are less well understood 
than those of crystalline polymorphs. The 
lack of information on mechanical properties 
of amorphous drugs may be due to the 
physical and chemical instability of these 
forms. One report comparing the mechanical 
properties of crystalline and amorphous 
forms of model drug has been published 
[115]. 
 
Differences in the mechanical properties of 2 
polymorphs or amorphous vs. crystalline 
forms may or may not affect the 
manufacturability and physical attributes of 
tablets. For example, in the case of 
metaprotol tartarate, the differences in the 
mechanical properties of two polymorphs did 

not affect the bonding properties of tablets 
with relatively high drug loading [104]. 
 
In some cases the favourable mechanical 
properties of a polymorph, such a 
metastable, may be used to develop a more 
desirable process to manufacture tablets. 
For example, direct compression may be 
used to manufacture tablets with the more 
compressible orthorhombic form II of 
paracetamol instead of using more resource 
intensive granulation processes for 
monoclinic form I [105,108]. However, 
development of a metastable form for 
processing advantage should only be 
undertaken for drugs for which a complete 
understanding exists with respect to form 
dependent chemical stability, physical 
stability & most important bioavailability. This 
will typically be the case only for very old, 
highly studied drugs. 
 
Solvates and hydrates 
 
In general, the analysis provided above for 
the behaviour of polymorphs also applies to 
metastable solvates and hydrates. For 
example, the dissolution rate and solubility of 
drug can differ significantly for different 
solvates. Glibenclamide have been isolated 
as pentanol and toluene solvates, and these 
solvates exhibit higher solubility and 
dissolution rate than 2 non-solvated 
polymorphs [116]. In formulation of solvates 
(other than hydrates), the formulation must 
be careful to address the toxicity of the 
associated solvent, and carefully evaluate 
interactions of the drug and mobile solvent 
molecules with excipients on storage, which 
may result in compromised performance. 
 
Similar to polymorphs in general the physical 
stability of hydrates and anhydrates forms 
may depend upon the relative humidity 
and/or temperature of the environment, and 
the most stable form may switch as the 
humidity / temperature is varied. Anhydrous 
to hydrate transitions can occur during 
dissolution at the drug / medium interface 
and can affect dissolution rate and 
bioavailability [117]. 



Seifee et al                                           Drug Polymorphism 

Int J Health Res, December 2009; 2(4):   302 

Regulatory Considerations of 
Pharmaceutical Solid Polymor-
phism in Abbreviated New Drug 
Applications (ANDAs) 
 
A sponsor of an abbreviated new drug 
application (ANDA) must have information to 
show that the proposed generic product and 
the innovator product are both pharma-
ceutically equivalent and bioequivalent and 
therefore therapeutically equivalent. Many 
pharmaceutical solids exist in several 
crystalline forms and thus exhibit 
polymorphism. Polymorphism may result in 
differences in physicochemical properties of 
active ingredient and variations in these 
properties may render a generic drug 
product to be bioequivalent to the innovator 
brand. For this reason, in ANDA careful 
attention is paid to the effect of 
polymorphism in the context of generic 
product equivalency. 
 

Conclusion 
 
The impact of drug substance and 

polymorphs on pharmaceuticals develop-

ment revolves around solubility of the drug 

substance and dissolution of drug product. 

Once the existence of polymorphism has 

been identified through the literature, the 

drug substance available must be evaluated 

and formulations can be developed based on 

its solubility. In the case of compounds that 

have poor solubility, the formulation must be 

developed so that the effect of polymorphism 

on dissolution and bioequivalence can be 

minimized. For this, it is always advisable to 

identify the lowest energy crystalline 

polymorph of the drug candidate during 

development. If metastable or amorphous 

forms are used in the development of the 

drug product, it is possible to improve 

chemical stability of such forms through 

judicious choice of excipients and 

formulation processes.  
 
 
 

References 
 

1. Brittain HG. Polymorphism: Pharmaceutical 
Aspect, Encyclopedia of Pharmaceutical 
Technology. Marcel Dekker Publication, New York 
2002, p 2239-2249. 

