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ABSTRACT 

Many drugs exist in crystalline solid form due to reasons of 
stability and ease of handling during the various stages of 
drug development. Crystalline solids can exist in the form of 
polymorphs, solvates or hydrates. Phase transitions such as 
polymorph inter-conversion, formation of hydrates, 
desolvation of solvates, and conversion of the crystalline to 
amorphous form may occur during various pharmaceutical 
processes. This could change the dissolution rate and 
transport characteristics of the drug. The current focus of 
research in the area is to understand the origins of 
polymorphism at the molecular level, and to predict and 
prepare the most stable polymorph of the drug. The aim of 
this review is to understand the recent development in the 
area of solid state crystallinity, amorphous state and to 
address the current challenges faced by pharmaceutical 
formulation, process development scientists and to 
anticipate future developments. 
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INTRODUCTION: Many compounds of 
pharmaceutical interest can exist in more than one 
crystalline form. The structure of a given crystal 
may be assigned to one of the seven crystal 
systems, to one of the 14 Bravo’s lattices, and to 
one of the 230 space groups compiled in the 
International Tables for Crystallography 1-3. The 
common crystal forms are polymorphs and 
solvates. Polymorphs have different internal crystal 
structures and therefore possess different 
physicochemical properties.  

Solvates, also known as pseudo 
polymorphs, are crystalline adducts containing 
solvent molecules within the crystal structure, in 
either stoichometric or non-stoichometric 
proportions, giving rise to unique differences in the 
physical and pharmaceutical properties of the drug. 
If the entrapped solvent is water, it is termed as a 
hydrate. Adducts frequently crystallize more easily 
because two molecules can often can bond 
together with less difficulty than a single molecule. 
Desolvated solvates are less ordered than their 
crystalline counterparts and are difficult to 
characterize, because analytical studies indicates 
that they are unsolvated materials (or anhydrous 
crystal forms) 4. 

Significance of Solid State Crystallinity: Various 
crystal forms and solvates differ in crystal packing 
and /or molecular conformation as well as in lattice 
energy and entropy. This can cause significant 
differences in their physical properties such as 
density, hardness, tableting, refractive index, 
melting point, enthalpy of fusion, vapor pressure, 
solubility, dissolution rate, color, and other 
thermodynamic and kinetic properties 5.  

Differences in the physical properties of 
various solid forms have an important effect on the 
processing of the drug substances into drug 
products. The differences in solubility may have an 
implication on the absorption of the active drug 

from its dosage form, by affecting the dissolution 
rate and possibly the mass transport of the 
molecules 6-7. For approval of a new drug FDA 
insists on appropriate analytical procedures to 
detect polymorphism, hydrates and amorphous 
forms; and also stresses the importance of 
controlling the crystalline forms during the various 
stages of drug product development 4. 

Pharmaceutical Processing and Phase 
Transformation: Various pharmaceutical processes 
during drug development significantly influence the 
final crystalline form of the drug in the dosage 
form. Processes such as lyophilization and spray 
drying may lead to the formation of an amorphous 
form of the drug, which tends to be less stable and 
more hygroscopic than crystalline products. 
Processing stresses such as drying, grinding, milling, 
wet granulation, oven drying and compaction are 
reported to accelerate the phase transition in 
pharmaceutical solids 8.  

The presence of a metastable form during 
processing or in the final dosage form often leads 
to instability of drug release as a result of phase 
transformation 9. The factors affecting the rate and 
mechanism by which crystals formed are; stability, 
supersaturation and desupersaturation occurrence, 
diffusivity, temperature and the reactivity of 
surfaces towards nucleation. The various forces 
responsible for holding the organic crystalline 
solids together, such as non-bonded interaction 
and hydrogen bonding have been discussed by 
Byrn et al., and Etter 2, 10. 

Recent Advances in the Prediction, Identification 
and Characterization of Polymorphs: The single 
most valuable piece of information about the 
crystalline solid, including the existence of 
polymorphs and solvates is the molecular and 
crystalline structure, which is determined by single 
crystal X-ray diffractometry and powder X-ray 
diffractometry 11. It will give a fingerprint of the 
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solid phase and sometimes used to determine 
crystal structure as established by spectral 
methods such as Fourier transform infrared 
absorption spectroscopy, Fourier Transform Raman 
spectroscopy, Solid state nuclear magnetic 
resonance spectroscopy and UV-VIS spectroscopy. 
Thermal methods such as Differential scanning 
spectroscopy (DSC), thermal gravimetric analysis 
(TGA) and optical microscopy using hot stage are 
also used for further characterization 12.  

Modulated DSC in combination with DSC 
and optical microscopy are able to identify the 
glass transition temperature (Tg) of amorphous 
forms with much greater clarity and allows unique 
insights into the glass transition and polymorphic 
behavior of drug substances 13. Solid state 13C NMR 
in conjunction with techniques known as high 
power proton decoupling, cross polarization (CD), 
and magic angle spinning (MAS), offers information 
not obtained readily by other techniques.  

Two dimensional NMR and total 
suppression of spinning side bands pulse 
sequences are also used as powerful methods for 
analyzing the differences in the chemical 
environment and is finding increased application, 
like discovering variation in the hydrogen bonding 
network and molecular conformation among 
polymorphisms. 

Polymorphic Forms: Based on differences in the 
thermodynamic properties, the polymorphs are 
classified as either enantiotropes or monotropes, 
depending upon whether one form can transform 
reversibly into another or not. In an enantiotropic 
system, a reversible transition between 
polymorphs is possible at a definite transition 
temperature below melting point. In a monotropic 
system, no reversible transition is observed 
between the polymorphs below melting point. Four 
reversible rules have been developed to determine 
qualitatively the enantiotropic or monotropic 

nature of the relationship between polymorphs 14-

15. These rules are the heat of transition rule, heat 
of fusion rule, infrared rule and density rule. The 
plotting of Gibb’s free energy difference, ∆G, 
against the absolute temperature, T, given the 
most complete and quantitative information on the 
stability relationship of polymorphs with the most 
stable polymorph having the lowest Gibbs free 
energy 16.  ∆G between the polymorphs may be 
obtained using several techniques operating at 
different temperatures such as solubility and 
intrinsic dissolution rates 17.  

Extrapolating ∆G to zero gives an estimate 
of the transition temperature, from which the 
existence of monotropy or enantiotropy is inferred. 
Another approach to establish the order of stability 
among various polymorphs has been studied using 
pressure versus temperature plots, e.g., for 
sulfanilamide and piracetam 18. This approach is 
based upon Ostwald’s principle of least vapor 
pressure according to which the stable polymorph 
exhibits the lowest vapor pressure. 

Organic molecules are capable of forming 
different crystals lattice through different 
mechanisms such as packing and conformational 
polymorphism. In packing polymorphism, the rigid 
molecules can be assembled into different three 
dimensional structures through the invocation of 
different intermolecular mechanisms. 
Conformational polymorphism occurs when a non-
conformationally rigid molecule can be folded into 
different arrangements, which can subsequently be 
packed into alternative crystal structures2.  

The conformational polymorphisms of the 
two forms of piroxicam pivallate have been 
described in literature 19. The inclusion of different 
solvent molecules in a crystal lattice can lead to the 
existence of different packing pattern, and has also 
been found to influence the molecular 
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conformation of paroxetine HCl in two solvate 
forms 20. 

Phase Transformation in the Solid State: 
Understanding the kinetics and mechanism of 
phase transformation in the solid state is of 
significant practical importance. This is because the 
sudden appearance or disappearance of a 
crystalline form can threaten process development, 
and can lead to serious pharmaceutical 
consequences if the transformation occurs in the 
dosage forms. To explains the mechanism of solid 
phase  transition, four steps have been proposed; 
molecular loosening in the initial phase, formation 
of intermediate solid solution, nucleation of the 
new solid phase and growth of a new phase.  

A number of spectroscopic techniques have 
been used to study the processes associated with a 
polymorphic transition of 2 (2, 4- dinitrobenzyl) - 3-
methyl pyridine 21. The two inter-converting 
structures coexisted over a temperature range of 
8-9oC. In prediction of polymorphs the main 
challenge in managing the phenomenon of 
multiple solid forms of the drug is the inability to 
predict the number of forms that can be expected 
on a given case. Accurate theoretical prediction of 
polymorphs from studies of molecular dynamics 
and crystal structure generation would be of 
outstanding importance in drug research 18.  

More research is being directed towards 
developing computational tools to understand the 
nature of polymorphism and to predict 
polymorphic forms at an early stage in the drug 
development processes. The polymorphic 
prediction from molecules simulation is currently 
the only commercial software package that 
predicts the possible polymorphs of an organic 
compound from its molecular structure 22-24. Many 
studies have reported the role of additives in 
controlling the outcome of the crystallization 
process. For the first time, the rate of reaction 

byproduct on controlling the polymorph 
appearance of sulfathiazole has been reported 25. 

Solvates and Hydrates: It has been estimated that 
approximately one-third of the pharmaceutically 
active substances are capable of forming crystalline 
hydrates 26. The water molecule, because of its 
small size, can easily fill structural voids and 
because of its multidirectional hydrogen bonding 
capability is also ideal for linking a majority of drug 
molecules into stable crystal structures. It is the 
activity of water in the medium that determines 
whether a given hydrate structure can form.  