2. Aguiar AJ, Krc J, Kinkel AW, Samyn JC. Effect of 
polymorphism on the absorption of 
chloramphenicol from chloramphenicol palmitate. J 
Pharm Sci 1967; 56: 847– 853. 

3. Aguiar AJ, Zelmer JE. Dissolution behavior of 
polymorphs of chloramphenicol palmitate and 
mefanamic acid. J Pharm Sci 1969; 58: 983– 987. 

4. Dunitz JD, Bernstein J. Disappearing polymorphs. 
Accounts Chem Res 1995; 28: 193– 200. 

5. Bernstein J, Davey RJ, Henck JO. Concomitant 
polymorphs. Angew Chem Int Ed 1999; 38: 3441– 
3461. 

6. Grant DJW. Theory and origin of polymorphism, In: 
Brittain HG (Ed). Polymorphism in Pharmaceutical 
Solids. Marcel Dekker, New York, 1999. p 1 – 33. 

7. Vippagunta SR, Brittain HG, Grant DJW. 
Crystalline solids Adv Drug Deliv Rev 2001; 48: 3 – 
26. 

8. Byrn SR, Pfeiffer RR, Stephenson G, Grant DJW, 
Gleason WB. Solid-State Chemistry of Drugs, 
SSCI, West Lafayette, 1999, p 103-108. 

9. Nangia A, Desiraju GR. Pseudopolymorphism: 
occurrences of hydrogen bonding organic solvents 
in molecular crystals. Chem Commun 1999; 7: 
605–606. 

10. Byrn S, Pfeiffer R, Ganey M, Hoiberg C, 
Poochikian G. Pharmaceutical solids: a strategic 
approach to regulatory considerations. Pharm Res 
1995; 12: 945–954. 

11. International Conference on Harmonization Q6A 
Guideline: Specifications for New Drug Substances 
and Products: Chemical Substances, October 
1999. 

12. Yu L X, Furness M S, Raw A, Woodland K P, 
Nashed N E, Ramos E, Miller S P F, Adams R C, 
Fang F, Patel R M, Holcombe F O Jr., Chiu Y,and 
Hussain AS. Scientific considerations of 
pharmaceutical solid polymorphism in abbreviated 
new drug applications. Pharm Res 2003; 20: 531– 
536. 

13. Bernstein J. Conformational Polymorphism, 
Organic Solid State Chemistry. Desiraju GR (Ed) 
Elsevier, Amsterdam, 1979. p 471-518. 

14. Burger A, Ramberger R. Polymorphism of 
pharmaceuticals and other molecular crystals. I. 
Theory of thermodynamic rules. Mikrochim Acta 
1979; 2: 259–271. 



Seifee et al                                           Drug Polymorphism 

Int J Health Res, December 2009; 2(4):   303 

15. Frankenbach GM, Etter MC. Relationship between 
symmetry in hydrogen-bonded benzoic acids and 
the formation of acentric crystal structures. Chem 
Mater 1992; 4: 272– 278. 

16. Zhang GGZ, Gu CH, Zell MT, Burkhardt RT, 
Munson EJ, Grant DJW. Crystallization and 
transitions of sulfamerazine polymorphs. J Pharm 
Sci 2002; 91: 1089–1100. 

17. Gu CH, Grant DJW. Estimating the relative stability 
of polymorphs and hydrates from heats of solution 
and solubility data. J Pharm Sci  2001; 90: 1277– 
1287. 

18. Shalaev E, Zografi G. The concept of structure in 
amorphous solids from the perspective of the 
pharmaceutical sciences. Amorphous Food and 
Pharmaceutical Systems, vol. 281. The Royal 
Society of Chemistry, Cambridge, 2002. p 11 – 30. 

19. Zettlemoyer AC. Nucleation, Marcel Dekker, New 
York, 1969. p 1-70,109. 

20. Mullin J W. Crystallization, Butterworth-Heinemann, 
Oxford, 1992, p 172-206. 

21. Sohnel O, Garside J. Precipitation: Basic Principles 
and Industrial Applications, Butterworth-
Heinemann, Oxford, 1992, p 1-5. 