Solvates may be formed when a pure 
organic solvent or a mixture of solvents is used as 
the solvent for crystallizing the compound. 
Crystalline hydrates based on their structure may 
be classified into three categories. The first 
category (class 1) are the isolated site hydrates 
where the water molecules are isolated from direct 
contact with other water molecules by interacting 
drug molecules, e.g., cephradine dihydrate. Class II 
are channel hydrates where water molecules 
included in the lattice lie next to other water 
molecules and adjoining unit cells along an axis of 
the lattice, forming channels through the crystal 
e.g., ampicillin trihydrate.  

It is subdivided into an expanded channel or 
non-stoichometric hydrates e.g., cromyln sodium. 
The other one is planar hydrate which are channel 
hydrates in which water is localized in a two 
dimensional order or planar e.g., sodium 
ibuprofen. The third category of crystalline 
hydrates are the ion associated hydrates, in which 
the metal ions are coordinated with water e.g. 
calteridol calcium 27-28. Stoichometric hydrate 
forms pose a special challenge in dosage form 
development due to the unpredictability of water 
content in the crystals 29-30.  
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Phase Transformation in Hydrates: The phase 
transformation associated with exposure to water, 
such as during solubility measurements, wet 
granulation processes, dissolution studies and 
accelerated stability tests are likely to occur via 
solution mediation. Solution mediated phase 
transformations depend upon the solution phase 
to provide the mobility necessary to rearrange the 
most stable form and hence are faster than solid 
state transformations. Pressure and relative 
humidity may increase the rate of phase 
transformation of hydrates by inducing mobility in 
the system. This transformation has been reported 
for many hydrate systems such as theophylline 
crystals, eprosartan mesyalte and nedocromil 
sodium 9, 31-32. Apart from identifying and 
characterizing various stages of drug development, 
it is very important to gain an understanding of the 
dehydration/hydration mechanism and kinetics. 
Many models have been developed to account for 
the dehydration kinetics of crystalline hydrates 33. 

 Phase Transformation during Processing of 
Hydrates and Solvates: The effects of 
pharmaceutical processing on the crystalline state 
of drug polymorphs and solvates have been 
discussed recently by Brittain and Fiese 8. The 
exposure to changes in temperature, pressure, 
relative humidity and communition are 
encountered during processes such as drying, 
granulation, milling and compression. The stresses 
applied to crystals during pharmaceutical 
processing can cause defects in their crystal lattice, 
and contribute to lattice disorder, thus affecting 
the physical properties of the resulting powder 34.  

The effect of roller compaction on lattice 
defects and phase changes has been examined for 
aspirin 35. Thermal activation, like mechanical 
activation during processing, also results in a high 
energy state of crystals that may reorganize into 
different lattice arrangements resulting in a phase 
change. The effects of low temperature, such as 

during freeze drying, on the crystalline form of the 
drug has also been studied. The formation of new 
mannitol hydrate during freeze drying has been 
reported 36. The formation of crystalline hydrate by 
an excipient during freeze drying may have several 
practical consequences, such as the difficulty of 
removing bound water from the crystal lattice can 
significantly limit the drying rate while the residual 
water that is not removed by freeze drying may be 
a potential threat to product stability if it is 
released during storage. Spray drying has been 
shown to lead to loss of crystallinity in materials by 
a combination of processes involving rapid 
solidification of dissolved materials and solid state 
transition due to milling effects in the atomizer.  

Spray drying leads to conversion of a 
crystalline phase to an amorphous state, because 
the amorphous state is metastable with respect to 
the crystalline form. The amorphous materials 
being in a thermodynamically metastable state 
susceptible to reconversion to the crystalline state 
affects many physicochemical characterization of 
the drug. The phase transformations can occur 
within the effective life of the pharmaceutical 
processing resulting in loss of quality and potency 
in the products.  

Quantitative Method of Analysis: Because the 
physical form of a drug can impact pharmaceutical 
drug product performance, one may need to 
develop a quantitative method to monitor the 
production process and ensure that the active 
pharmaceutical ingredient (API) remains within 
manufacturing control limits and the drug product 
performance is not compromised. To meet 
regulatory requirements for drug product 
registration flow charts were constructed for 
investigators to use as guidelines for characterizing 
compounds under development 4, 39. An estimation 
of the degree of crystallinity of a sample before 
and after processing poses one of the larger 
challenges facing the pharmaceutical field. Powder 
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X-ray diffractometry is still the commonly used 
method for detecting the degree of crystallinity 
though this method suffers from the same 
limitation due to peak broadening, amorphous 
halo, and preferred orientation, all of which make 
interpretation and quantitation difficult. DSC is not 
a sensitive method for measuring crystallinity due 
to crystallization of the amorphous content at 
elevated temperatures and the effect of 
differences in heat capacity. Solution calorimetry 
has been proposed as the accurate method for 
analysis of percent crystallinity 4, 37-38.  

A decrease in the endothermic enthalpy of 
solution indicates a decrease in the crystallinity of 
the sample. X-ray powder diffraction has been used 
extensively for quantitative analysis of mixtures of 
crystal forms and to lesser extent the 
determination of the degree of crystallinity. There 
are two primary methods for quantification, using 
either individual peaks or the whole patterns to 
establish the relationship between phase 
composition and the intensity of individual peaks 
or of patterns of the phases being quantified. 

The primary assumptions of the diffraction 
method relay on the particle size to be sufficiently 
small so that extinction and microabsorption 
effects are negligible. The potential of phase 
interconversion while reducing particle size is of 
major concern. Sonication is a good method for 
monitoring a less stable phase in its native state 
during particle size reduction. With this approach, a 
solvate can be stabilized by using its solvent of 
crystallization such as if the form is metastable and 
non-solvated, it is best to use a non-solvent such as 
octane.  

The non-solvent reduces the potential for 
phase inter-conversion to the more stable form by 
minimizing the rate of solvent mediated 
transformations. An additional method of 
overcoming preferred orientation is to mix the 

sample with an inert amorphous component40. This 
is highly convenient in the pharmaceutical industry, 
as typically one will examine the previously defined 
active pharmaceutical either as a mixture of 
polymorphic forms or as a mixture of the 
crystalline and amorphous phase (both having a 
simple linear intensity proportionality to 
concentration). Alternatively, one may encounter a 
mixture of hydration/solvation state, in which 
cases the intensity would not necessarily be 
directly proportional to concentration. When 
quantifying polymorphic composition of a drug 
substance in a formulation, one makes standard 
mixtures of two polymorphic forms added to a 
constant amount of excipients.  

The sample’s mass absorption coefficient is 
constant and a linear relationship results from a 
plot of peak intensity and polymorphic 
composition. The overall intensity of the peaks 
associated with the API will be reduced, since it is 
diluted relative to pure API. Consequently, the 
range of quantification is reduced and detection 
limit higher than for quantitative methods of 
formulated products relative to pure API methods. 
Some methods use direct analysis of an individual 
phase concentration based upon intensity of the 
single peak relative to its pure phase intensity.  

Other methods refer the analytes intensity 
to an internal standard, while still others rely on a 
change in diffraction response as a result of spiking 
or dilution of the sample. Single line methods 
generally require less knowledge about the phases 
to be quantified than whole pattern methods. The 
latter will often be the most sensitive approach, 
since the method may be developed to quantify 
based on the intensity of only the most intensive 
peak of the diffraction pattern.  

However, such methods suffer from greater 
variability due to the influence of factors such as 
preferred orientation, but are the least 
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sophisticated methods and are often ideally suited 
only for long term quality control applications. In 
whole powder pattern decomposition methods 
(WPDD), the integrated intensity parameter, unit 
cell parameters and the peak profile parameters as 
refined by least square fitting procedures along 
with or overall scale factors relating to the 
individual phases. There are number of different 
background function and profile function to 
describe the diffraction profile 41. 

Quantification of Degree of Crystallinity: The 
assessment of crystallinity by analytical techniques 
depends on just how the technique detects the 
organization of molecules in the solid 
pharmaceutical for e.g., X-ray diffraction 
measurement of crystallinity requires ”long range” 
ordering of molecules whereas solid state NMR is 
more sensitive to local or “short range” order, 
approximately 100 versus 5A⁰, respectively 45. 
Furthermore, the amorphous component of the 
pharmaceutical may actually be due to disorder of 
the crystal lattice itself, i.e., consistent with the 
single state model, rather than a distinct separate 
phase as the dual state model of crystallinity 42.  

Takashi et al. investigated the effect of 
grinding and drying on the solid state stability of 
ampicillin trihydrate 43. The effect of removal of 
water from ampicillin trihydrate structure resulted 
in the chemical instability of the drug. This is due to 
the hydrolytic solid state reaction in the impaired 
crystal lattice. They quantified the degree of 
crystallinity by rationing the peak area under the 
diffraction peaks to the total area of the diffraction 
pattern. A linear correlation curve was observed 
between concentration and peak area divided by 
the total area of diffraction.  

Kaneniwa et al. examined the effect of 
grinding in a centrifugal ball mill or the 
transformation of polymorph of chloramphenicol 
using XRD 44. They used the ratio of two peaks 

representing individual crystalline phases. Both 
FTIR-spectroscopy and XRD methods were 
developed to quantify the degree of crystallinity of 
cefazolin sodium 45. FTIR method used the intensity 
ratio of a peak representative of the crystalline and 
amorphous phases, respectively versus a reference 
peak where intensity was independent of the 
crystalline state of the substance. X ray powder 
diffraction method used standard mixtures of 
amorphous and crystalline forms to generate a 
calibration curve. Crystallinity was measured by 
integrating the intensity of X-ray scattering of the 
crystalline region of the sample, the area of the 
sharp above the “amorphous halo”, versus the 
integrated intensity of the entire diffraction 
pattern.  