22. Myerson AS. Handbook of Industrial Crystallization, 
Butterworth-Heinemann, Boston, 2002, p 67. 

23. Perepezko JH. Nucleation reactions in undercooled 
liquids. Mater Sci Eng A 1994; 178: 105– 111. 

24. Perepezko JH.  Kinetic processes in undercooled 
melts.  Mater  Sci Eng A 1997; 226:  374– 382. 

25. Chyall LJ, Tower JM, Coates DA, Houston TL, 
Childs SL. Polymorph generation in capillary 
spaces: the preparation and structural analysis of a 
metastable polymorph of nabumetone. Cryst 
Growth Des 2002; 2: 505– 510. 

26. Taylor LS, Zografi G. Spectroscopic 
characterization of interactions between PVP and 
indomethacin in amorphous molecular dispersions. 
Pharm Res 1997; 14: 1691–1698. 

27. Ward MD. Bulk crystals to surfaces: combining X-
ray diffraction and atomic force microscopy to 
probe the structure and formation of crystal 
interfaces. Chem Rev 2001; 101: 1697– 1725. 

28. Lang M D, Grzesiak A L, Matzger A J. The use of 
polymer heteronuclei for crystalline polymorph 
selection. J Am Chem Soc 2002;124: 14834–
14835. 

29. Rodrýguez-Hornedo N, Murphy D. Surfactant-
facilitated crystallization of dihydrate 
carbamazepine during dissolution of anhydrous 
polymorph. J Pharm Sci 2004; 93(2): 449-460.  

30. Murphy D, Rodrý´guez-Cintro´n F, Langevin B, 
Kelly RC, Rodrý´guez-Hornedo N. Solution-
mediated phase transformation of anhydrous to 

dihydrate carbamazepine and the effect of lattice 
disorder. Int J Pharm 2002; 246: 121– 134. 

31. Rodrýguez-Hornedo N, Lechuga-Ballesteros D, Wu 
HJ. Phase transition and heterogeneous/epitaxial 
nucleation of hydrated and anhydrous theophylline 
crystals. Int J Pharm 1992; 85: 149– 162. 

32. Spong BR, Price CP, Jayasankar A, Matzger AJ, 
Hornedo NR. General principles of pharmaceutical 
solid polymorphism: a supramolecular perspective 
Adv Drug Deliv Rev 2004; 56: 241– 274. 

33. Peterson ML, Morissette SL, McNulty C, Goldsweig 
A, Shaw P, Lequesne M, Monagle J, Encina N, 
Marchionna J, Gonzalez-Zugasti A, Gonzalez 
Zugasti J, Lemmo AV, Cima SJ, Cima MJ, 
Almarsson O. Iterative high-throughput polymer-
phism studies on acetaminophen and an 
experimentally derived structure for form III. J Am 
Chem Soc 2002; 124: 10958–10959. 

34. Garetz BA, Aber JE, Goddard NL, Young RG, 
Myerson A S. Nonphotochemical, polarization-
dependent, laserinduced nucleation in super-
saturated aqueous urea solutions. Phys Rev Lett 
1996; 77: 3475–3476. 

35. Hooks DE, Fritz T, Ward MD. Epitaxy and 
molecular organization on solid substrates. Adv 
Mater 2001; 13: 227– 241. 

36. Ward MD. Organic crystal surfaces: structure, 
properties and reactivity. Curr Opin Colloid Interf 
Sci 1997; 2: 51– 64. 

37. Mitchell CA, Yu L, Ward MD. Selective nucleation 
and discovery of organic polymorphs through 
epitaxy with single crystal substrates. J Am Chem 
Soc 2001; 123: 10830–10839. 

38. Lang MD, Kampf JW, Matzger AJ. Form IV of 
carbamazepine. J Pharm Sci 2002; 91:1186–1190. 

39. Grzesiak AL, Lang M, Kim K, Matzger AJ. 
Comparison of the four anhydrous polymorphs of 
carbamazepine and the crystal structure of form I. J 
Pharm Sci 2003; 92: 2260–2271. 

40. Sasaki K, Suzuki H, Nakagawa H. Physicochemical 
characterisation of trazodone hydrochloride 
tetrahydrate. Chem Pharm Bull 1993; 41: 325-328. 