Qualitatively, the crystalline and amorphous 
phases can be readily obtained by solid state NMR 
spectroscopy whereas discrete, sharp signals are 
typically observed in solid sate NMR spectra for 
molecules in crystalline environments. Amorphous 
components will give rise to broad resonances due 
to the distribution of all possible molecular 
conformation and/or orientation in the non-
crystalline solid. 

Phase Transformation during Manufacturing 
Process: In the last two decades, there has been 
significant emphasis on the characterization and 
control of the crystal form of the active 
pharmaceutical ingredient or bulk drug 2, 4. The 
characterization and control of the crystal form of 
API throughout processing and in the final dosage 
form is drafted within the regulatory agencies (e.g., 
ICH Q6A) 46. Subjecting a crystal form of a bulk drug 
in a formulation to a processing unit operation 
induces some stress into the system.  

This stress may be thermal, mechanical, or 
result from interaction with a second factor (e.g., 
solubilization or moisture). When the stress is 
dissipated, the system may relax back to the 
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original equilibrium position. This trapping and 
relaxation constitutes the mechanism for the 
transformations. First, the stress may move the 
system to a point to the phase space where the 
new form is the most stable, and becomes 
metastable only when the stress is removed (e.g., 
in tableting). Second, the stress may serve to 
kinetically produce a metastable phase that is not 
the most thermodynamically stable form (e.g., the 
formation of a metastable polymorph like a 
hydrate that occurs during a wet granulation-
drying process). 

Phase Transformation during Processing: The 
transformation of the pharmaceutical materials can 
be classified simply as solid-solid (phase transition, 
deformation), solid-liquid (mostly crystallization), 
or solid-gas (sublimation, condensation).  Solid 
state reactions can occur where the drug substance 
is intrinsically chemically reactive or unstable. It 
can occur in any of the following ways: acceleration 
due to interaction with excipients, processing 
effects, or due to the presence of amorphous 
materials.  

Solid state reaction can be understood in terms of 
a four step process;  

(i) Loosening of molecules at the reaction site  

(ii) Molecular change  

(iii) Solid solution formation and  

(iv) Separation of the product. It is often clear 
that solid state degradation of 
pharmaceuticals is often related to 
molecular mobility 47-49.  

In addition, Ahlneck and Zografi have suggested 
that water absorption enhances the molecular 
mobility of pharmaceutical solids, perhaps 
explaining the enhanced chemical reactivity of 
these materials in the presence of water 50. Solid 

state reactions can include oxidation, cyclization, 
hydrolysis, and deamidation. Solid state NMR 
offers several attractive approaches to study of the 
molecular mobility of solids. Excipients present in 
formulated products may not be directly involved 
in the degradation mechanisms, but presence of 
water can contribute to the solid state reaction. 
Solid state reaction in formulation can include 
tranacylation, Maillard browning reaction, and acid 
base reaction.  

Tablet mixtures containing aspirin and 
drugs with easily acylated functionalities react to 
give acyl compounds and salicylic acid. Troup and 
Mitchner reported the reaction of phenylepherine 
hydrochloride with acetyl salicyclic acid 51. Wirth et 
al showed that lactose and fluoxetine 
hydrochloride reacted to form colored pigments 
via the Mallard reaction. A particularly interesting 
example of solid- solid acid base reaction is the 
stability of effervescent tablets and the reaction of 
ibuprofen with magnesium oxide 52. 

Amorphous Substances: In case of pharmaceutical 
materials, the amorphous substances have many 
useful properties like higher solubility, dissolution 
rate, and better compression characteristics than 
corresponding crystals. The amorphous solids are 
generally less stable physically and chemically than 
corresponding crystals. The amorphous solids can 
be produced by standard pharmaceutical processes 
and are the common form of certain materials 
(e.g., proteins, peptides, some sugars and 
polymers). The preparation of amorphous solids is 
straightforward for some materials (good glass 
formers) but difficult for others (poor glass 
formers). Processes that introduce mechanical or 
chemical stress (e.g., grinding, milling, and wet 
granulation) can render crystalline materials fully 
or partially amorphous.  

Characterization of Amorphous Materials: There 
are a variety of physical techniques utilized for 
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characterizing amorphous solids. These include 
XRD, molecular spectroscopy, DSC, Isothermal 
calorimetry, DEA, DMA, Dilatometry, TSC etc. It 
offers several types of information like structure, 
thermodynamics, changes, and multi-component 
systems. The structure of amorphous solids is 
usually described as possessing crystals like short 
range molecular rearrangement, but lacking long 
range order. If crystallization is avoided, many 
liquids of pharmaceutical relevance vitrify at a 
temperature (Tg) approximately 2/3 to 4/5 of the 
crystalline melting point, Tm.  

Modulated DSC and can be used to 
separate reversing and non-reversing components 
at a glass transition (e.g., in a spray dried lactose), a 
beneficial utility in the assignment of glass 
transitions that are weak or overlap with other 
thermal events 53. Apart from quench cooling, a 
melt miscible impurity may be introduced to inhibit 
crystallization 54. Crystallization of carbohydrates 
and derivatives, which are common pharmaceutical 
excipients, presents a special challenge. Xylitol, for 
instance, is crystallized initially as a more stable 
polymorph, with the metastable form being 
impossible to make again 55. 

Stabilization of Amorphous Materials: The 
stabilization of amorphous solids is multifaceted 
including i) stabilization of labile molecules (e.g., 
proteins and peptides through additives). Freezing 
and drying are essential steps in the preparation of 
protein and peptide formulations and in the 
preservation of organisms. ii) The prevention of 
crystallization of excipients that must remain 
amorphous for their intended function 56.  

Vitrification based stabilization relies on the 
immobilization and isolation of labile substances. In 
vitrification based stabilization strategies, Tg 
provides a concrete guide to the selection of 
stabilizers and storage temperatures. It has been 
observed that the proteins, peptides and 

organisms can be effectively protected against 
freezing and drying damages when they are co-
processed with certain excipients, typically 
carbohydrates and its derivatives (e.g., sucrose, 
trehalose, mannitol, sorbitol etc.) 57-60. Moreover, 
the storage at appropriate temperature, the use of 
antioxidants, buffer, preservatives etc is very 
critical in pharmaceutical processing of amorphous 
solids. 

CONCLUSION: The solid state form can drastically 
change the physiochemical properties of a 
pharmaceutical product. It may change its 
effectiveness, stability and suitability for a 
particular formulation. The ultimate goal of solid 
form screening is to identify and to select the 
optimal solids for the intended use. The solid state 
behavior of the drug plays an important role during 
the entire shelf life of a drug, from invention to the 
life-cycle management stage.  

REFERENCES: 

1. Brittain HG and Byrn SR: Structural aspects of polymorphism. 
In: Brittain HG, editors. Polymorphism in pharmaceutical solids. 
Vol 95.New York: Marcel Dekker; 1999, p73-124. 

2. Byrn SR, Pfeiffer RR and Stowell JG: Solid state chemistry of 
drugs. SSCI, Weat Lafayette, IN, 1999. 

3. Hahn T: International tables for crystallography. International 
union of crystallography. Boston, MA.1987. 

4. Byrn S, Pfeiffer R, Ganey M, Hoiberg C and Poochikian G: 
Pharmaceutical solids: A strategic approach to regulatory 
considerations. Pharm Res 1995; 12:945-954. 

5. Grant DJW: Theory and origin of polymorphism. In: Brittain HG, 
editors. Polymorphism in pharmaceutical solids. Vol 95. New 
York: Marcel Dekker; 1999. 1-33. 

6. Haleblian JK, McCrone WC: Pharmaceutical applications of 
polymorphism. J Pharm Sci 1969; 58:911-929 

7. Higuchi WI, Lau PK, Higuchi T and Shell JW: Polymorphism and 
drug availability, solubility relations in the methyl prednisolone 
systems. J Pharm Sci; 1963; 52:150-153. 

8. Brittain HG and Fiese EF: Effects of pharmaceutical processing 
on drug polymorphs and solvates. In: Brittain HG. Editors. 
Polymorphism in pharmaceutical solids. Vol 95. New York: 
Marcel Dekker; 1999; p331-361. 

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



                                     International Journal of Pharmaceutical Sciences and Research                      ISSN: 0975-8232 

Available online on www.ijpsr.com 

 

481 

10. Ether MC: Encoding and decoding hydrogen bonded patterns of 
organic compounds. Acc Chem Res. 1990; 23:120-126. 

11. Brittain HG: Spectral methods for the characterization of 
polymorphs and solvates. J Pharm Sci 1997; 86:405-412. 

12. Giron D: Thermal analysis, microcalorimetry and combined 
techniques for the study of pharmaceuticals. J Therm Anal Cal 
1999; 56:1285-1304. 

13. Bottom R: The role of modulated temperature differential 
scanning calorimetry in the characterization of a drug molecule 
exhibiting polymorphic and glass forming tendencies. Int J 
Pharm 1999; 192:47-53. 