41. Zhang GGZ, Law D, Schmitt EA, Qiu Y. Phase 
transformation considerations during process 
development and manufacture of solid oral dosage 
forms. Adv Drug Deliv Rev 2004; 56: 371– 390. 

42. Leeson L, Mattocks AM. Decomposition of aspirin 
in the solid-state. J Am Pharm Assoc 1958; 47: 
329–333. 

43. Rustichelli C, Gamberini G, Ferioli V, Gamberini M 
C, Ficarra R, Tommasini S. Solid-state study of 
polymorphic drugs: carbamazepine. J Pharm 
Biomed Anal 2000; 23: 41– 54. 

44. Meyer MC, Straughn AB, Jarvi EJ, Wood GC, 
Pelsor FR, Shah VP. The bioinequivalence of 



Seifee et al                                           Drug Polymorphism 

Int J Health Res, December 2009; 2(4):   304 

carbamazepine tablets with a history of clinical 
failures. Pharm Res 1992; 9: 1612– 1616. 

45. Otsuka M, Hasegawa H, Matsuda Y. Effect of 
polymorphic transformation during the extrusion-
granulation process on the pharmaceutical 
properties of carbamazepine granules. Chem 
Pharm Bull 1997; 45: 894– 898. 

46. Brittain HG. Polymorphism in Pharmaceutical 
Solids, Marcel Dekker, New York, p 1999. 

47.  Yu L, Reutzel SM, Stephenson GA. Physical 
characterization of polymorphic drugs: an 
integrated characterization strategy. Pharm Sci 
Technol Today 1998; 1: 118– 127. 

48. Bernstein J. Polymorphism in Molecular Crystals, 
Oxford University Press, New York,   p 2002. 

49. Byrn SR, Pfeiffer RR, Stephenson G, Grant DJW, 
Gleason WB. Solid-state pharmaceutical chemistry. 
Chem Mater 1994; 6: 1148–1158. 

50. Findlay WP, Bugay DE. Utilization of Fourier 
transform Raman spectroscopy for the study of 
pharmaceutical crystal forms. J Pharm Biomed 
Anal 1998; 16: 921–930. 

51. Vankeirsbilck T, Vercauteren A, Baeyens W, Van 
Der Weken G, Verpoort F, Vergote G, Remon JP. 
Applications of Raman spectroscopy in 
pharmaceutical analysis Trac-Trends Anal Chem 
2002; 21: 869– 877. 

52. Szelagiewicz M, Marcolli C, Cianferani S, Hard A 
P, Vit A, Burkhard A, Von Raumer M, Hofmeier U 
C, Zilian A, Francotte E, Schenker R. In situ 
characterization of polymorphic forms the potential 
of Raman techniques. J Therm Anal 1999; 57: 23–
43. 

53. Anquetil PA, Brenan CJH, Marcolli C, Hunter IW. 
Laser Raman spectroscopic analysis of 
polymorphic forms in microliter fluid volumes. J 
Pharm Sci 2003; 92: 149– 160. 

54. Brittain H G. X-ray powder diffraction of 
pharmaceutical materials. Am Pharm Rev 2002; 5: 
74–80. 

55. Giaquinta DM, Carlson ED. High throughput 
crystallographic screening of materials, US Patent 
Number 2003068829, Symyx Technologies, Inc., 
Patent and Trademark Office, Washington, DC, 
2003. 

56. Blagden N, Davey R, Song M, Quayle M, Clark S, 
Taylor D, Nield A. A novel batch cooling crystallizer 
for in situ monitoring of solution crystallization using 
energy dispersive X-ray diffraction. Cryst Growth 
Des 2003; 3: 197– 201. 

57. Kuhnert-Brandstatter M. Thermomicroscopy in the 
Analysis of Pharmaceuticals, Pergamon Press, 
New York, 1971. p. 34-42. 

58. McCrone WC Jr. Fusion Methods in Chemical 
Microscopy, Interscience Publishers, New York, 
1957, p 62-63. 

59. Bugay D E. Solid-state nuclear magnetic 
resonance spectroscopy: theory and pharma-
ceutical applications. Pharm Res 1993; 10: 317–
327. 