14. Burger A and Ramberg R: On the polymorphism of 
pharmaceuticals and other molecular crystals. I. Theory of 
thermodynamic roles. Mikrochim Acta [Wein] 1979; II: 259-271. 

15. Burger A and Ramberg R: On the polymorphism of 
pharmaceuticals and other molecular crystals. II. Applicability of 
thermodynamic roles. Mikrochim Acta [Wein] 1979; II: 273-316. 

16. Yu L, Reutzel SM and Stephenson GA: Physical characterization 
of polymorphic drugs: An integrated characterization strategy. 
Sci Pharm 1998; I: 118-127. 

17. Henck J and Kuhnert-Brandstatter M: Demonstration of the 
terms enantiotropy and monotropy in polymorphism research 
exemplified by flurbiprofen. J Pharm Sci 1999; 88:103-108. 

18. Toscani S: An up-to-date approach to drug polymorphism. 
Thermochim Acta 1998; 321:73-79. 

19. Caira MR, Zanol M, Peveri T, Gazzaniga A and Giordano F: 
Structural characterization of two polymorphic forms of 
piroxicam pivalate. J Pharm Sci 1998; 87:1608-1614. 

20. Yokota M, Vekusa H and Ohashi Y: Structural analysis of two 
crystal forms of paroxetine hydrochloride. Bull Chem Soc Jpn 
1999; 72:1731-1736. 

21. Schmidt A, Kabaya S, Appel M, Khatib S, Botoshansky and 
Eichen Y: Measuring the temperature width of a first order 
crystal to single crystal phase transition using solid state NMR: 
Application to the polymorphism of 2 (2,4 dicholorobenzyl)-3-
methyl pyridine. J Am Chem Soc 1999; 121:11291-11299. 

22. Knapman K: Polymorphism predictions. Modern drug discovery 
2000; 3:53-57. 

23. Gdanitz RJ, Karfunkel HR and Leusen FJJ: The prediction of yet 
unknown molecular structures by solving the packing problem. 
J Mol Graph 1993; II: 1171-1183. 

24. Karfunkel HR and Leusen FJJ: Practical aspects of predicting 
possible crystal structures on the basis of molecular 
information only. Speedup 1992; 6:43-50. 

25. Blagden N, Davey RJ, Rowe R and Roberts R: Disappearing 
polymorphs and role of reaction byproducts, the case of 
sulfathiazole. Int J Pharm 1998; 122:169-177. 

26. Stahl HP: The problems of drug interactions with excipients. In: 
Braimer DD, editors. Towards better safety of drugs and 
pharmaceutical products. New York: Elsevier/North Holland 
Biomedical Press; 1980; p.265-280. 

27. Morris KR: Structural aspects of hydrates and solvates. In: 
Brittain HG, editors. Polymorphism in pharmaceutical solids. 
Vol 95. New York: Marcel Dekker; 1999; p.125-181. 

28. Morris KR. Rodriguez-Harnedo N. In: Swarbrick J, Boylon JC, 
editors. Encyclopedia of pharmaceutical technology. Vol 7.New 
York: Marcel Dekker; 1993; p.393-441. 

29. Cox JSG, Woodard GD and McCrone WC: Solid state chemistry 
of cromyln sodium (disodium cromglycate). J Pharm Sci 1971; 
60:1458-1465. 

30. Chen LR, Young Jr VG, Lechuga-Ballesteros D and Grant DJW: 
Solid-state behavior of cromyln sodium hydrates. J Pharm Sci 
1999; 88:1191-1200. 

31. Sheng J, Venkitesh GM, Duddu SP and Grant DJW: Dehydration 
behavior of eprosartonmesylate dehydrates. J Pharm Sci 1999; 
88:1021-1029. 

32. Khonkari R, Chen L and Grant DJW: Physical characterization of 
nedrocromil sodium hydrates. J Pharm Sci 1998; 87:1052-1061. 

33. Byrn SR: Solid state chemistry of drugs. New York: Academic 
Press; 1982. 

34. Huttenrauch R: Molecular Pharmaceutics as the basis of 
modern drug formulation. Acta Pharm Technol APV 
Informationdienst Suppl 1978; 6:55-127. 

35. Hancock BC and Zografi G: Effects of solid-state processing on 
water vapor sorption by aspirin. J Pharm Sci 1996; 85:246-248. 

36. Yu L, Milton N, Groleau EG, Mishra DS and Vansickle RE: 
Existence of a mannitol hydrate during freeze-drying and 
practical implication. J Pharm Sci 1999; 88:196-198. 

37. Pikal MJ, Lukes AL, Lang JE and Gaines K: Quantitative 
crystallinity determination for beta lactam antibiotics by 
solution calorimetry: correlation with stability. J Pharm Sci 
1978; 67: 767-769. 