60. Tishmack P A, Bugay D E, Byrn S R. Solid-state 
nuclear magnetic resonance spectroscopy—
pharmaceutical applications. J Pharm Sci 2003; 92: 
441– 474. 

61. Grant DJW, Higuchi T. Techniques of Chemistry, 
Solubility Behavior of Organic Compounds; 
Saunders, WH Jr. (Ed.), Doctoral Theses John 
Wiley and Sons, New York, 1947, p 21. 

62. Lippold BC, Ohm A. Correlation between wettability 
and dissolution rate of pharmaceutical powders. Int 
J Pharm 1986; 28: 67–74. 

63. Anon. Manufacturing problems hit Abbott’s HIV 
drug ritonavir. Pharm J 1998; 261: 150. 

64. Grant DJW, Higuchi T. Solubility Behavior of 
Organic Compounds, Wiley, New York, 1990. p 26-
46,656. 

65. Yalkowsky S, Solubility and Solubilization in 
Aqueous Media. American Chemical Society, 
Washington, DC, 1999. 

66. Almarsson O, Gardner CR. Novel approaches to 
issues of developability, Available from: 
http://www.currentdrugdiscovery.com, Jan 2003, 
21– 26. 

67. Hancock BC, Parks M. What is the true solubility 
advantage for amorphous pharmaceuticals? Pharm 
Res 2000; 17: 397–404. 

68. Tong P, Zografi G. A study of amorphous 
molecular dispersions of indomethacin and its 
sodium salt. J Pharm Sci 2001; 90: 1991– 2004. 

69. Hancock BC, Zografi G. Characteristics and 
significance of the amorphous state in 
pharmaceutical systems J Pharm Sci 1997; 86: 1– 
12. 

70. Betageri GV, Makarla KR. Characterization of 
glyburidepolyethylene glycol solid dispersions. 
Drug Dev Ind Pharm 1996; 22: 731– 734. 

71. Law D, Krill SL, Schmitt EA, Fort JJ, Qiu YH, Wang 
WL, Porter WR. Physicochemical considerations in 
the preparation of amorphous ritonavir-
poly(ethyleneglycol) 8000 solid dispersions. J 
Pharm Sci 2001; 90: 1015–1025. 

72. Imaizumi H, Nambu N, Nagai T. Stabilization of 
amorphous state of indomethacin by solid 
dispersion in polyvinylpolypyrrolidone. Chem. 
Pharm. Bull 1983; 31: 2510-2512. 

73. Sekizaki H, Danjo K, Eguchi H, Yonezawa Y, 
Sunada H, Otsuka A. Solid-state interaction of 



Seifee et al                                           Drug Polymorphism 

Int J Health Res, December 2009; 2(4):   305 

ibuprofen with polyvinylpyrrolidone. Chem Pharm 
Bull  1995; 43: 988– 993. 

74. Shamblin SL, Huang EY, Zografi G.  The effects of 
colyophilized polymeric additives on the glass 
transition temperature and crystallization of 
amorphous sucrose. J Therm Ana 1996; 47: 1567–
1579. 

75. Lu Q, Zografi G. Phase behavior of binary and 
ternary amorphous mixtures containing 
indomethacin, citric acid, and PVP. Pharm Res 
1998; 15: 1202– 1206. 

76. Suzuki H, Sunada H. Influence of water-soluble 
polymers on the dissolution of nifedipine solid 
dispersions with combined carriers. Chem Pharm 
Bull 1998; 46: 482– 487. 

77. Shamblin SL, Zografi G. Enthalpy relaxation in 
binary amorphous mixtures containing sucrose. 
Pharm Res 1998; 15: 1828– 1834. 

78. Matsumoto T, Zografi G. Physical properties of 
solid molecular dispersions of indomethacin with 
poly(vinylpyrrolidone) and poly(vinylpyrrolidone-co-
vinylacetate) in relation to indomethacin 
crystallization. Pharm. Res 1999; 16: 1722– 1728. 

79. Kohri N, Yamayoshi Y, Xin H, Iseki K, Sato N, Todo 
S, Miyazaki K. Improving the oral bioavailability of 
albendazole in rabbits by the solid dispersion 
technique. J Pharm Pharmacol 1999; 51: 159–164. 