38. Brittain HG and Grant DJW: Effects of polymorphism and solid-
state salvation on solubility and dissolution rate. In: Brittain HG, 
editors. Polymorphism in pharmaceutical solids. Vol 95.New 
York: Marcel Dekker; 1999; p.279-330. 

39. Yu L, Stephenson GA, Mitchell CA, Bunnell CA, Snorek SV, 
Bowyer JJ, Borchardt TB, Stowell JG and Byrn SR: 
Thermochemistry and conformational polymorphism of a 
hexamorphic crystal system. J Am Chem Soc 2000; 122:585-
591. 

40. Christ CL, Barnes RB and Williams EF: Organic quantitative 
analysis using the Geiger counter X-ray spectrophotometer. 
Anal Chem 1948; 20:789-795. 

41. Young RA: The Rietveld method. Editors. New York: Oxford 
University Press Inc; 1995. 

42. Gidley MJ and Bociek SM: Molecular organization in starches: a 
13C CP/MAS NMR studies. J Am Chem Soc 1985; 107:7040-
7044. 

43. Takahashi Y, Nakashima K, Nakagowa H and Sugimoto I: Effects 
of grinding and drying on the solid-state stability of ampicillin 
trihydrate. Chem Pharm Bull 1984; 32:4963-4970. 

44. Kaneniwa N and Otasuka M: Effects of grinding on the 
transformation of polymorphism of chloramphenicol palmitate. 
Chem Pharm Bull 1985; 33:1660-1665. 

45. Kamat MS, Osawa T, DeAnglis RJ and Dehuca PP: Estimation of 
the degree of crystallinity of cefazolin sodium by X-ray and 
infrared methods. Pharm Res 1988; 5:426-429. 



                                     International Journal of Pharmaceutical Sciences and Research                      ISSN: 0975-8232 

Available online on www.ijpsr.com 

 

482 

46. Q6A specifications test procedures and acceptance criteria for 
new drug substances and new drug products: chemical 
substance. Fed Reg 1998; 62:62889-62910. 

47. Byrn SR and Lin CT: The effect of crystal packing and defects on 
the desolvation of hydrate crystals of caffeine and L (-01,4 
cyclohexadiene-1-alanine). J Am Chem Soc 1976; 98:4004-4005. 

48. Byrn SR and Kessler DW: The solid-state reactivity of the crystal 
forms hydrocortisone esters. Tetrahedron 1987; 43:1335-1343. 

49. Byrn SR, Sutton PA, Tobias B, Frye J and Main P: Crystal 
structure, solid state NMR spectra and oxygen reactivity of five 
crystal forms of prednisolone tertbutyl acetate. J Am Chem Soc 
1988; 110:1609-1614. 

50. Ahlneck C and Zografi G: The molecular basis of moisture 
effects on the physical and chemical stability of drugs in the 
solid-state. Int J Pharm 1990; 62:87-95. 

51. Troup AE and Mitchner H: Degradation of phenylephrine 
hydrochloride in tablet formulation containing aspirin. J Pharm 
Sci 1964; 53:375-379. 

52. Kararli TT, Needham TE, Seul CJ and Finnegan PM: Solid-state 
interaction of magnesium oxide and ibuprofen to form a salt. 
Pharm Res 1989; 6:804-808. 

53. Hill VL, Craig QMD and Feely LC: Characterization of spray-dried 
lactose using modulated differential calorimetry. Int J Pharm 
1998; 161:95-107. 

54. Angell CA, Sare JM and Sare E: Glass transition temperature for 
simple molecular liquid and their binary solution. J Phys Chem 
1978; 82:2622. 

55. Kim HS and Jeffrey GA: The crystal structure of xylitol. Acta 
Cryst .1969; B25:2607. 

56. Lai MC and Topp EM: Solid-state chemical stability of proteins 
and peptides. J Pharm Sci 1999; 88:489-500. 

57. Pikal M: Freeze-drying of proteins: process, formulation and 
stability. In: Cleland LJ, Langer R,editors. ACS Symposium series 
567, Formulation and delivery of proteins and peptides. 
Washington DC: ACS; 1994.p.20-133. 

58. Crowe JH, Carpenter JF and Crowe LM: The role of vitrification 
in anhydrobiosis. Annu Rev Physiol 1998; 60:73-103. 

59. Carpenter JF: Interactions of stabilizers with proteins during 
freezing and drying. In: Cleland LJ, Langer R, editors.ACS 
Symposium series 567, Formulation and delivery of proteins 
and peptides. Washington DC: ACS; 1994.p.134-147. 

60. Sun WQ, Davidson P and Chan HS: Proteins stability in the 
amorphous carbohydrate matrix: relevance to anhydrobiosis. 
Biochem Biophys Acta 1998; 1425:245-254. 

 

 
          *************** 