80. Verreck G, Six K, Van Den Mooter G, Baert L, 
Peeters J, Brewster ME. Characterization of solid 
dispersions of itraconazole and hydroxypropyl 
methylcellulose prepared by melt extrusion—Part I. 
Int J Pharm 2003; 251: 165– 174. 

81. Beten DB, Gelbcke M, Diallo B, Moes AJ. 
Interaction between dipyridamole and eudragit-s. 
Int J Pharm 1992; 88: 31– 37. 

82. Aceves JM, Cruz R, Hernandez E. Preparation and 
characterization of furosemide–eudragit controlled 
release systems. Int J Pharm 2000; 195: 45– 53. 

83. Etter MC. Encoding and decoding hydrogen-bond 
patterns of organic compounds. Accounts Chem 
Res1990; 23: 120– 126. 

84. Morris K R, Rodrý guez-Hornedo N, Hydrates. 
Encyclopedia of Pharmaceutical Technology, 
Marcel Dekker, New York, 1993. p  393–440. 

85. Khankari RK, Grant DJW. Pharmaceutical 
hydrates. Thermochim Acta 1995; 248: 61–79. 

86. Morris K R. Structural aspects of hydrates and 
solvates, In: Brittain HG (Ed). Polymorphism in 
Pharmaceutical Solids. Marcel Dekker, New York, 
1999, p 125– 181. 

87. Bingham AL, Hughes DS, Hursthouse MB, 
Lancaster RW, Tavener S, Threlfall TL. Over one 
hundred solvates of sulfathiazole. Chem Commun 
2001; 7: 603– 604. 

88. Infantes L, Motherwell S. Water clusters in organic 
molecular crystals. Cryst Eng Commun 2002; 4: 
454– 461. 

89. Gillon AL, Feeder N, Davey RJ, Storey R. 
Hydration in molecular crystals—a Cambridge 
Structural Database analysis. Cryst Growth  Des 
2003; 3(5): 663-673. 

90. Matsuda Y, Akazawa R, Teraoka R, Otsuka M. 
Pharmaceutical evaluation of carbamazepine 
modifications: comparative study of photostability 
for carbamazepine polymorphs by using Fourier-
transformed reflection-absorption infrared 
spectroscopyand calorimetric measurement. J 
Pharm Phamacol 1993; 46: 162–167. 

91. Stampa Diaz del Corral A, Bosch Llado J, Molins 
Grau E, Onrubia Miguel M. Paroxetine maleate 
polymorph and pharmaceutical compositions 
containing it, PCT Patent WO 00/ 01693, 2000. 

92. Chen X, Morris KR, Griesser UJ, Byrn SR, Stowell 
JG. Reactivity  differences of indomethacin solid 
forms with ammonia gas. J Am Chem Soc 2002; 
124: 15012– 15019. 

93. Munshi MV. Solid-state studies of the polymorphs 
of methylprednisolone. PhD Dissertation, University 
of Michigan, 1973. 

94. De Villiers MM, van der Watt JG, Lotter AP. Kinetic 
study of the solid-state  photolytic degradation of 
two polymorphic forms of furosemide. Int J Pharm 
1992; 88: 275–283. 

95. Eyjolfsson R. Enalapril maleate polymorphs: 
instability of form II in a tablet formulation. 
Phamazie 2002; 57: 347– 348. 

96. Cohen MD, Green BS. Organic chemistry in the 
solid state. Chem Br 1973; 9: 490–497. 

97. Macek TJ. The physical and chemical problems 
inherent in the formulation of dosage forms for new 
pharmaceuticals. Am J Pharm 1965; 137: 217– 
238. 

98. Waterman KC, Adami RC, Alsante KM, Hong J, 
Landis MS, Lombardo F,  Roberts CJ. Stabilization 
of pharmaceuticals to oxidative degradation. 
Pharmm Dev Tech 2002; 7: 1–32. 

99. Waterman KC, Adami RC, Alsante KM, Antipas 
AS, Arenson DR, Carrier R, Hong J, Landis MS, 
Lombardo F, Shah JC, Shalaev E, Smith SW, 
Wang H. Hydrolysis in pharmaceutical 
formulations. Pharm Dev Tech 2002; 7: 113– 146. 

100. Waterman KC, Adami RC, Hong J. Impurities in 
drug products, In: Ahuja S, Alsante KM (Eds). 
Handbook of Isolation and Characterization of 
Impurities in Pharmaceuticals. Academic 
Press/Elsevier, 2003, p 75–88. 

101. Hovorka SW, Schoneich C. Oxidative degradation 
of pharmaceuticals: theory, mechanisms and 
inhibition. J Pharm Sci 2001; 90: 253–269. 



Seifee et al                                           Drug Polymorphism 

Int J Health Res, December 2009; 2(4):   306 

102. Yoshioka S, Stella VJ. Stability of Drugs and 
Dosage Forms. Kluwer Academic 
Publishers/Plenum Publishers, New York, 2000, p. 
61–66. 

103. Guillory JK, Poust RI. Chemical Kinetics and Drug 
Stability, 4

th
 edition. vol 121, Modern 

Pharmaceutics, Drugs and the Pharmaceutical 
Sciences, Marcel Dekker, New York, 2002, p 139–
166. 

104. Ragnarsson G, Sjogren J.  Compressibility and 
tablet properties of two  polymorphs of metoprolol 
tartrate. Acta Pharm. Suecica 1984; 21: 321–330. 

105. Di Martino P, Guyot-Hermann AM, Conflant P, 
Drache M, Guyot JC. A  new pure paracetamol for 
direct compression: the orthorhombic form. Int J 
Pharm 1996; 128: 1–8. 

106. Nichols G, Frampton CS. Physicochemical 
characterization of the orthorhombic polymorph of 
paracetamol crystallized from solution. J Pharm Sci 
1998; 87: 684– 693. 

107. Beyer T, Day GM, Price SL. The prediction, 
morphology and mechanical properties of the 
polymorphs of paracetamol. J Am Chem Soc 2001; 
123: 5086– 5094. 

108. Joiris E, Di Martino P, Berneron C, Guyot-Hermann 
AM, Guyot JC. Compression behavior of 
orthorhombic paracetamol. Pharm. Res 1998; 15: 
1122– 1130. 

109. Sun C, Grant DJW. Influence of crystal structure on 
tableting properties of sulfamerazine polymorphs. 
Pharm Res 2001; 18: 274–280. 

110. Kopp S, Beyer C, Graf E, Kubel F, Doelker E. 
Methodology for a better  evaluation of the relation 
between mechanical strength of solids and 
polymorphic form. J Pharm Pharmacol 1989; 41: 
79– 82. 

111. Roberts RJ, Payne RS, Rowe RC. Mechanical 
property predictions for polymorphs of sulpha-
thiazole and carbamazepine. Eur J Pharm Sci 
2000; 9: 277– 283. 

112. Otsuka M, Hasegawa H, Matsuda Y. Effect of 
polymorphic forms of bulk powders on 
pharmaceutical properties of carbamazepine 
granules. Chem Pharm Bull 1999; 47: 852– 856. 

113. Summers MP, Enever RP, Carless JE. The 
influence of crystal form on the radial stress 
transition characteristics of pharmaceutical 
materials. J Pharm Pharmacol 1976; 28:89– 99. 

114. Summers MP, Enever RP, Carless JE. Influence of 
crystal form on tensile strength of compacts of 
pharmaceutical materials. J Pharm Sci 1977; 66: 
1172– 1175. 

115. Hancock BC, Carlson GT, Ladipo DD, Langdon 
BA, Mullarney MP. Comparison of the mechanical 
properties of the crystalline and amorphous forms 
of a drug substance. Int J Pharm 2002; 241: 73– 
85. 

116. Suleiman MS, Najib NM. Isolation and physico-
chemical characterization of solid forms of 
glibenclamide. Int J Pharm 1989; 50: 103– 109. 

117. Singhal D, Curatolo W. Drug polymorphism and 
dosage form design: a practical perspective. Adv 
Drug Deliv Rev 2004; 56: 335– 347. 

 

 

 
 

 


